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Abstract

The convergence of food insecurity, water scarcity, and environmental degradation has
intensified the global search for sustainable agricultural models. Integrated Microalgal–
Aquaponic Systems (IAMS) have emerged as a novel multi-trophic platform that unites
aquaculture, hydroponics, and microalgal cultivation into a closed-loop framework for
resource-efficient food production and water recovery. This critical review synthesizes
empirical findings and engineering advancements published between 2008 and 2024, eval-
uating IAMS performance relative to traditional agriculture and recirculating aquaculture
systems (RAS). Reported under controlled laboratory and pilot-scale conditions, IAMS
have achieved nitrogen and phosphorus recovery efficiencies exceeding 95% while poten-
tially reducing water consumption by up to 90% compared to conventional farming. The
integration of microalgal photobioreactors enhances nutrient retention, may contribute to
internal carbon capture, and enables the generation of diversified co-products, including
biofertilizers and protein-rich aquafeeds. Nevertheless, significant barriers to commer-
cial scalability persist, including the biological complexity of maintaining multi-trophic
synchrony, high initial capital expenditure (CAPEX), and regulatory ambiguity regarding
the safety of waste-derived algal biomass. Technical challenges such as photobioreactor
upscaling, biofouling control, and energy optimization are critically discussed. Finally, the
review evaluates the alignment of IAMS with UN Sustainable Development Goals 2, 6,
and 13, and outlines future research priorities in techno-economic modeling, automation,
and policy development to facilitate the transition of IAMS from pilot-scale innovations to
viable industrial solutions.

Keywords: microalgal–aquaponic systems; food security; nutrient recovery; circular economy;
resource optimization; sustainable agriculture

1. Introduction
Global food insecurity, environmental degradation, and climate variability are con-

verging to exert unprecedented pressure on modern agricultural systems. With the global
population projected to exceed 9.7 billion by 2050, the demand for sustainable and resource-
efficient food production frameworks is more critical than ever [1,2]. This urgency is
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amplified by diminishing arable land, stagnating yield growth, and the intensifying effects
of climate change. Agricultural productivity may decline by 3.1 to 7.4% for every 1 ◦C rise
in global temperature, disproportionately affecting vulnerable regions such as Sub-Saharan
Africa, where more than 346 million people remain undernourished [3,4]. At the same time,
almost 40% of the global population is already affected by freshwater scarcity, creating
severe constraints on agricultural resilience [3].

Nutrient runoff further intensifies ecological stress. Excess nitrogen and phosphorus
from agriculture drive eutrophication, biodiversity loss, and freshwater degradation. In
China’s Taihu Lake Basin, agricultural runoff accounts for more than half of the total
nitrogen and phosphorus loads, and similar patterns have been observed across Europe
and North America [4,5]. Although mitigation strategies such as buffer strips and precision
fertilization offer localized benefits, their scalability and long-term effectiveness remain
limited. These measures primarily reduce nutrient losses rather than enabling systematic
recovery and reuse, leaving substantial resource inefficiencies unresolved.

Aquaponics has emerged as a promising closed-loop strategy by integrating aqua-
culture with hydroponics to recirculate water and nutrients. These systems can reduce
freshwater use by up to 90% relative to conventional farming [6]. Advanced designs such
as Double Recirculating Aquaponic Systems (DRAPS) have demonstrated improved wa-
ter and nutrient efficiency, enabling crop yields that match hydroponics but with lower
input requirements [7]. Similar innovations in Recirculating Aquaculture Systems (RAS)
highlight the importance of water reuse, biofiltration, and nutrient stabilization for sus-
tainable fish production, positioning RAS as a foundational platform for systems that
integrate plants and microalgae [8]. However, aquaponic performance is still limited by
nutrient imbalances, particularly the restricted availability and recycling of nitrogen and
phosphorus, which affects consistent productivity and limits alignment with sustainability
goals such as SDG 6 (Clean Water and Sanitation) [8,9]. These constraints indicate that
while aquaponics improves resource efficiency, it does not fully resolve nutrient recovery
inefficiencies inherent to conventional food production systems.

To enhance nutrient recovery, microalgae have been proposed as a complementary
module within aquaponic systems. Strains such as Chlorella vulgaris sp. can achieve
nitrogen and phosphorus removal efficiencies above 90% while producing biomass suitable
for biofertilizers, soil conditioners, and bioenergy feedstocks [10,11]. These high removal
efficiencies are mainly reported under controlled laboratory or pilot conditions, where light,
temperature, and hydraulic retention time can be tightly regulated. Aquaponic effluents
typically contain low levels of heavy metals, increasing the suitability of harvested or
immobilized algal biomass for agricultural reuse [12,13]. Furthermore, microalgal biomass
is rich in proteins, essential fatty acids, and micronutrients, offering a nutritionally dense
resource that can partially substitute conventional protein sources such as soy or fish
meal [14–18].

However, microalgal performance can vary significantly under real aquaponic condi-
tions, where pH, N:P ratios, hydraulic retention time, and organic loading fluctuate over diel
cycles. These variations may reduce nutrient removal efficiency or alter biomass biochemi-
cal profiles, creating uncertainty in downstream uses [19]. Such sensitivity underscores that
microalgae, when deployed as standalone treatment units, may face operational instability
under the variable conditions characteristic of integrated food production systems.

This reflects a key symmetry between aquaponic limitations, which include insuffi-
cient nutrient recovery, and microalgal limitations, which include sensitivity to variable
effluents. Together, these constraints highlight the need for integrated engineering solu-
tions rather than isolated modules. Microalgae also contribute to climate resilience due to
their strong carbon fixation capacity. Certain strains, including Chlorella spp., can fix 0.77
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to 2.22 g CO2 L−1 d−1, even when cultivated with industrial flue gases containing NOx

and SOx [20]. Such values have mostly been achieved in controlled laboratory or pilot
photobioreactors where illumination and mixing are optimized. Under ideal conditions,
annual protein yields can exceed 22 to 44 tons per hectare, considerably higher than ter-
restrial crops while using far less land and water [17]. Nevertheless, the reproducibility
of these performances under long-term, integrated operational conditions remains an
open challenge.

Integrating microalgae into aquaponics has been proposed as a multifunctional plat-
form where water, nutrients, and carbon can potentially circulate more efficiently between
fish, plants, and algae. Integrated Microalgal–Aquaponic Systems (IAMS) can operate as
fully integrated loops, side-stream polishing units, or hybrid systems linking RAS with
external algal modules for targeted nitrogen and phosphorus removal. Although both
aquaponics and microalgae systems are well-established individually, their combined
operation has been explored far less, with most evidence limited to small laboratory or
pilot trials. Existing studies indicate enhanced nutrient recovery, water savings, biomass
valorization, and carbon capture, but scaling remains constrained by challenges in pho-
tobioreactor design, irradiance control, hydraulic compatibility, and diel fluctuations in
oxygen and pH. Moreover, integrating additional biological and engineering modules
may increase system complexity, energy demand, and control requirements, introducing
trade-offs that must be carefully evaluated.

To address these limitations, this review outlines a multi-module IAMS concept where
fish effluent undergoes sedimentation and filtration before flowing into hydroponic plant
beds for primary nutrient uptake. The effluent then enters photobioreactors for tertiary
nutrient polishing, after which the treated water is returned to the fish tanks. This configu-
ration is presented as a conceptual framework rather than a universal solution, acknowl-
edging that alternative system architectures may be more suitable depending on scale,
resource availability, and operational objectives. Despite increasing interest in integrated
systems, there is still no comprehensive review that synthesizes the engineering, biological,
and sustainability dimensions of IAMS. This review therefore aims to critically evaluate
nutrient recycling strategies, microalgal species selection for aquaponic effluents, photo-
bioreactor configurations that support integration, and the economic and environmental
trade-offs associated with scaling. In doing so, particular emphasis is placed on assessing
the robustness of reported performances, the transferability of laboratory-scale findings,
and the uncertainties that emerge during long-term and large-scale operation. The review
also discusses how IAMS align with the United Nations Sustainable Development Goals,
particularly SDG 2, SDG 6, and SDG 12.

This work synthesizes empirical findings, engineering advancements, and sustain-
ability assessments relevant to integrating microalgae into aquaponic and recirculating
aquaculture systems. Emphasis is placed on peer-reviewed studies reporting nutrient
removal performance, biomass productivity, photobioreactor configurations, and system-
level resource flows. The scope focuses on research published between 2008 and 2024,
covering laboratory, pilot, and semi-industrial trials that inform the engineering and opera-
tional design of feasible IAMS configurations.

2. Contextual Background: Food Security and Agricultural Constraints
2.1. Global Food Security Challenges

The global population is projected to exceed 9.8 billion by 2050, requiring a 50–100%
increase in food production to meet caloric and nutritional needs [20]. However, agri-
culture already occupies 38% of the planet’s ice-free land and consumes about 70% of
global freshwater withdrawals, making it one of the most resource-intensive sectors [21].
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Irrigation inefficiencies further exacerbate stress, with 30–50% of applied water lost to
evaporation and runoff under conventional systems. In comparison, closed-loop systems
such as aquaponics and microalgae-based cultivation can recycle up to 99% of water [12,22].
However, such high recycling efficiencies are predominantly reported under controlled
or optimized operating conditions, and real-world performance may be constrained by
system scale, management intensity, and infrastructure requirements. Food insecurity
remains particularly critical in regions such as Sub-Saharan Africa and South Asia, where
agricultural expansion cannot keep pace with population growth. Only 20% of global
cropland is irrigated, yet this fraction produces 40% of the world’s food, demonstrating
the productivity gap between irrigated and rain-fed systems [20]. Integrated systems that
reuse nutrient-rich aquaculture effluent for plant and algal cultivation offer a strategy to
improve nutrient retention and reduce input dependency [23].

Climate change intensifies these vulnerabilities. Rising temperatures, erratic rainfall,
and advancing soil degradation have slowed yield growth; global wheat yields are increas-
ing at just 1.1% per year, below the 1.3% threshold needed to stabilize food prices [24].
Moreover, 33% of global soils are degraded due to erosion, nutrient depletion, and excessive
agrochemical use [25]. Microalgae-based systems bypass the need for soil entirely and can
generate biomass useful for soil rehabilitation or amendments. Nevertheless, the feasibility
of deploying such systems at scale depends on energy availability, system integration, and
long-term operational stability.

Urbanization further constrains arable land availability, particularly in Southeast Asia
and West Africa, where productive land is rapidly converted for industrial expansion [26].
Microalgae bioreactors and aquaponic units can be deployed vertically or on marginal lands.
Producing 1 kg of beef protein requires up to 258 m2 of land, whereas microalgae require
less than 2.5 m2 for the same protein output [27], supporting their suitability for compact
environments. Global protein demand continues to rise, yet livestock farming, currently
the dominant protein source, has a substantial environmental footprint. Producing 1 kg
of beef protein emits up to 60 kg CO2-eq, whereas microalgal protein cultivated using
waste CO2 can achieve near-zero emissions [26,28]. These contrasts highlight the potential
of alternative protein systems while also underscoring the importance of assessing their
performance beyond idealized production scenarios.

Despite technological progress in Recirculating Aquaculture Systems (RAS), nutri-
ent losses remain substantial, with nitrogen and phosphorus losses reaching 79% and
83%, respectively [23]. Integrating microalgae with RAS offers a pathway to convert
residual nutrients into biomass, improving circularity and reducing eutrophication risks.
Collectively, these trends underscore the declining sustainability of traditional food pro-
duction. Integrated systems that combine aquaponics with microalgal cultivation present a
promising alternative by reducing water demand, utilizing waste nutrients, and enhancing
resilience in a changing climate [12,22,29], provided that system integration challenges and
scale-dependent constraints are adequately addressed.

2.2. Limitations of Traditional Agriculture

Traditional agriculture faces persistent challenges related to water scarcity, soil degra-
dation, nutrient inefficiency, greenhouse gas emissions, and climate vulnerability. Agricul-
ture consumes nearly 70% of global freshwater, yet traditional irrigation systems, particu-
larly surface and flood irrigation, can waste up to 60% of applied water [30,31]. Critical
groundwater aquifers in regions such as Sub-Saharan Africa and western India show de-
pletion rates of 0.5–1.5 m per year [31]. In contrast, aquaponic systems recycle 95–99% of
water [12].
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Land degradation further constrains productivity, with over 33% of soils affected by
erosion, salinization, nutrient depletion, and structural decline [25]. Although conservation
agriculture can mitigate degradation, deeper structural changes are required. Aquaponics
and microalgal cultivation eliminate soil dependence and can be deployed in degraded or
urban environments [26]. Nutrient inefficiency remains a major environmental issue. Global
nitrogen fertilizer application averages 68.61 kg ha−1, reaching 228.48 kg ha−1 in China,
yet plant uptake efficiency often falls below 50%, resulting in nutrient losses and eutrophi-
cation [5]. Microalgae-based systems can achieve >90% nitrogen and phosphorus removal
by converting waste nutrients into biomass [10,32], although these efficiencies are largely
reported from laboratory or pilot-scale studies with tightly controlled operating conditions.

Traditional agriculture contributes significantly to greenhouse gas emissions (approxi-
mately 20% of global emissions) mainly due to livestock methane and nitrous oxide from
fertilization [33,34]. Microalgae can sequester CO2 and achieve carbon-neutral or carbon-
negative outcomes depending on the culture conditions [23,28], yet these outcomes are
highly sensitive to energy inputs for illumination, mixing, and harvesting, which may
offset net climate benefits at larger scales.

Climate variability further threatens food production. For example, maize yields
decline by approximately 1.7% for every 1 ◦C temperature increase during drought pe-
riods [35]. Integrated aquaponic systems offer resilience by operating within controlled
environments that buffer external climatic fluctuations [12]. Together, these limitations un-
derscore the need for more sustainable, resource-efficient alternatives. Integrated systems
combining aquaponics with microalgal cultivation can mitigate water loss, reduce nutrient
discharge, and enable cultivation in non-arable spaces while introducing new operational
and economic considerations that must be critically evaluated.

2.3. Agricultural Runoff and Water Pollution

Nutrient runoff remains one of the most damaging consequences of traditional agri-
culture. Excess nitrogen and phosphorus escape via leaching and surface runoff, driving
eutrophication, harmful algal blooms, and hypoxia [5]. Closed-loop aquaponic systems
retain nutrients internally, minimizing environmental discharge [22].

Case studies highlight the severity of nutrient pollution: agriculture contributes over
50% of nitrogen and phosphorus loads in China’s Taihu Lake Basin [5], while nutrient losses
from U.S. Midwest croplands contribute to an annual hypoxic dead zone in the Gulf of
Mexico exceeding 22,500 km2 [36]. Integrating microalgal reactors with aquaponic systems
can significantly reduce nutrient discharge, achieving near-zero losses under controlled
conditions [29]. However, maintaining such low discharge levels requires precise hydraulic
control, consistent biomass harvesting, and stable operating conditions, which may be
difficult to sustain under long-term or large-scale deployment.

Nutrient pollution also elevates public health risks. In many low-income regions,
contaminated surface water is reused for irrigation, exposing populations to pathogens
such as E. coli and Cryptosporidium [37]. Aquaponic systems continuously filter water,
reducing microbial contamination [12]. Microalgae-based systems further repurpose fish
waste into biomass while achieving >90% nutrient removal [32]. Urbanization accelerates
nutrient export. In China’s Guishui River Basin, rapid urban expansion increased nitrogen
export by 11.6% [38]. Intensive fertilization can elevate phosphorus losses to 3.3% [5].
Integrated microalgal aquaponic systems bypass soil pathways entirely, enabling precise
nutrient management and preventing runoff, provided that system loading rates remain
within the design limits.

Climate-driven extreme rainfall can trigger sudden nutrient pulses from fertilized
fields [39]. Closed-loop systems avoid these vulnerabilities by retaining water and nutrients
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internally, enhancing climate resilience [12]. Nutrient pollution imposes substantial eco-
nomic costs; across Europe and North America, billions are spent annually on mitigation.
Microalgae-integrated RAS configurations can eliminate nearly all nutrient discharge under
optimized conditions, converting waste into valuable biomass [23,40], although system
failures or overload events can rapidly reverse these gains.

2.4. Rationale for Integrated Microalgal–Aquaponic Systems

Despite progress in aquaponic and microalgal technologies, these approaches are
typically implemented independently, resulting in incomplete nutrient recovery and limited
circularity. RAS configurations continue to lose substantial fractions of nitrogen and
phosphorus, while stand-alone microalgal reactors depend on stable nutrient inputs and
often generate biomass that is underutilized or inconsistently produced [23,32].

As highlighted in earlier sections, current systems address isolated aspects of food–
water–nutrient challenges, water scarcity, nutrient inefficiency, and environmental degrada-
tion, but do not provide a fully integrated, multifunctional solution. This fragmentation
underscores a critical gap: the need for platforms that simultaneously recycle water, capture
and transform nutrients, generate useful biomass, and reduce ecological impacts.

Integrated Microalgal–Aquaponic Systems (IAMS) respond directly to this need. By
coupling aquaculture effluents with microalgal photosynthesis and plant production, IAMS
can enhance nutrient retention, stabilize water quality, diversify biomass outputs, and im-
prove resilience. At the same time, IAMS introduce additional biological and engineering
complexity, including increased energy demand, control requirements, and scale-dependent
trade-offs that must be carefully assessed. The following section introduces the structure,
operational principles, and functional potential of IAMS [41]. By structuring IAMS with se-
quential module, water and nutrients are progressively recovered and recycled, addressing
the limitations of standalone aquaponics or microalgae systems highlighted above.

3. Aquaponic Systems: Promise and Limitations
3.1. Overview of Aquaponics

Aquaponics is a recirculating food-production system that couples fish culture with
hydroponics, enabling the reuse of nutrient-rich aquaculture effluent for plant produc-
tion [12,42–44]. As illustrated in Figure 1, water from aquaculture units passes through
biofiltration components where ammonia is oxidized, after which the treated stream is
directed to hydroponic beds for nutrient uptake. The closed-loop configuration minimizes
discharge relative to linear agricultural or aquaculture models, where leaching and effluent
losses are common [43]. However, the degree of closure achieved in practice varies sub-
stantially across system designs and operational scales, and complete nutrient containment
is rarely realized under continuous production.

Water-use efficiency is one of aquaponics’ strongest environmental advantages; how-
ever, reported values vary substantially by system type and operational scale. Controlled ex-
periments have achieved water requirements of 25–50 L per kg of produce [43,45], whereas
field or commercial systems generally exhibit higher consumption due to evapotranspira-
tion, system maintenance, and climatic factors [46]. Comparable trends are observed for
aquaculture performance: while intensive aquaculture may require up to 300 L kg−1 of fish,
aquaponic configurations can reduce this to <100 L kg−1 under optimized recirculation [43],
though such reductions are sensitive to stocking density, biofilter capacity, and operational
discipline, which are difficult to maintain consistently at commercial scale.

Aquaponics also enables dual production from a single water source. Trials with
basil grown in coupled systems reported approximately 20% higher yields compared to
hydroponic monoculture, attributed to enhanced microbial interactions and steady nutrient
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supply [45]. Nevertheless, yield advantages are not universal across crops and are often
diminished for fruiting species or under fluctuating nutrient regimes. Spatial adaptability,
such as deploying units on rooftops, degraded land, or compact urban sites, has been
demonstrated across diverse geographies [43], although long-term operational stability re-
mains closely tied to energy availability, climate control, and system management expertise.

Figure 1. Schematic of Conventional Aquaponics Showing Fish, Biofiltration, and Hydroponic Plant
Beds. Numbered labels represent the primary modules: (1) Hydroponic unit, (2) Aquaculture unit,
and (3) Sedimentation/Biofiltration unit. Orange dashed arrows indicate the direction of recirculating
water flow between modules.

Integration with renewable energy, particularly solar photovoltaics, has been shown
to reduce greenhouse gas emissions by up to 70% and decrease freshwater eutrophication
potential by approximately 35% relative to grid-powered systems [47]. These reductions
are strongly location-dependent and influenced by regional energy mixes and system
load profiles. When benchmarked against high-input vertical farming or hydroponics
dependent on synthetic nutrient solutions, aquaponics offers a more decentralized and
resource-efficient alternative, but it remains constrained by biological coupling, nutrient
imbalance, and residual waste generation.

3.2. Nutrient Management and Systemic Constraints in Aquaponics

Despite its advantages, aquaponics faces structural limitations related to nutrient avail-
ability, nutrient imbalances, and residual discharge. Fish effluent is typically rich in nitrogen
but often insufficient in phosphorus, potassium, and calcium for fruiting crops [43,48]. Con-
sequently, 10–20% of nutrients must still be externally supplemented to achieve optimal
plant performance, particularly in species with high macronutrient demand [43]. This
supplementation requirement challenges claims of full nutrient circularity and reveals a
fundamental mismatch between fish-driven nutrient profiles and plant physiological needs.

Nutrient availability in aquaponics is influenced by fish species, feeding rates, biofilter
performance, temperature, and microbial dynamics. Leafy greens tolerate these nutrient
fluctuations reasonably well, but fruiting crops often exhibit deficiencies unless phosphorus
and potassium are manually corrected [43,49]. Decoupled aquaponic systems have emerged
to address this issue by allowing independent nutrient control for fish and plants; however,
they require additional inputs and partially compromise the biological interdependence
that defines coupled systems [50]. As a result, decoupling improves agronomic control
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but shifts aquaponics closer to hybrid hydroponic–RAS configurations rather than fully
integrated ecosystems.

Residual discharge remains another operational challenge. Even Recirculating Aqua-
culture Systems (RAS) integrated within aquaponics require periodic water exchange and
generate sludge containing significant nitrogen and phosphorus loads [45]. While nutrient
retention in aquaponics exceeds conventional aquaculture, where nitrogen and phosphorus
losses can reach 79% and 83%, respectively [23], nutrient capture efficiency declines with
increasing system scale, hydraulic variability, and suboptimal management. Constructed
wetlands can achieve >90% nitrogen removal [5], outperforming many practical aquaponic
configurations and highlighting persistent gaps in nutrient containment.

Sludge management introduces further complexity. The composition and nutrient
density of aquaponic sludge are highly variable, requiring monitoring and post-treatment
before reuse. Repurposing sludge as fertilizer can reduce freshwater eutrophication by
approximately 23% [45,51], yet irregular sludge generation and handling requirements im-
pose additional operational burdens. Feed composition is also a limiting factor: protein-rich
feeds result in nitrogen-heavy but phosphorus-poor effluents [43], necessitating continuous
nutrient balancing. Transitioning to plant-based or more balanced diets can reduce nutrient
skew but may compromise feed conversion ratios and fish growth performance.

Table 1 summarizes key differences in water-use efficiency, nutrient retention, land
requirement, climate resilience, and greenhouse gas emissions across conventional agricul-
ture, aquaponics, and microalgae-integrated systems.

Table 1. Comparative Performance of Conventional Agriculture, Aquaponics, and Microalgae-
Integrated Systems.

Parameter Traditional Agriculture Aquaponics Microalgae-
Integrated Systems Reference

Water-use efficiency 50–70% losses 95–99% recycling Up to 99% recycling [12,22,30]

Nutrient retention <50% uptake; high runoff Internal cycling >90% N and P removal [5,32]

Land requirement High; limited in
urban areas

Low; vertical
use possible

Very low
(<2.5 m2/kg protein) [19,27]

Climate resilience Highly vulnerable Controlled
environment Controlled environment [22,29,30]

GHG emissions High Lower Potentially
carbon-negative [28,30]

These comparisons underline that while aquaponics substantially outperforms tradi-
tional agriculture in water efficiency and nutrient reuse, it does not inherently achieve the
high nutrient-capture efficiencies required for near-zero discharge systems.

3.3. Opportunities and Limitations of Microalgal Integration in Aquaponic Frameworks

Persistent nutrient inefficiencies, nutrient-profile imbalances, and discharge challenges
in aquaponics have driven interest in microalgal integration as a complementary biological
solution. Microalgae exhibit rapid growth kinetics and high nutrient assimilation efficien-
cies, often exceeding 90% nitrogen and phosphorus removal from aquaculture effluents
under optimized laboratory conditions [52,53]. These values exceed typical plant-based
nutrient recovery, which frequently stagnates at 60–70% due to crop saturation limits and
harvest cycles [52].

However, most reported microalgal performance metrics originate from laboratory-
scale photobioreactors or tightly controlled pilot studies. Translation to commercial systems
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requires the careful consideration of light availability, contamination risks, hydraulic resi-
dence times, and operational complexity. Failure to account for these factors can lead to
overestimation of real-world nutrient removal efficiencies. Nevertheless, the compact foot-
print and high throughput of algal systems offer advantages over land-intensive treatment
approaches such as constructed wetlands [54].

Microalgae also contribute to carbon capture, a function absent in conventional aquaponics.
Species such as Chlorella sp. can fix CO2 at rates up to 0.12–2.22 g L−1 day−1 [20,55], enhancing
system sustainability while supporting oxygenation beneficial for biofilter performance. How-
ever, maximal fixation rates are achieved under optimized light and CO2 delivery conditions,
which may increase energy demand at scale.

A key advantage of microalgal integration lies in enabling broader resource valoriza-
tion. Algal biomass produced from nutrient-rich effluent can serve as fish feed, organic
fertilizer, bioplastic precursor, or a source of high-value compounds such as pigments
and nutraceuticals [56,57]. Compared with composting or anaerobic digestion, algae offer
faster growth rates and more diverse downstream applications [58]. Economic feasibility,
however, remains highly sensitive to harvesting efficiency, biomass consistency, and market
access for algal products.

From an environmental perspective, microalgae-integrated systems reduce nutri-
ent leakage by continuously scavenging residual nitrogen and phosphorus from effluent
streams that would otherwise be discharged [59]. This biological integration provides
a more synergistic alternative to decoupled aquaponics, which often relies on external
nutrient inputs and increased energy demand [44]. At the same time, algal reactors in-
troduce additional engineering complexity related to light delivery, fouling control, and
hydraulic management.

Overall, microalgae offer a critical functional bridge that can advance aquaponics
toward deeper circularity by enhancing nutrient capture, enabling carbon mitigation, and
generating valuable co-products. Nevertheless, widespread adoption requires rigorous
evaluation of long-term stability, system integration costs, and performance under non-
ideal operating conditions. Residual nutrient discharge from conventional aquaponics—
particularly nitrogen and phosphorus escaping plant uptake—motivates the inclusion of a
downstream microalgal module, as illustrated in the representative IAMS flow (Fish →
Sedimentation → Plants → Algae → Fish) discussed in Section 4.1. This tertiary polishing
step enhances nutrient recovery and stabilizes water chemistry.

4. Microalgae: Versatile Solution for Sustainable Food and
Water Systems
4.1. Concept and System Architecture

The IAMS described in this review represents an advanced closed-loop platform that
integrates aquaculture, hydroponics, and microalgal photobioreactors (PBRs) into a unified
circular resource-cycling architecture. Unlike conventional aquaponics—where nutrient
recovery is largely constrained by plant uptake and residual nitrogen or phosphorus may
accumulate—IAMS configurations reported in the literature introduce a tertiary microalgal
treatment stage to enhance nutrient recovery, improve water quality, and support internal
carbon cycling [44,52]. However, it is important to note that the performance metrics
described in this section are largely derived from controlled environments and may not
fully reflect the stochastic constraints of commercial-scale outdoor operation.

At the core of this architecture is a sequential water-flow pathway designed to enable
progressive nutrient transformation and biological polishing across multiple trophic levels.
As illustrated in Figure 2, effluent from the fish tanks—enriched with ammonium, organic
solids, and dissolved metabolites—first passes through a sedimentation–filtration unit that
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removes suspended solids and supports the initiation of nitrification. This pre-treated
stream then flows into the hydroponic plant beds, where crops assimilate the bulk of
dissolved nitrates and micronutrients, forming the primary nutrient-removal stage within
the system.

Figure 2. Conceptual Integrated Microalgal–Aquaponic System (IAMS) Architecture with Sedimenta-
tion, Hydroponics, and Tertiary Microalgal Polishing. Numbered labels indicate the system modules:
(1) Hydroponic unit, (2) Aquaculture unit, (3) Sedimentation/Biofiltration unit, and (4) Tertiary
microalgal photobioreactor (PBR). Orange dashed arrows denote the direction of the recirculating
water flow, highlighting the sequential nutrient recovery pathway.

Following plant uptake, the partially polished effluent enters the microalgal PBR,
which functions as a tertiary nutrient-polishing module. Within this unit, strains such
as Chlorella vulgaris and Scenedesmus obliquus scavenge residual nitrogen and phosphorus
while releasing oxygen through photosynthesis, further stabilizing water quality prior
to recirculation [60–62]. This downstream placement of the algal module reflects design
strategies reported for IAMS that prioritize plant productivity while using microalgae to
capture nutrients that escape root-zone assimilation.

However, this sequential integration introduces fundamental hydraulic trade-offs. Fish
culture units typically require short hydraulic retention times (HRTs) to prevent ammonia
accumulation and maintain animal health, whereas microalgal reactors require longer HRTs
to support biomass growth and effective nutrient assimilation. Operating these components
within a single recirculating loop often necessitates compromise flow regimes that may
reduce algal productivity or limit nutrient-removal efficiency under variable feeding or
stocking conditions [52,60].

A frequently proposed mitigation strategy within IAMS architectures is the inclusion
of a semi-permeable membrane interface associated with the algal PBR. This membrane
permits the passage of nutrient-rich water while retaining algal cells, preventing their intru-
sion into downstream units and enabling controlled biomass harvesting [63,64]. Although
membrane-assisted PBRs are not universally adopted, they represent an important design
option discussed in the literature for improving hydraulic decoupling and operational
stability. The membrane acts as a functional boundary, adapting principles from membrane
bioreactor systems for algal–aquaponic integration.

After tertiary algal polishing, clarified water returns to the fish tanks, completing
the recirculation loop. Under steady-state operation, such configurations can minimize
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external discharge, reduce nutrient accumulation, and lower freshwater demand relative to
conventional aquaponics or recirculating aquaculture systems (RAS) [44,53].

Despite these advantages, achieving chemical compatibility across all biological com-
partments remains challenging. Fully IAMS typically operate near neutral pH (≈7.0–7.5) to
balance fish health and nitrify bacterial activity. This range is suboptimal for micronutrient
availability to plants and for many high-productivity microalgal strains that perform best
at higher pH values. As a result, tightly coupled systems often impose compromised
operating conditions that suppress yields across multiple trophic levels [44,60,62].

Microalgal integration also modifies dissolved oxygen dynamics. While photosyn-
thetic oxygen production can reduce reliance on mechanical aeration during daylight hours,
diel oxygen fluctuations remain a concern. Algae consume oxygen during dark respiration,
potentially inducing nocturnal hypoxia in fish tanks if supplemental aeration or buffering
capacity is insufficient [52,61]. Concurrent CO2 uptake during photoperiods can elevate
pH, further complicating system stability within fully integrated loops.

Collectively, these findings indicate that IAMS architectures establish a three-tier
circular bioprocess capable of enhancing nutrient recovery and water purification. However,
system performance is governed not solely by the efficiency of individual components, but
by their hydraulic, chemical, and biological compatibility at the system level. Successful
implementation therefore depends on the careful control of flow rates, pH buffering,
oxygen management, and light availability, underscoring the importance of integrated
design rather than modular optimization alone [65,66].

4.2. Microalgal Species Selection

Species selection is a cornerstone of IAMS design because it dictates nutrient-removal
performance, biomass productivity, and downstream market value. Unlike conventional
aquaponics—where plants provide the primary nutrient sink—IAMS assign a tertiary
polishing role to microalgae, which must simultaneously deliver oxygenation, carbon
capture, and vaporizable biomass. Accordingly, candidate strains are evaluated on three
intersecting criteria: (1) balanced nitrogen and phosphorus assimilation, (2) tolerance to the
variable physico-chemical conditions typical of recirculating water loops, and (3) capacity to
accumulate protein, lipids, or specialty metabolites with commercial relevance [61,67–70].
Candidate microalgal strains are positioned in the tertiary polishing module of IAMS
(Figure 2), downstream of plant uptake, to maximize residual nutrient assimilation. Because
species performance is evaluated within a downstream polishing context, strain robustness
to fluctuating nutrient loads and hydraulic residence times becomes more critical than peak
laboratory productivity.

A consolidated categorization is presented in Tables 2 and 3, which distinguishes
between species suitable for coupled freshwater integration and those requiring strict
hydraulic decoupling due to salinity or pH constraints.

Table 2. Freshwater Microalgal Species with Validated Scales, Biochemical Value, and PBR–IAMS
Assessment.

Species Validated Scale Key Biochemical Value PBR–IAMS Strengths IAMS Constraints &
Trade-Offs References

Tetradesmus obliquus Lab Balanced nutrients Stable growth under
variable nutrient loads.

Moderate lipid content
limits high-value extraction;

limited commercial data.
[69]

Chlorella sorokiniana Lab Protein > 50% High-
temperature tolerance.

Dense cultures suffer severe
light limitation (self-shading)

in deep PBRs.
[70]
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Table 2. Cont.

Species Validated Scale Key Biochemical Value PBR–IAMS Strengths IAMS Constraints &
Trade-Offs References

Spirulina
(Arthrospira) platensis Commercial Protein 60–70% High protein yield;

digestible biomass.

High pH requirement (>9.0)
chemically incompatible

with tilapia/lettuce
(pH ≈ 7.0) unless
fully decoupled.

[70,71]

Euglena gracilis Lab Paramylon Metabolic
flexibility (mixotrophic).

Sensitive to shear stress from
pumping; requires gentle

airlift mixing.
[71]

Botryococcus braunii Lab Hydrocarbons
Unique lipid

composition for
biofuel production.

Extremely slow growth;
poor volumetric productivity
makes it unviable for rapid

nutrient polishing.

[71]

Chlorella vulgaris Commercial Protein 45–55%
High N/P uptake;

broad pH tolerance
(6.5–8.5).

Small cell size (<5 µm)
creates high harvesting
energy costs; prone to

grazing in
non-sterile effluent.

[72,73]

Haematococcus
pluvialis Lab/Pilot Astaxanthin High-value

nutraceutical product.

Requires nutrient stress
(starvation) to produce
pigment, contradicting

continuous
nutrient removal.

[73]

Scenedesmus obliquus Pilot Protein 50–58%, Lipids
Strong wastewater

adaptability;
robust growth.

Rigid cell wall requires
expensive pre-treatment for
digestibility; adhesive wall
promotes biofilm fouling.

[74]

Table 3. Major Marine Microalgal Species with Validated Scales, Key Biochemical Values, and Barriers
to Integration with Freshwater IAMS.

Species Validated Scale Key Biochemical Value Primary Barrier to Integration
with Freshwater IAMS References

Nannochloropsis sp. Commercial EPA-rich lipids

Salinity Mismatch: Requires
brackish/seawater, lethal to
standard hydroponic crops (e.g.,
lettuce, tomato).

[71,74]

Dunaliella salina Commercial β-carotene
Hypersaline Requirement:
Obligate halophile; cannot grow
in freshwater fish effluent.

[70]

Tetraselmis suecica Lab Carbohydrates

Salinity Dependence: Marine
strain; restricted to
mariculture-based aquaponics
(e.g., seabass, samphire).

[72]

Phaeodactylum tricornutum Pilot EPA
Silica Requirement: Diatom
species requiring silicate dosing,
increasing chemical complexity.

[73]

Isochrysis galbana Lab DHA

Environmental Sensitivity:
Requires strict temperature and
salinity control; low
contamination tolerance.

[72]

Chaetoceros muelleri Lab Protein 40–50%
Silica & Salinity: Marine diatom;
incompatible with
freshwater loops.

[72]

Chlorella vulgaris is the most frequently deployed strain and remains the benchmark
for nutrient remediation in freshwater loops. In controlled laboratory settings under
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standard aquaponic effluent loads, it routinely attains 95–98% nitrogen removal and >92%
phosphorus removal [75], exceeding the 55–70% uptake observed in hydroponic lettuce [76].
Its broad pH tolerance (6.5–8.5) affords operational resilience in systems subject to diel CO2

fluctuations, a stability margin that narrower-range species such as Scenedesmus obliquus
(optimal 6.0–8.0) cannot consistently maintain [76–78].

However, the dominance of C. vulgaris in laboratory and pilot studies does not guar-
antee monoculture stability under non-sterile aquaponic conditions. In open or semi-
open recirculating loops, fast-growing indigenous microalgae, cyanobacteria, or microbial
grazers (e.g., rotifers and protozoa) frequently outcompete inoculated strains, leading to
“culture drift” and loss of the intended production organism [69,75]. Such competitive
displacement is rarely reported in short-term trials but represents a major constraint during
long-term operation.

Where nutritional enrichment is paramount, Spirulina (Arthrospira) platensis provides a
compelling alternative. Although its phosphorus capture is modestly lower (85–90%) [79],
its protein content reaches 65–70% of dry mass—surpassing C. vulgaris (45–55%) [80].
However, Spirulina obligately requires alkaline conditions (pH > 9.0) to maintain culture
dominance, creating a chemical incompatibility with neutrophilic fish (pH 7.0–7.5) and
hydroponic crops (pH 5.5–6.5). Consequently, Spirulina integration typically necessitates hy-
draulic decoupling or specialized alkaline-tolerant fish species, rather than direct insertion
into standard aquaponic loops [70,81–83].

Systems targeting biofuel co-products often prioritize lipid accumulation, a niche
where Scenedesmus obliquus excels [84]. Under nitrogen-limited regimes, it reallocates carbon
into neutral lipids more efficiently than Spirulina. However, species such as Scenedesmus
possess adhesive cell-wall structures that can promote biofilm formation and microbial
attachment. In tightly coupled IAMS loops, this characteristic may facilitate the persistence
of opportunistic bacteria, creating biosecurity risks if hydraulic separation barriers are
insufficient [69,84].

In contrast to these freshwater candidates, marine species such as Nannochloropsis sp.
and Dunaliella salina present fundamental integration barriers for standard IAMS. While
Nannochloropsis offers high lipid productivity and Dunaliella is valued for β-carotene accu-
mulation, both require saline or hypersaline conditions lethal to freshwater fish (e.g., tilapia,
carp) and standard hydroponic crops (e.g., lettuce, tomato) [85–88]. Consequently, these
species are restricted to specialized saline aquaponic configurations (e.g., seabass/samphire
systems) or strictly decoupled side-stream processes, rather than integrated circular loops.

Suitability for PBR-IAMS reflects reported nutrient uptake performance, controllability
under closed photobioreactor conditions, and compatibility with freshwater or low-salinity
aquaponic environments, rather than intrinsic nutritional value alone. Finally, operational
resilience under fluctuating field conditions is essential for decentralized deployments.
Both C. vulgaris and Tetradesmus obliquus (syn. Scenedesmus) maintain relatively stable
performance across variable light, temperature, and nutrient loads, making them reliable
workhorse species in low-infrastructure settings [69]. In contrast, taxa such as D. salina and
Nannochloropsis sp. demand tighter salinity, irradiance, and contamination control, restrict-
ing their viability in dynamic or resource-constrained environments. These comparative
insights reinforce the need for species selection strategies that balance nutrient-removal
goals, biosecurity, biomass consistency, and local environmental realities.

4.3. Photobioreactor (PBR) Designs and Integration Approaches

Photobioreactors (PBRs) form the functional backbone of tertiary nutrient recovery
and biomass generation within Integrated Microalgal–Aquaponic Systems (IAMS). Unlike
traditional aquaponic systems that rely primarily on plant-root zones for nutrient removal,
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PBRs provide a biologically driven polishing stage capable of removing residual nitrogen,
phosphorus, and dissolved organics with high precision and efficiency [89,90]. Their en-
closed and modular nature enables superior control over hydrodynamics, gas exchange,
and illumination, supporting dense microalgal cultivation with nutrient-removal efficien-
cies often exceeding 90% under optimized laboratory conditions [65]. Within the staged
treatment logic of IAMS, PBR performance cannot be assessed in isolation, as hydraulic
and gas-exchange conditions are constrained by upstream aquaculture and downstream
plant requirements.

PBR configurations vary widely in geometry, mixing strategies, and optical properties.
Open systems such as raceway ponds remain the most commonly used configuration for
commercial biomass production due to low capital costs, simplicity, and large surface-
area-to-volume ratios [70,72]. However, their limitations are substantial: high evaporative
losses, low CO2 mass transfer efficiency due to shallow depths, susceptibility to contam-
ination, and poor control of temperature and irradiance [70,91]. Although open ponds
account for approximately 98% of global algal biomass production, their areal productivity
(≈15–20 t ha−1 yr−1) remains significantly lower than that of closed PBR systems [91,92].

Closed PBRs offer controlled environments, high biomass densities, and reduced
contamination risk. Common variants include flat-panel, tubular, helical, vertical column,
airlift, and membrane-based PBRs [71,74]. Flat-panel reactors provide short optical paths
(1–7 cm) and surface-to-volume ratios between 20 and 80 m2 m−3, enabling productivities
up to 5 g L−1 d−1 under optimized conditions [71]. Tubular reactors—horizontal or helical—
achieve high radiation utilization but face challenges related to oxygen accumulation and
thermal regulation due to enclosed geometry [74,91]. Airlift and bubble-column designs
provide effective mixing with low shear stress, making them suitable for shear-sensitive
species such as Chlorella [71,73]. Membrane-based and plastic-bag PBRs expand the design
space by offering sterility and low cost, albeit at the expense of mechanical durability and
long-term operational robustness [74,91].

Nevertheless, high-surface-area PBR designs, particularly flat-panel and tubular
reactors—are inherently prone to biofouling when operated with organic-rich aquaponic
effluents. Rapid biofilm formation on illuminated surfaces reduces light penetration, ac-
celerates photon attenuation, and necessitates frequent mechanical or chemical cleaning.
These maintenance demands are rarely reflected in laboratory-scale productivity values
and can significantly increase downtime and operational labor at scale [74,91,92].

Hybrid configurations seek to combine the economic advantages of open systems with
the productivity of closed designs. Thin-layer cascade (TLC) PBRs maintain culture depths
of 3–6 cm through baffle-controlled flow, improving light penetration while limiting contam-
ination via semi-enclosed covers [70]. Computational fluid dynamics analyses demonstrate
that incorporating mixing rods and raised inlet tubes reduces dead zones and sedimen-
tation risks by improving velocity uniformity [70]. Other hybrid approaches integrate
enclosed inoculum PBRs with open raceway ponds to maintain high-density seed cultures
(≈2.0 g L−1) while lowering overall production costs [93]. Semi-closed polyethylene tubu-
lar hybrids have demonstrated turbulent flow regimes (Re ≈ 17,500–23,700), approaching
plug-flow behavior with minimal axial dispersion [73].

Advanced reactor geometries have further improved mass transfer and light utilization.
Tangent double-tube PBRs (TDTPs) generate internal vortices that enhance bubble breakup
and mixing, achieving biomass yields of 2.81 g L−1, approximately 124% higher than
conventional single-tube systems—while reducing shear stress by 39% [94]. Concave
spiral ribbed tubular designs increase light–dark cycling frequencies (up to 2.28 Hz) and
gas holdup, improving productivity under light-limited conditions [95]. Sponge-inserted
tubular PBRs function as static mixers and light diffusers, enhancing radial mixing at low
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flow rates [96]. Cyclic-flow PBRs equipped with buoyant pipe pigs provide automated
biofilm removal, addressing a persistent operational challenge in tubular reactors [97].

Despite these innovations, oxygen inhibition remains a critical constraint in enclosed
tubular and flat-panel PBRs. High photosynthetic oxygen evolution can elevate dissolved
oxygen concentrations beyond algal tolerance thresholds, leading to photoinhibition and
reduced growth unless degassing columns or stripping units are incorporated. These
auxiliary systems increase both capital expenditure and energy demand, complicating
claims of net efficiency improvements in IAMS integration [74,91,94].

Material selection further influences PBR performance and integration feasibility.
While borosilicate glass offers excellent optical clarity and chemical resistance, lightweight
polymers such as acrylic and polycarbonate reduce structural mass by over 60% and enable
customizable geometries that optimize the optical path length [98,99]. Vertical stacked
polymer modules are particularly attractive for urban or rooftop IAMS installations where
spatial footprint and load-bearing capacity are constrained.

Illumination strategy is a dominant driver of PBR productivity. Red–blue LED sys-
tems achieve photosynthetic conversion efficiencies up to 22%, supporting biomass pro-
ductivities of ≈40 g m−2 d−1 compared with 25–28 g m−2 d−1 under fluorescent light-
ing [100,101]. Flat-panel and airlift reactors equipped with LED arrays demonstrate strong
nutrient-removal performance even under intermittent lighting regimes, improving en-
ergy efficiency in IAMS contexts [102]. However, pilot-scale flat-panel systems frequently
exhibit productivity declines as reactor height increases and thermal gradients intensify,
although optimized aeration and heat dissipation can partially restore laboratory-scale
performance [103,104].

Scaling remains constrained by optical limitations. While thin-layer PBRs (≤10 cm)
maximize light availability, scaling these systems inevitably reduces surface-to-volume
ratios, intensifying self-shading and sharply reducing volumetric productivity. This trade-
off between footprint efficiency and photon utilization represents a fundamental barrier to
translating laboratory performance to commercial-scale IAMS installations [71,91,103].

To synthesize reactor geometries, operational principles, performance metrics, and
integration suitability, Table 4 presents a consolidated comparison of major PBR configura-
tions relevant to IAMS deployment.

Table 4. Photobioreactor (PBR) Configurations, Performance Features, and Integration Considerations
for IAMS.

Reactor Type Core Design Principle Performance Strengths IAMS-Relevant
Limitations/Trade-Offs Reference

Open ponds/raceways Shallow depth (30–50 cm);
natural illumination

Low capital cost; simple
operation; scalable footprint

High evaporation, contamination risk,
poor CO2 transfer, and unstable water
quality make direct coupling with fish
loops unsuitable without decoupling

[70]

Thin-Layer Cascade (TLC)
semi-closed

Baffles, shallow flow (3–6 cm),
partial enclosure

Enhanced light penetration;
reduced evaporation;
improved productivity vs.
open ponds

CFD-identified dead zones if poorly
designed; still sensitive to
contamination under open exposure

[70]

Low-cost bottle PBR Small-volume PET reactors with
air stones

Ultra-low cost; accessible for
pilot or rural IAMS

pH rise, mineral precipitation, and
limited scalability restrict
long-term operation

[104]

Horizontal tubular hybrid LDPE tubes with
paddle-driven flow

Near plug-flow behavior;
scalable; improved light use

Biofouling and dead zones in
associated open tanks increase
maintenance burden

[73]

Raceway + thin-layer systems Combined open
systems overview

TLC enables higher
areal productivity

Open raceways remain
productivity-limited and unsuitable
for nutrient polishing alone

[71]

Flat-
panel/column/tubular PBRs

Short light path; high
surface-to-volume ratio

High biomass density;
nutrient removal > 90%

Temperature control and capital cost
increase with scale [71]

Tubular, helical, VAP systems Tilted tubes (6–12◦) for
gas transfer

Improved CO2 dissolution
and mixing

Oxygen accumulation and fouling
require active control [74]
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Table 4. Cont.

Reactor Type Core Design Principle Performance Strengths IAMS-Relevant
Limitations/Trade-Offs Reference

Hybrid closed–open systems Closed inoculum PBR feeding
open ponds

High inoculum density;
reduced contamination risk

Downstream open ponds remain
contamination-prone [93]

Tangent Double-Tube
PBR (TDTP)

Dual-tube
vortex-inducing geometry

124% productivity increase;
reduced shear stress

Structural complexity and fabrication
cost limit adoption [94]

Cyclic-flow PBR Automated pigging for
biofilm removal

Sustained light path;
mitigates fouling

Mechanical complexity increases
maintenance demand [97]

LED-driven PBRs Artificial spectral control Highly controlled growth;
very high productivity

High CAPEX and energy demand
restrict food-focused IAMS unless
high-value products are targeted

[92]

Sponge-insert tubular PBR Static mixers for light dilution Improved radial mixing and
photon distribution Cleaning difficulty and fouling risk [96]

Ribbed tubular PBR Spiral ribs enhance
light–dark cycling

Improved photosynthetic
efficiency under dense cultures Higher pumping energy requirements [95]

Comparative synthesis (Open
vs. Closed) Energy vs. productivity trade-off Closed PBRs enable

IAMS integration
Closed systems trade energy demand
for stability and control [72,91]

Overall, the diversity of PBR designs provides flexibility for IAMS integration, en-
abling reactor selection tailored to nutrient loading, spatial constraints, and operational
objectives. Modular flat-panel reactors suit urban nutrient-polishing applications, while
tubular and hybrid PBRs offer scalable pathways for high-throughput biomass generation.
Advanced geometries mitigate historic challenges in mixing and light distribution, yet their
successful deployment remains contingent on effective fouling control, oxygen manage-
ment, and energy optimization, reinforcing that PBR performance in IAMS is governed as
much by system-level constraints as by reactor design innovation.

4.4. Cultivation Strategies for Optimized System Performance

Optimizing microalgal performance within IAMS requires the precise control of il-
lumination, hydrodynamics, carbon supply, temperature, pH, and nutrient loading, as
microalgae respond more sensitively to physicochemical fluctuations than hydroponic
crops or aquaponic plants [65,66]. Appropriate cultivation management ensures stable nu-
trient removal, consistent biomass productivity, and resilience under fluctuating fish-driven
nutrient pulses. A synthesis of key engineering and biological optimization pathways
is presented in Table 5, summarizing design parameters, dominant mechanisms, and
implications for nutrient recovery and cultivation stability.

Table 5. Key Optimization Strategies for Microalgal Cultivation and Nutrient Recovery within IAMS.

Optimization Strategy Design/
Operational Parameter Scientific Mechanism Implications for IAMS

(Cultivation + Nutrient Recovery)
Scalability/Operational
Trade-Offs Reference

Light path optimization Culture depth 3–6 cm
Reduces self-shading;
improves
photon penetration

Stable biomass yield and consistent
N/P removal

Requires precise
hydraulic control at scale [70]

Light spectral tuning Red–blue LEDs
(450–470/620–680 nm)

Matches chlorophyll
absorption peaks

Higher nutrient uptake kinetics;
lower energy per biomass

Increased CAPEX and
system complexity [101,102]

Light/dark cycle control Engineered vortices;
ribbed flow (2–3 Hz) Prevents photoinhibition Sustains productivity under

high density
Hydraulic design
constraints increase cost [94,95]

Solar
pattern optimization

Diurnal
light modulation

Aligns photosynthesis
with natural rhythms

Reduces pH drift and
carbon imbalance

Less effective in
high-latitude or
indoor systems

[104]

Advanced
mixing engineering

Sponge inserts;
deflectors;
marine impellers

Improves radial mixing Enhanced nutrient uptake with
low shear

Cleaning and fouling
management required [96,105,106]

Hydrodynamic control Paddle speed 0–12 rpm Prevents sedimentation Uniform nutrient exposure Energy demand rises
with flow velocity [73]

Aeration optimization 0.2–0.3 vvm CO2–air Stabilizes pH; improves
carbon availability Boosts N/P assimilation by 20–30% CO2 supply

logistics needed [103,107]
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Table 5. Cont.

Optimization Strategy Design/
Operational Parameter Scientific Mechanism Implications for IAMS

(Cultivation + Nutrient Recovery)
Scalability/Operational
Trade-Offs Reference

CO2
concentration tuning 1–5% CO2 or flue gas Reduces

photorespiration Enables high-rate nutrient removal Flue gas impurities
require pretreatment [71,72,97]

Intermittent aeration 1 h ON/3 h OFF Limits pH overshoot Stabilizes algal–plant competition Requires automated
control systems [94,104]

Nutrient loading control Regulated daily feed Maintains balanced
N:P ratio Avoids shock loading Sensitive to fish

biomass fluctuations [73]

Two-stage cultivation Growth →
nutrient stress

Induces
lipid/TAG synthesis Enables biofuel precursor recovery

Reduces continuous
nutrient
removal efficiency

[71,92]

Mixotrophic supply Organic-
carbon wastewater

Dual phototrophic +
heterotrophic growth Faster ammonium removal

Increased bacterial
competition and
oxygen demand

[73,93]

Wastewater integration Municipal/agro-wastewater Provides N, P, organic C Reduces fertilizer inputs Pathogen and
regulatory concerns [72,93]

Biofilm management Pigging;
turbulence; brushing Restores light path Maintains long-term performance Mechanical wear

and downtime [73,97]

Temperature regulation Waste-heat
reuse; greenhouse

Maintains
metabolic optimum Extends annual cultivation window Climate-dependent

feasibility [91,97]

Cultivation mode
selection Continuous vs. batch Controls nutrient

availability
Continuous mode aligns with fish
nutrient flux

Lower flexibility for
product switching [73]

Co-culture strategies Algae–
algae/algae–bacteria

Metabolic
complementarity

Improved N/P removal and
biomass quality

Community stability
difficult to maintain [72,92,104]

Membrane-
integrated PBRs

Air-scouring;
electrocoagulation

Solid and
nutrient polishing Produces cleaner recirculation water Membrane fouling and

replacement cost [73,74]

Biorefinery integration Biomass valorization Converts nutrients
into products Enhances system economics Market dependence and

processing energy [108,109]

Light management remains a principal determinant of microalgal metabolism. Red–
blue LED systems tuned to 450–470 nm and 620–680 nm align with chlorophyll absorption
peaks, increasing photosynthetic efficiency and improving nutrient assimilation by up to
22% relative to fluorescent lighting [101,102]. Thin-layer cascade reactors (3–6 cm depth)
reduce self-shading and enhance light penetration, achieving higher biomass yields and
more stable N/P removal under variable loading [70]. In tubular and hybrid PBRs, engi-
neered light–dark cycling through induced vortices or spiral ribs improves photosynthetic
conversion efficiency under dense culture conditions [94,95]. Synchronizing illumination
with solar diurnal patterns—low in the morning, high at midday, and low in the afternoon—
minimizes pH excursions while supporting natural carbon fixation rhythms [104]. Ad-
vanced internal mixing structures such as optical deflectors, sponge inserts, and marine
impellers further reduce dark zones and improve photon distribution while avoiding shear
damage [96,105,106].

However, artificial illumination represents a substantial energetic burden in IAMS.
Continuous LED operation, particularly in enclosed or indoor PBR configurations, can
dominate system electricity demand and, in some cases, exceed the calorific energy content
of the harvested biomass. This “energy parasite” effect threatens net-energy positivity
unless lighting is strategically limited to critical growth phases or supplemented by solar-
driven or daylight-guided systems [71,102,103].

Hydrodynamic optimization ensures uniform residence time and stable nutrient
availability across cultivation systems. Adjusting flow velocities and paddle-wheel speeds
(0–12 rpm) prevents sedimentation and minimizes dead zones in raceway ponds [73]. In
advanced configurations, vortex-enhanced reactors such as Tangent Double-Tube PBRs
improve gas–liquid mass transfer while reducing shear stress, increasing biomass yields
by up to 124% compared with conventional tubular systems [94]. Automated cyclic-flow
pigging systems mitigate internal fouling and maintain optical clarity, preserving reactor
performance over extended operational periods [97].
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Despite these gains, active mixing relies on continuous pumping or aeration, intro-
ducing additional energy penalties. At higher flow regimes, marginal productivity gains
often plateau while power demand rises non-linearly, reducing overall system efficiency—
particularly in small-scale or decentralized IAMS deployments [73,94].

Carbon availability constitutes another major bottleneck in IAMS, as fish respiration
and microbial nitrification continuously deplete dissolved CO2. Supplementing aeration
streams with 0.2–0.3 vvm CO2–air mixtures stabilizes pH, doubles biomass productivity,
and enhances nitrogen and phosphorus assimilation by 20–30% [61,103,107]. Incorporating
1–5% CO2 or flue gas further enhances carbon fixation while suppressing photorespira-
tion [71,72,97]. Intermittent aeration strategies (e.g., 1 h ON/3 h OFF) prevent excessive
pH elevation under high irradiance, balancing algal productivity with downstream plant
nutrient uptake [94,104].

Temperature stability strongly influences metabolic performance and is best main-
tained using semi-closed reactor covers, greenhouse enclosures, or industrial waste-heat
integration. These strategies reduce evaporative losses, improve thermal consistency, and
extend annual cultivation windows from approximately 240 to over 300 days [70,97,102].
Warm-water aquaculture species such as tilapia naturally align with optimal microalgal
growth temperatures (25–30 ◦C), reducing the need for independent climate control com-
pared with conventional hydroponics.

Nutrient-specific optimization further enhances system performance. Controlled
wastewater feed rates regulate N:P ratios and mitigate shock loading, improving nutrient-
removal efficiency and culture stability [73]. Two-stage cultivation—initial growth under
nutrient sufficiency followed by stress induction—promotes lipid or triacylglycerol ac-
cumulation without compromising primary nutrient uptake [71,92]. Mixotrophic and
wastewater-based cultivation modes accelerate nutrient removal by enabling simultane-
ous phototrophic and heterotrophic carbon utilization, particularly in ammonium-rich
effluents [73,93]. Co-culturing microalgae with beneficial bacteria enhances organic matter
degradation, nitrogen turnover, and lipid biosynthesis [72,92]. Membrane-integrated PBRs
employing air-scouring or electrocoagulation further reduce suspended solids, producing
clarified effluent suitable for recirculation within IAMS [73,74].

Nevertheless, biomass harvesting remains a major operational bottleneck. Microalgal
cultures typically contain less than 0.1% solids, necessitating energy-intensive separation
techniques such as centrifugation or chemical flocculation. This “harvesting penalty” can
account for 20–30% of total operating costs, representing a structural disadvantage relative
to hydroponic systems where biomass removal is inherently passive [71,92,103].

System stability is further constrained by control sensitivity. Unlike passive biofilters,
microalgal cultures can collapse within hours following abrupt shifts in pH, temperature,
or nutrient availability. Maintaining operational resilience therefore requires continuous
sensor-based monitoring and automated feedback control, increasing capital complexity
and limiting accessibility for low-resource or decentralized installations [66,73,104].

Collectively, these cultivation strategies demonstrate that while coordinated control of
illumination, hydrodynamics, carbon delivery, nutrient regimes, and operational modes
can transform microalgae into a powerful stabilizing component of IAMS, their effective-
ness is tightly coupled to energy efficiency, harvesting feasibility, and control robustness.
Successful implementation thus depends not only on biological optimization but also on
system-level trade-offs that balance productivity gains against operational cost, energy
input, and technological complexity within circular food–water–energy frameworks.
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4.5. Nutrient Recycling and Water Resource Recovery

A major innovation of IAMS is their ability to recapture and revalorize fish effluents,
plant residues, and microbial metabolites through a closed-loop framework. Unlike con-
ventional aquaponics—where nutrient cycling ends at the hydroponic bed and substantial
nitrogen and phosphorus remain unutilized—microalgal photobioreactors (PBRs) provide
a tertiary polishing step capable of removing >95% of dissolved nutrients while generating
valuable biomass [69,89]. Table 5 synthesizes the optimization parameters that enhance
these nutrient recovery pathways.

Microalgae assimilate ammonia, nitrate, and phosphate into cellular proteins, lipids,
and pigments, converting waste nutrients into marketable bioproducts. Thin-layer cas-
cades (3–6 cm) enhance mass transfer and photon absorption, strengthening N/P uptake
efficiency [70]. HABR–PBR coupled systems have reduced phosphate concentrations from
29.3 ± 18.0 mg L−1 to 0.7 ± 0.2 mg L−1, demonstrating strong polishing capacity even
under variable wastewater loading [104]. Membrane-integrated PBRs further remove
suspended solids and enable water recovery suitable for continued recirculation [73,74].
Continuous cultivation stabilizes nutrient profiles by capturing peaks in fish-driven nitro-
gen loads more effectively than plant-driven cycles [69].

However, nutrient removal in IAMS is inherently selective. While microalgae effi-
ciently assimilate nitrogen and phosphorus, they do not remove conservative ions such as
sodium or chloride. In fully closed or semi-closed loops, evaporative losses and mineral
inputs from fish feed progressively concentrate these salts, leading to salinity accumulation
that can impair freshwater fish health and suppress nutrient uptake in sensitive crops such
as lettuce. Periodic water exchange or ion-specific removal processes therefore remain
necessary, challenging claims of fully closed-loop operation [70,91].

Water conservation represents another central efficiency gain. Semi-closed PBRs
reduce evaporative losses compared with open ponds while enabling the reuse of harvested
water within the cultivation loop [70,91]. Fully IAMS reportedly consume <0.1 m3 water
kg−1 of fish produced—substantially lower than recirculating aquaculture systems (RAS) or
standalone hydroponics [89]. Treated algal effluent is often suitable for reuse in aquaponic
recirculation, irrigation, or non-potable municipal applications [104,108].

Nevertheless, “zero-discharge” operation introduces the risk of micropollutant accu-
mulation. Trace contaminants originating from fish feed additives, veterinary pharmaceuti-
cals, and metal impurities are not biologically degraded by microalgae and may concentrate
within the recirculating loop over time. This raises bioaccumulation concerns for edible fish,
crops, and algal biomass, particularly in long-term or high-density operations, necessitating
periodic purge streams or advanced treatment barriers to maintain food safety [89,108].

Microalgal integration also enhances carbon recovery. Approximately 1.83 kg of CO2

is biologically fixed per kg of algal biomass produced [91]. The use of flue gas as a carbon
source further closes industrial carbon loops while boosting growth rates and nutrient
assimilation efficiency [72,97]. Harvested algal biomass can be anaerobically digested to
produce biogas, with the resulting digestate recycled as a nutrient-rich substrate within
IAMS, reducing reliance on external fertilizers [92].

Organic matter removal is strengthened through algal–bacterial consortia that biode-
grade dissolved organic carbon and promote synergistic nutrient turnover. Pretreatment
systems such as hybrid anaerobic bioreactors (HABR) improve N:P ratios to approximately
3:1, generating feedstocks that enhance PBR stability and nutrient uptake [104]. Biofilm-
based PBRs have demonstrated the effective removal of nitrogen, phosphorus, and organic
carbon even in saline wastewater streams relevant to coastal agriculture [73].

Despite these circular pathways, IAMS are not truly zero-waste systems. Recalcitrant
sludge composed of dead algal cells, uneaten feed, fish feces, and bacterial biomass contin-
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ues to accumulate and requires external handling through anaerobic digestion, composting,
or off-site disposal. While this residual stream can be valorized for energy or fertilizer
recovery, it represents an unavoidable mass balance loss that must be incorporated into
realistic system design and life cycle assessments [92,104].

Importantly, captured nutrients are transformed into usable biomass rather than
discharged waste. Algal biomass can replace 30–35% of commercial fishmeal without
compromising aquaculture performance [61]. Additional valorization routes include slow-
release fertilizers, bioplastics, pigments, and bioenergy carriers [108,109]. Co-digestion
with sewage sludge further increases methane yields and improves overall system energy
recovery [92].

Collectively, IAMS achieve high nutrient-retention rates (>85% nitrogen and >80%
phosphorus over 30 days), substantially reduce discharge losses, and convert waste nutri-
ents and atmospheric CO2 into productive resources. However, long-term system sustain-
ability depends on managing ion accumulation, trace contaminant build-up, and residual
sludge generation—constraints that define the practical limits of circularity rather than
undermining its core advantages.

5. Scaling-Up Challenges, Policy Considerations, and Future
Research Directions
5.1. The Critical Gap Between Laboratory Potential and Field Reality

A critical interrogation of the literature reveals a sharp divergence between the re-
ported removal efficiencies and operational reality. While removal rates exceeding 95%
are frequently cited in microalgal studies [10,52], these values are predominantly derived
from short-term, batch-mode laboratory trials conducted under sterile conditions with opti-
mized illumination. In contrast, continuous-flow pilot systems operating under variable
solar irradiance often exhibit significantly lower performance (40–60% removal) due to
hydraulic short-circuiting, self-shading in dense cultures, and biological instability caused
by invasive grazers [70,73]. Consequently, the high efficiencies reported in the technical
sections of this review should be interpreted as theoretical maxima rather than reliable
baselines for commercial-scale IAMS operation. The following sections evaluate the specific
barriers—economic, technological, and regulatory—that currently prevent these laboratory
achievements from translating into industrial success.

5.2. Economic Viability and Market Analysis

The long-term commercial viability of Integrated Microalgal–Aquaponic Systems
(IAMS) depends heavily on the ability to balance relatively high upfront investment costs
with long-term operational savings and multi-output revenue generation. While IAMS offer
clear advantages in nutrient reuse, water conservation, and diversified product portfolios,
their integration with photobioreactors (PBRs) introduces substantial capital expenditure
(CAPEX), often 30–60% higher than conventional aquaponics due to the inclusion of
CO2 delivery systems, PBR modules, and advanced monitoring platforms [6,110]. This
is consistent with economic assessments of standalone microalgal systems, where PBR
infrastructure can represent up to 77% of total setup costs [111,112].

A major determinant of economic feasibility is the structural difference in CAPEX
and OPEX across cultivation architectures. Evidence consistently shows that open systems
(raceway ponds) have the lowest CAPEX and low OPEX but suffer from contamination
risks, large land requirements, and low productivity [73]. Closed PBRs, in contrast, offer
contamination control and higher product consistency but impose significantly higher
investment burdens, especially in helical or flat-panel systems where installed capital
costs may exceed USD 1.2 billion at commercial scales [113]. Plastic-bag PBRs remain the
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lowest-CAPEX PBR variant but require frequent replacement, increasing OPEX [73,113].
These comparative cost structures are summarized in Table 6, which contextualizes the
economic positioning of IAMS relative to other microalgal production systems.

Operational expenditure (OPEX) is strongly influenced by energy demand for mixing,
illumination, and temperature regulation. Artificial lighting and cooling represent major
cost burdens in enclosed PBRs, with temperature control alone contributing energy ratios
exceeding 70–260 in some modeling scenarios—rendering such systems economically
“unrealistic” for low-value biofuel production [114]. Dewatering and harvesting constitute
an additional bottleneck, sometimes accounting for 40–50% of total cultivation costs [115].
Integrating wastewater streams, as enabled in IAMS, reduces OPEX by replacing costly fine-
chemical nutrient media with waste-derived nitrogen and phosphorus, thereby improving
cost competitiveness [73,112].

Market performance depends on the multi-product revenue stream of IAMS. Unlike
aquaponics—which yields only fish and vegetables—IAMS generate additional revenue
from algal biomass, which can be valorized into biofertilizers, feed additives, pigments,
polymers, nutraceuticals, or even biodiesel. Techno-economic analyses show that systems
combining aquaculture, plant production, and algal biorefineries can generate annual
profits exceeding USD 30 million when scaled to industrial capacities [111]. However, mi-
croalgal biofuel pathways alone remain economically challenging. Fuel-only HTL systems
produce gasoline-equivalent fuels at USD 5.37–11.90 per gallon—far above market par-
ity [116–118]. Economic resilience therefore depends on coupling bulk biomass utilization
with high-value co-products such as astaxanthin or β-carotene, although market saturation
and demand elasticity constrain large-scale expansion [119].

Cultivation strategy plays a decisive role in economic feasibility. Semi-continuous
systems consistently outperform batch systems, achieving Minimum Biomass Sell-
ing Prices (MBSP) of USD 1035–1200 per ton, compared to USD 1380–2040 in batch
configurations [120,121]. The key differentiator is seed-train cost: batch systems require ex-
tensive inoculum production, often in costly PBRs, making them economically unfavorable.
Semi-continuous operation aligns well with IAMS, where continuous nutrient flows from
fish and plants support stable algal growth cycles.

Financial barriers persist, particularly regarding investor uncertainty, limited techno-
economic data from full-scale installations, and the absence of supportive financing mecha-
nisms. Conventional agriculture benefits from well-established subsidy regimes, whereas
IAMS lack comparable recognition within green finance frameworks. Studies highlight
the necessity of government incentives such as carbon credits, wastewater reuse subsidies,
preferential loans, and tax benefits to ensure competitive deployment [115,122]. Carbon
pricing, in particular, can significantly reduce the net production costs by providing credits
for CO2 capture associated with algal growth [117].

Despite these constraints, IAMS hold a strong competitive advantage in regions with
high fertilizer costs, water scarcity, or limited arable land. Their internal nutrient recycling
buffers producers from volatile global fertilizer markets and reduces reliance on external
inputs [6]. Moreover, integrating algal PBRs with wastewater treatment yields dual benefits:
reduced treatment costs and additional biomass revenue [112,116]. As summarized in
Table 6, the economic performance of IAMS is maximized when modular PBR designs are
combined with wastewater valorization and biorefinery-oriented product portfolios rather
than fuel-only pathways.
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Table 6. Comparative Analysis of Nutrient Removal Efficiencies, Biomass Productivity, and Co-
Product Generation across IAMS Studies.

System Type CAPEX Level OPEX Profile Economic Suitability/MBSP References

Open Raceway Ponds Very Low Low

Lowest MBSP (~$494/ton);
suitable for low-value bulk
biomass and
wastewater integration

[73,113,120]

Plastic-Bag PBRs Low Moderate
(bag replacement)

MBSP ~$639/ton; ideal for
moderate-value products;
contamination
control improved

[73,113]

Tubular PBRs
(Horizontal/Helical) Moderate–High High (mixing/cooling)

MBSP ~$708–1737/ton;
viable for mid-tier products;
high energy demand

[113,115]

Flat-
Panel/Vertical PBRs High Moderate–High

MBSP ~$1793/ton; suited for
high-value products
(pigments, nutraceuticals)

[73,113]

Semi-Continuous
Operation in IAMS Moderate Low–Moderate

MBSP ~$1035–1200/ton; best
alignment with nutrient flux
from aquaponics

[120,121]

5.3. Technological Challenges in Scaling and Stability

Despite the strong sustainability potential of IAMS, their large-scale deployment
remains constrained by tightly coupled technological, operational, and biological barriers.
Compared with conventional aquaponics—where system control is limited to balancing
fish and plants—IAMS introduce a third biological domain, microalgae, substantially
increasing system sensitivity, control complexity, and failure pathways [6,110]. Scaling
therefore requires synchronization across three subsystems with partially incompatible
environmental optima.

A primary constraint arises from conflicting physicochemical requirements. Warm-
water fish such as tilapia perform optimally at near-neutral pH (7.0–7.5), hydroponic
crops favor mildly acidic conditions (5.5–6.5) for micronutrient availability, while several
industrially relevant microalgae—including Spirulina—exhibit maximum productivity
under alkaline conditions (pH 8.5–9.0). Operating IAMS under a single compromise, pH,
inevitably suppresses at least one trophic component, forcing engineering trade-offs such
as buffering, partial loop decoupling, or compartmentalization, each of which increases
capital complexity and operational overhead.

Hydrodynamic stability and reactor scalability present additional bottlenecks. Open
pond systems scale readily but remain vulnerable to predation, fungal contamination,
and invasion by fast-growing native algal strains [72,93], as well as rainfall dilution and
large land footprints [70]. Closed photobioreactors (PBRs) provide superior environmental
control, yet experience oxygen accumulation, thermal stress, and non-uniform flow regimes
during scale-up [71,74,102]. Tubular PBRs are particularly affected, with scale-induced vor-
tex clustering, dead zones, and sedimentation occurring at local velocities below 0.1 m s−1,
resulting in biomass loss and cell mortality [73,105].

Computational fluid dynamics (CFD) analyses confirm that laboratory-scale mixing
conditions cannot be linearly transferred to industrial dimensions due to mismatches in
turbulence intensity, shear distribution, and light attenuation profiles [73,105]. Hybrid PBRs
employing partial covers, ventilation tubes, or internal baffles reduce contamination and
improve mixing efficiency, yet introduce mechanical complexity and elevated maintenance
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requirements [70]. As system scale increases, hydrodynamic optimization shifts from a
design challenge to a continuous operational burden.

Biofouling remains one of the most persistent operational barriers to IAMS stability.
Transparent PBR surfaces rapidly accumulate biofilms that reduce light transmittance by
up to 40%, directly impairing photosynthetic performance [110]. Empirical studies indi-
cate that typical operational shear stresses (0.3–1.0 Pa) are insufficient to remove mature
biofilms, while detachment requires stresses exceeding 6 Pa—levels that risk damaging
shear-sensitive microalgal cells [73]. Flat-panel and tubular reactors are particularly sus-
ceptible, necessitating mechanical cleaning strategies such as foam balls, scouring pads,
or automated pigging systems [71,97]. Membrane-integrated PBRs face additional fouling
resistance, elevating energy demand and cleaning frequency [74].

Process stability is further constrained by dissolved oxygen (DO) accumulation. In
closed systems, DO concentrations frequently exceed 400% saturation, triggering photores-
piration, oxidative stress, and growth inhibition [71,74]. Advanced reactor geometries
such as tangent double-tube PBRs improve gas stripping and maintain near-ambient DO
levels [94], but their cost and limited commercial availability restrict widespread adop-
tion. Thermal control presents parallel challenges: greenhouse-based IAMS often exceed
35 ◦C during summer months, reducing productivity and increasing cooling-related energy
consumption by up to 12% [102]. These effects are especially pronounced in tropical and
arid climates.

Harvesting represents a dominant bottleneck in scaling IAMS. Microalgal cells are
typically <10 µm in diameter, requiring energy-intensive separation methods including
centrifugation, filtration, flocculation, or sedimentation [72,108]. While conical PBRs al-
low partial gravity settling [104] and emerging techniques such as magnetic nanoparticle
harvesting show promise [92], industrial-scale harvesting remains capital- and energy-
intensive. Rigid cell walls in species such as Scenedesmus further necessitate mechanical,
thermal, or enzymatic pretreatment prior to downstream processing, increasing operational
cost and system complexity [72].

Contamination risk persists throughout scaled operations, particularly when wastewater-
derived effluents are employed. Pretreatment using hybrid anaerobic bioreactors (HABRs)
can remove approximately 75% of total solids and 59% of fecal coliforms [104], yet open
ponds and semi-open PBRs remain vulnerable to grazers, bacteria, fungi, and invasive algal
taxa [74,93]. Mitigation strategies—including ultrasonication, extreme pH or salinity shifts, and
foam flotation—reduce contamination pressure but introduce additional energy and chemical
demands [74].

Energy demand constitutes a central scaling constraint. Sustained microalgal produc-
tivity requires continuous illumination, aeration, and hydraulic circulation. Producing 1 kg
of algal biomass under artificial lighting consumes approximately 3–5 kWh—substantially
higher than the energy intensity of hydroponic crop production or fish culture [6]. Struc-
tural enhancements such as static mixers or ribbed reactors improve light–dark cycling
but simultaneously increase hydraulic resistance and pumping losses [95]. At scale, cu-
mulative thermal, hydraulic, and electrical loads threaten net-energy positivity unless
carefully optimized.

Finally, operational complexity and monitoring requirements limit adoption beyond
research or high-tech commercial settings. Because fish, plants, and microalgae are dy-
namically interdependent, disturbances in light intensity, mixing rates, nutrient loading, or
carbon supply can propagate rapidly across subsystems, leading to hypoxia, fish stress, or
nutrient imbalance. Maintaining stability increasingly requires high-resolution sensors, IoT-
enabled monitoring, predictive control algorithms, and digital twins, yet these tools remain
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costly and underutilized in low-resource contexts [6]. The reliance on skilled operators
further restricts scalability relative to simpler aquaponic or hydroponic systems.

Collectively, these barriers indicate that while IAMS deliver exceptional nutrient recov-
ery and circularity potential, their scalability depends on advances in reactor engineering,
fouling mitigation, energy optimization, subsystem decoupling, and automated control.
Addressing these challenges is essential to transition IAMS from experimental or pilot-scale
demonstrations to robust, commercially viable production systems.

5.4. Regulatory and Policy Frameworks

Despite strong alignment with sustainability and circular-economy objectives, Inte-
grated Microalgal–Aquaponic Systems (IAMS) face substantial regulatory and market-entry
barriers arising from their multi-functional and cross-sectoral nature. Because IAMS simul-
taneously operate as aquaculture facilities, hydroponic farms, wastewater polishing units,
and algal bioprocessing platforms, they do not conform to existing regulatory classifications,
which are typically designed for linear, single-output agricultural systems. In contrast, con-
ventional aquaponics and hydroponics benefit from clear legal recognition, standardized
certification pathways, and streamlined permitting processes [6]. This structural mismatch
places IAMS at a regulatory disadvantage, slowing commercialization despite superior
environmental performance.

A major and frequently underappreciated regulatory bottleneck concerns microbial
safety within recirculating loops. Fish-rearing units inherently contain fecal coliforms
and opportunistic pathogens such as Escherichia coli, Salmonella, and Aeromonas species
derived from fish excreta, uneaten feed, and biofilms in recirculating systems [123,124].
When microalgae are cultivated on aquaculture effluent—particularly in systems lacking
complete sterilization or physical separation—there exists a risk of pathogen attachment or
surface colonization of algal biomass. This raises food- and feed-safety concerns, rendering
the biomass unsuitable for human consumption or direct aquafeed use without extensive
downstream processing and microbial verification. This regulatory burden is largely absent
in hydroponic systems, which rely on sterile or synthetic nutrient solutions and therefore
avoid pathogen-transfer scrutiny.

Equally restrictive are concerns related to contaminant bioaccumulation. Microalgae
are efficient bioaccumulators of trace metals (e.g., cadmium, lead, arsenic, mercury) and can
assimilate residual antibiotics, antiparasitic agents, and disinfectants used in aquaculture
operations [125–127]. When such biomass is recycled as fish feed, a closed contamination
loop may emerge in which pollutants are repeatedly transferred between fish, effluent,
and algae, intensifying concentrations over time. This recursive bioaccumulation risk
fundamentally differentiates IAMS from hydroponics and vertical farming, where nutrient
inputs are tightly controlled and contaminant exposure is minimal.

These safety concerns directly influence legal biomass classification. Regulatory bodies
such as the European Food Safety Authority (EFSA) and the U.S. Food and Drug Adminis-
tration (FDA) commonly classify algae cultivated on substrates defined as “wastewater”
or “waste-derived effluent” as non-food-grade, irrespective of subsequent treatment or
purification [128]. Consequently, algal biomass produced within IAMS is frequently ex-
cluded from human food, nutraceutical, and even aquafeed markets, despite originating
from food-grade aquaculture systems. This regulatory “dead end” sharply contrasts with
the permissive frameworks governing hydroponic crops and PBR-grown algae cultivated
on synthetic media.

Permitting fragmentation presents an additional institutional barrier. IAMS facilities
often require multiple overlapping permits covering aquaculture discharge, water reuse,
biomass processing, waste valorization, and food production—each overseen by different

https://doi.org/10.3390/phycology6010014

https://doi.org/10.3390/phycology6010014


Phycology 2026, 6, 14 25 of 34

agencies with distinct compliance metrics [129]. This administrative complexity increases
transaction costs and regulatory uncertainty. In comparison, hydroponic and vertical
farms are often governed by a single agricultural or urban-farming permit, highlighting an
asymmetry in regulatory burden rather than environmental risk.

Policy support mechanisms also remain poorly aligned with IAMS requirements.
While subsidies and incentives exist for renewable energy, biosecure aquaculture, and
climate-smart agriculture, few frameworks explicitly support circular nutrient recovery
systems incorporating microalgal bioprocessing. Given the capital intensity of PBR-based
systems, the absence of tailored funding instruments—such as carbon credits, wastewater
reuse incentives, or circular-economy certifications—exposes early adopters to elevated
financial risk [110]. This stands in contrast to hydroponics and vertical farming, which
have benefited from rapid policy endorsement through innovation grants, tax incentives,
and urban-agriculture financing schemes.

Finally, regulatory acceptance is shaped by institutional familiarity and public percep-
tion. Hydroponics and aquaponics are widely promoted through extension services and
educational programs, fostering regulatory trust. Microalgal systems, however, are often
perceived as industrial biotechnology or wastewater-treatment technologies rather than
food-production platforms, prompting conservative risk assessments. Targeted communi-
cation strategies—supported by demonstration facilities, transparent microbial monitoring,
and standardized safety protocols—are therefore essential to reframe microalgae as legiti-
mate components of integrated food systems.

Encouragingly, circular-economy initiatives such as the European Commission’s Cir-
cular Cities and Regions Initiative (CCRI) acknowledge nutrient recycling and biomass
valorization as priority actions. However, current frameworks emphasize post-consumer
waste and industrial byproduct streams rather than integrated food-production plat-
forms [130]. Embedding IAMS explicitly within national water–energy–food nexus strate-
gies, carbon-credit mechanisms, and multi-output certification schemes would substan-
tially reduce regulatory friction. Ultimately, enabling policies that address pathogen safety,
contaminant accumulation, and biomass classification—while recognizing the integrated
nature of IAMS—will be decisive for mainstream adoption.

5.5. Environmental Impact and Alignment with Sustainable Development Goals

IAMS represent an ecologically regenerative production paradigm that strongly aligns
with circular resource management and sustainable intensification. By integrating microal-
gae, fish, plants, and microbial processes into a single recirculating loop, IAMS generate
synergistic environmental benefits that exceed those of aquaculture, hydroponics, or mono-
culture systems operating independently [6,110]. Their sustainability relevance is most
clearly articulated through contributions to the United Nations Sustainable Development
Goals (SDGs), particularly SDG 2 (Zero Hunger), SDG 6 (Clean Water and Sanitation), and
SDG 13 (Climate Action).

In the context of SDG 2, IAMS enhance food-system sustainability by delivering
multiple nutrient-dense outputs within a compact land footprint. Microalgae offer ex-
ceptionally high protein yields—often 60–70% of dry biomass—without competing for
arable land or freshwater resources, unlike terrestrial oilseed or legume crops [70,105].
Protein productivity per unit area can exceed that of conventional legumes by up to twen-
tyfold [110]. Closed and semi-closed cultivation architectures further reduce evaporative
losses and water-intensive inputs relative to open-pond systems [71,74]. By simultaneously
producing fish, vegetables, and algal biomass, IAMS diversify local food supply chains
and reduce dependency on single-crop systems, enhancing resilience in food-insecure and
climate-vulnerable regions.
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Regarding SDG 6, IAMS substantially reduce freshwater demand while enhancing
wastewater remediation. Integrated microalgal photobioreactors routinely remove over
90% of chemical oxygen demand (COD), total suspended solids (TSS), and dissolved
nutrients from wastewater streams [73,104]. High-rate algal systems further support the
removal of pathogens, heavy metals, and trace pollutants, improving effluent quality prior
to recirculation [108,131,132]. By utilizing wastewater as a nutrient medium, IAMS avoid
the extreme freshwater demands associated with conventional algal biofuel production,
which can exceed 3700 L per liter of fuel [104]. Compared with soil-based agriculture
and semi-open hydroponic systems, IAMS recycle more than 90% of water internally,
minimize discharge, and significantly reduce eutrophication risk—positioning them as
viable water-conservation technologies in arid and water-stressed regions.

Contributions to SDG 13 arise from both direct carbon sequestration and indirect
emissions reduction. Microalgae biologically fix approximately 1.8–1.83 kg of CO2 per
kilogram of biomass [72,108], with advanced reactor configurations achieving fixation rates
up to 0.8 g L−1 d−1 [94]. These rates surpass those of most terrestrial crops and contribute
meaningfully to climate mitigation. Closed PBRs reduce CO2 loss to the atmosphere,
enhance light-use efficiency, and limit evaporative water losses [74]. Additionally, replacing
synthetic fertilizers—whose production is carbon-intensive—with recycled nutrients lowers
the embodied carbon footprint of food production [73,95]. Valorization of algal biomass
into biofuels, bioplastics, and biofertilizers further displaces fossil-derived products and
strengthens circular material flows.

Beyond direct SDG metrics, IAMS embody circular-economy principles by converting
wastewater, CO2, and nutrient-rich effluents into productive biomass streams. Integration
with renewable-energy-powered or energy-efficient photobioreactors has demonstrated
reductions in greenhouse gas emissions and operational waste [131]. Modular flat-panel
systems, semi-closed hybrid PBRs, and multi-tubular arrays improve energy efficiency
while reducing land and water footprints [71,102]. However, environmental trade-offs
persist: large-scale algal cultivation can exhibit high energy and water demands [92],
and disposal of polymer-based PBR components introduces material sustainability con-
cerns [74]. When embedded within aquaponic loops, these impacts are partially mitigated
through shared infrastructure, higher productivity per unit input, and reduced effluent
discharge [42].

Overall, IAMS offer a transformative pathway toward integrated food production,
wastewater reclamation, and climate mitigation. Their modularity and adaptability en-
able deployment across diverse socio-economic and environmental contexts, particularly
in regions facing land scarcity, water stress, and climate volatility. When strategically
implemented and supported by enabling policies, IAMS can accelerate progress toward
multiple SDGs simultaneously while strengthening systemic resilience across food–water–
energy nexuses.

5.6. Research Gaps, Uncertainties, Design Priorities and Future Directions

Despite the strong performance of IAMS in laboratory studies and pilot-scale demon-
strations, their transition toward widespread adoption remains constrained by unresolved
technical, economic, and contextual uncertainties. Advancing IAMS from experimental
platforms to scalable sustainability solutions requires coordinated research efforts that
extend beyond proof-of-concept performance toward long-term validation, system-level
optimization, and contextual adaptability. Such efforts are essential not only for improv-
ing technical robustness but also for informing policy design, investment decisions, and
supporting infrastructure development [6,110].
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A central research gap lies in the limited availability of long-duration, field-scale
demonstrations across diverse climatic and socio-economic settings. While conventional
aquaponics have been extensively tested in urban, peri-urban, and rural contexts, IAMS
remain largely confined to controlled laboratory or short-term pilot environments. This
restricts the understanding of system behavior under variable solar irradiance, seasonal
temperature fluctuations, and changing influent water quality. Field deployments in low-
resource and climate-vulnerable regions are particularly important, where IAMS may
function simultaneously as decentralized food-production units, wastewater treatment
platforms, and educational tools. Comparative benchmarking of IAMS against hydroponics
or recirculating aquaculture systems (RAS) under identical environmental conditions is
notably absent and represents a priority for evaluating resilience, labor demands, and
cost–performance trade-offs.

Equally critical is the development of techno-economic assessment (TEA) frameworks
that reflect the multifunctional nature of IAMS. Existing agricultural and aquaculture
TEA models are predominantly linear, focusing on single outputs such as crop yield or
fish biomass. In contrast, IAMS generate multiple co-products—including algal biomass,
vegetables, fish, and treated water—while internally recycling nutrients and CO2. This
complexity challenges conventional modeling approaches. Future TEA tools must integrate
circular resource flows, co-product valorization, and avoided externalities such as fertilizer
displacement and emission reductions to accurately represent system value. Without such
system-specific TEA models, economic comparisons with hydroponics, vertical farming, or
standalone algal biofuel systems risk underestimating the true performance and societal
benefits of IAMS [6].

Biological optimization remains another underdeveloped research frontier. Effec-
tive pairing of microalgal species with specific aquaponic configurations is essential for
maximizing nutrient recovery, maintaining system balance, and enhancing biomass produc-
tivity. While well-studied strains such as Chlorella vulgaris and Spirulina platensis dominate
current research, alternative species—including Tetradesmus obliquus and Nannochloropsis
spp.—offer potential advantages in lipid content, salinity tolerance, and environmental
resilience. Comparative physiological studies examining nutrient uptake kinetics, pH
tolerance, and photosynthetic efficiency across species are needed to guide rational sys-
tem design. This contrasts with traditional aquaponics research, which has historically
emphasized plant–fish interactions while neglecting the role of tertiary biological layers
such as microalgae.

Genetic and metabolic engineering present additional opportunities to enhance IAMS
performance under suboptimal conditions. Targeted modifications aimed at improving
CO2 fixation, nutrient affinity, or stress tolerance have been widely explored in algal biofuel
and pharmaceutical research but remain underrepresented in integrated, food-oriented
systems. Analogous advances in vertical farming—such as genetically optimized lettuce
cultivars achieving yield gains of up to 40% per unit area—demonstrate the transformative
potential of biological optimization. Translating similar strategies to IAMS will require
careful consideration of regulatory acceptance, biosafety, and the development of compliant
algal strains suitable for food or feed applications [110].

Operational control and system intelligence constitute another major research priority.
The tri-trophic complexity of IAMS demands the simultaneous regulation of light intensity,
pH, nutrient availability, dissolved oxygen, and hydraulic residence time across fish, plant,
and algal compartments. While Internet-of-Things (IoT) platforms and automated control
systems are increasingly applied in hydroponics and aquaculture, IAMS-specific monitor-
ing architectures capable of capturing dynamic biological interactions remain scarce. The
integration of low-cost sensors, edge computing, and machine-learning algorithms tailored
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to tri-trophic systems could reduce labor intensity, stabilize productivity, and improve
system resilience under fluctuating operating conditions.

Finally, the social and institutional dimensions of IAMS adoption require greater
scholarly attention. Long-term system viability depends not only on technical efficiency
but also on stakeholder acceptance, regulatory compatibility, and contextual relevance.
Participatory research involving farmers, policymakers, and community organizations can
help identify adoption barriers, cultural preferences, and local resource constraints. Unlike
hydroponics, which primarily targets commercial urban producers, IAMS may deliver
greater impact at community or regional scales—particularly in areas facing fertilizer
scarcity, water stress, or climate instability. Designing context-specific system configurations
that align with local governance structures and livelihood strategies will be essential for
ensuring equitable and sustainable integration of IAMS into future food systems.

6. Conclusions
The IAMS represent a meaningful evolution in sustainable food production and water

resource recovery, offering a biologically integrated framework to address interconnected
challenges related to food insecurity, nutrient pollution, and climate vulnerability. By
incorporating a tertiary microalgal trophic level into conventional aquaponic configura-
tions, IAMS enhance nutrient retention and extend system functionality beyond what is
achievable through standalone aquaculture or hydroponics. This review demonstrates that
under optimized laboratory and pilot-scale conditions, appropriately configured IAMS
have been reported to achieve nitrogen and phosphorus removal efficiencies exceeding 95%,
while simultaneously producing protein-rich biomass suitable for aquafeeds, biofertilizers,
or other value-added applications. Relative to linear agricultural models, these systems ex-
hibit improved environmental performance through closed-loop nutrient cycling, internal
carbon fixation, and multi-product biomass valorization.

However, translating pilot-scale success into commercial deployment remains a sig-
nificant challenge. The broader implementation of IAMS is constrained by the inherent
complexity of maintaining stable multi-trophic interactions under variable field conditions,
high initial capital costs associated with photobioreactors and control infrastructure, and
regulatory uncertainty surrounding the use of algal coproducts derived from nutrient-rich
effluents. Reported performance metrics vary substantially across reactor designs, species
selection strategies, and climatic contexts, highlighting the need for cautious interpretation
of laboratory-scale efficiencies. In particular, unresolved policy issues related to product
certification, biosafety standards, and subsidy eligibility continue to limit market adoption,
especially for food- and feed-grade algal biomass.

Future research should therefore prioritize long-term, field-scale validation of IAMS
across diverse operational environments to bridge the gap between experimental perfor-
mance and real-world reliability. Integrated techno-economic and life cycle assessments that
explicitly account for circular resource flows, energy demand, and downstream biomass
utilization pathways will be critical to establishing realistic sustainability benchmarks. In
parallel, the development of IAMS-specific automation, sensing, and predictive control
frameworks is essential to reduce operational complexity and improve system robustness.

As food, energy, and water systems become increasingly interdependent, IAMS should
be viewed not as a universal solution, but as a context-sensitive convergence technology
with the potential to transform fragmented resource management into a more integrated
and regenerative paradigm when appropriately designed, governed, and scaled.
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