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Supplementary information
Supplementary information provides the complete PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews) protocol, offering a structured framework to ensure transparent, complete, and reproducible reporting of scoping reviews. A comprehensive literature search across selected databases includes study identification, duplicate removal, and screening of titles/abstracts and full texts. Eligible studies are then charted by extracting relevant data and organizing key variables. The results are presented in this section through a descriptive synthesis that highlights evidence and key concepts used in the review.
Supplementary information protocol (SIP)
1. Review article topic
Challenges of Microalgae Integration in Recirculating Aquaculture Systems (RAS): Bridging Potential and Practice
2. Structured summary
Recirculating aquaculture systems (RAS) enable efficient water recirculation, significantly reducing water use while allowing better control of waste and nutrient management compared to traditional flow-through systems. Microalgae have gained attention for their ability to assimilate nutrients, produce oxygen, and generate bioactive compounds beneficial to aquatic organisms. Integrating live microalgae into RAS has emerged as a promising strategy to enhance system performance. Microalgae integration in RAS can help regulate nitrogen and phosphorus levels, improve water quality, support fish health, and potentially decrease reliance on external feed additives. However, practical implementation remains limited by several challenges. Maintaining system stability and process control in complex systems is difficult, and light limitation in closed systems restricts microalgal productivity. Interactions with biofilters introduce further competition for nutrients, and biomass management remains economically demanding. The scale-up of live-microalgae integration in RAS is constrained by significant economic and operational challenges. A comprehensive synthesis addressing these technical, biological, and operational bottlenecks, along with key knowledge gaps, is therefore needed to guide future research and application.
3. Rationale
Despite the well-documented multifunctional roles of microalgae in recirculating aquaculture systems (RAS), including nutrient removal, oxygen production, and contributions to feed and water quality management, existing evidence remains largely derived from laboratory- or pilot-scale studies. The practical integration of live microalgae in RAS is constrained by persistent technical, biological, and operational challenges, creating a gap between experimental potential and commercial application. Because studies vary widely in system designs, microalgae species, and application strategies, this scoping review maps the existing research, highlights key themes, and identifies knowledge gaps.  
4. Objectives
The main objectives of the review are to evaluate the key barriers to integrating live microalgae into RAS, compare the live-feed potential of microalgae in practical applications, and assess major in-situ production inefficiencies, including harvesting and contamination. 
5. Protocol and registration
The protocol was developed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Protocols (PRISMA-Sc) guidelines and was drafted and refined by the research team. The methodological approach was discussed and revised internally within the team; however, the protocol was not publicly disseminated or registered in any open-access repository. Feedback from collaborators was incorporated during the development phase.
6. Eligibility criteria
Studies were considered eligible for inclusion if they investigated the use of live-microalgae in aquaculture systems, including recirculating aquaculture systems (RAS). Experimental studies, pilot-scale investigations, and review articles published in peer-reviewed journals were included. Only studies published in English language were considered. Studies were excluded if they focused exclusively on wastewater treatment applications without relevance to aquaculture systems, or if they investigated macroalgae (seaweed) only. Studies examining non-living algae systems were excluded unless direct comparisons with live-microalgae were provided. Conference abstracts without full-text availability or sufficient methodological and result data were also excluded. 
7. Information sources
To retrieve potentially relevant literature, a systematic search was performed in several bibliographic databases covering publications until February 2026, including PubMed, Scopus, Web of Science, ScienceDirect, Google Scholar, ResearchGate, and Wiley Online Library 
8. Searched keywords strings

a) “Live-Microalgae Integration in Recirculating Aquaculture Systems” 
b) “Live-Microalgae in Recirculating Aquaculture System”
c) “Microalgae Integration in Recirculating Aquaculture Systems with Challenges, Potentials and Practices”
d) “Live-Microalgae Bioreactors & Phototrophic Cultivation in RAS” 
e) “Microalgae in Recirculating Aquaculture Systems Engineering and Process Control”
f) “Microalgae for Nitrogen–Phosphorus Removal, Assimilation & Biofiltration Dynamics”
g) “Microalgae for CO₂ Sequestration, Oxygenation & Biogeochemical Cycling”
h) “Microalgae for RAS Aquaculture System Stability, Contamination Control & Process Optimization”
i) “Microalgae in RAS Aquaculture: Techno-Economic Analysis, Cost–Benefit Modeling & Life Cycle Assessment”
j) “Microalgae in RAS Aquaculture:  Scale-up Constraints, Process Intensification & Commercialization Barriers”
k) “Microalgae in RAS Aquaculture: Capital Expenditure, Operational Expenditure & possible Market Viability”

9. Selection of sources of evidence
The selection of evidence followed a two-stage screening process, where titles and abstracts were first screened against predefined criteria to identify studies on microalgae integration in RAS. Full-text articles were then assessed for eligibility based on relevance to live-microalgae applications, RAS contexts, and reported biological, technical, or operational barriers, with exclusions applied to irrelevant or methodologically insufficient studies. Any disagreements were resolved through discussion to ensure consistent and transparent selection.
10. Data charting
A data-charting form was collaboratively designed by two authors to define the variables to be extracted. Data extraction was then performed independently by both authors. The extracted information was compared and discussed, and the data-charting form was progressively refined through an iterative process. 
11. Data items
The following data mentioned on Table S1 were extracted from each included study: All the selected literatures are assigned in the reference section.
Table S1. Summary of results from individual sources of evidence
	Aquaculture system
	Key variable domain
	Sub-topics / Components

	RAS system
	System integration type
	Live-microalgae integration in RAS; phototrophic cultivation systems (bioreactors, green water, co-culture setups); in situ vs ex situ system configurations, continuous microalgae harvest and cultivation in RAS

	Aquaculture, Pond system, RAS system
	Biological and functional performance
	Nitrogen and phosphorus removal; CO₂ sequestration; oxygen production; biogeochemical cycling efficiency

	RAS system
	System stability and operational dynamics
	Microbial community stability; contamination control (bacteria, protozoa, competing other algae); biofilter interactions; process resilience

	Aquaculture, Pond system, RAS system
	Engineering and process control
	Photobioreactor design; light management; hydraulic loading; nutrient loading rates; monitoring and control systems

	RAS system
	Scale-up and commercial feasibility
	Scale-up constraints; process intensification; commercialization barriers; technological readiness level, Real-time water quality and clarity management

	RAS system
	Economic and sustainability metrics
	techno-economic situation; life cycle; cost–benefit; market potential, extra cost burden in RAS for photobioreactor and management

	RAS system
	Application outcomes in RAS
	Water clarity and quality improvement; fish growth and health performance; feed production potential; system circularity and resource recovery








12. Critical appraisal of individual sources of evidence
No critical appraisal of the included sources of evidence was performed. This decision was made in line with the aim of a scoping review, which is to map the available evidence rather than to assess the methodological quality or risk of bias of individual studies. Consequently, no formal quality assessment tools were applied, and the results were synthesized without weighting studies based on quality.
13. Synthesis of results
Charted data were systematically organized and synthesized to provide an overview of the included evidence. A descriptive analytical approach was used to map key characteristics of the studies, including study design, population, interventions, and outcomes. The findings were summarized narratively, with results grouped into thematic categories based on recurring patterns in the data. No quantitative synthesis was performed.





14. Selection of source of evidence

Identification of studies via databases and registers


Records identified from*:
Databases (n = 6)
PubMed (n = 29) 
Scopus (n = 210)
Web of Science (n = 200) ScienceDirect (n = 160) Google Scholar (n = 224) ResearchGate (n = 460)
Wiley Online Library 
(n = 652).
Records removed before screening:
Duplicate records removed  (n = 250 )
Records marked as ineligible by automation tools (n = 300)
Records removed for other reasons (n = 255 )


Identification










Records excluded**
(n = 40 )
Records screened
(n = 440)




Screening


Reports not retrieved
(n = 26)
Reports sought for retrieval
(n = 400)





Reports excluded:
Reason 1 (n = 143 ) 
not fulfilled the main purpose of the study on live-microalgae cultivation in RAS


Reports assessed for eligibility
(n =374 )





Studies included in review
(n = 231)
Reports of included studies
(n = 231)

Included





Figure S1. PRISMA flowchart of study selection.
The diagram illustrates the process of identification, screening, eligibility assessment, and inclusion of studies in the review, in accordance with PRISMA guidelines (Page et al., 2021). 
	
15. Characteristics of sources of evidence
The included sources of evidence were diverse with respect to study design, settings, and populations. Extracted data included publication year, geographic location, study design, sample characteristics, investigated interventions or exposures, and reported outcomes. These characteristics were systematically charted and are presented in Table X to provide an overview of the existing literature landscape.
16. Critical appraisal within sources of evidence
No critical appraisal of the included sources of evidence was conducted. Therefore, no data on methodological quality or risk of bias are presented.
17. Results of individual sources of evidence
For each included source of evidence, the relevant data extracted during charting were presented in relation to the review questions and objectives. The data are summarized in Table S1, which provides an overview of key study characteristics, methodological details, and findings relevant to the scope of the review. In addition, where appropriate, findings are further synthesized in the text to highlight patterns and differences across the included sources.
18. Synthesis of results
Extracted data were synthesized using a descriptive analytical approach. Findings were grouped into thematic categories reflecting the objectives of the review, including system integration challenges, functional roles of microalgae in RAS, and operational constraints. Results were summarized narratively and supported by tabular presentations.
19. Funding
No funding was received for the conduct of this systematic review. The study was carried out as part of the authors’ institutional research activities without any specific financial support from public, commercial, or not-for-profit funding bodies.



Table for PRISMA-ScR checklist for reporting the scoping review
The table S2 presents the completed PRISMA Extension for Scoping Reviews (PRISMA-ScR) checklist. It indicates where each reporting item is addressed within the manuscript. The checklist was used to ensure transparent and comprehensive reporting of the review methodology and findings in accordance with established guidelines (Tricco et al., 2018).
Table S2. Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) Checklist (Tricco et al., 2018).

	SECTION
	ITEM
	PRISMA-ScR CHECKLIST ITEM
	REPORTED ON PAGE #

	TITLE

	Title
	1
	Identify the report as a scoping review.
	1
	ABSTRACT

	Structured summary
	2
	Provide a structured summary that includes (as applicable): background, objectives, eligibility criteria, sources of evidence, charting methods, results, and conclusions that relate to the review questions and objectives.
	2
	INTRODUCTION

	Rationale
	3
	Describe the rationale for the review in the context of what is already known. Explain why the review questions/objectives lend themselves to a scoping review approach.
	4-6
	Objectives
	4
	Provide an explicit statement of the questions and objectives being addressed with reference to their key elements (e.g., population or participants, concepts, and context) or other relevant key elements used to conceptualize the review questions and/or objectives.
	6
	METHODS

	Protocol and registration
	5
	Indicate whether a review protocol exists; state if and where it can be accessed (e.g., a Web address); and if available, provide registration information, including the registration number.
	Sup. Inf. 1- 15
	Eligibility criteria
	6
	Specify characteristics of the sources of evidence used as eligibility criteria (e.g., years considered, language, and publication status), and provide a rationale.
	Sup. Inf. 1- 15
	Information sources*
	7
	Describe all information sources in the search (e.g., databases with dates of coverage and contact with authors to identify additional sources), as well as the date the most recent search was executed.
	Sup. Inf. 1- 15
	Search
	8
	Present the full electronic search strategy for at least 1 database, including any limits used, such that it could be repeated.
	Sup. Inf. 1- 15
	Selection of sources of evidence†
	9
	State the process for selecting sources of evidence (i.e., screening and eligibility) included in the scoping review.
	Sup. Inf. 1- 15
	Data charting process‡
	10
	Describe the methods of charting data from the included sources of evidence (e.g., calibrated forms or forms that have been tested by the team before their use, and whether data charting was done independently or in duplicate) and any processes for obtaining and confirming data from investigators.
	Sup. Inf. 1- 15
	Data items
	11
	List and define all variables for which data were sought and any assumptions and simplifications made.
	Sup. Inf. 1- 15
	Critical appraisal of individual sources of evidence§
	12
	If done, provide a rationale for conducting a critical appraisal of included sources of evidence; describe the methods used and how this information was used in any data synthesis (if appropriate).
	Sup. Inf. 1- 15
	Synthesis of results
	13
	Describe the methods of handling and summarizing the data that were charted.
	Sup. Inf. 1- 15
	RESULTS

	Selection of sources of evidence
	14
	Give numbers of sources of evidence screened, assessed for eligibility, and included in the review, with reasons for exclusions at each stage, ideally using a flow diagram.
	7-38
	Characteristics of sources of evidence
	15
	For each source of evidence, present characteristics for which data were charted and provide the citations.
	
7-38
	Critical appraisal within sources of evidence
	16
	If done, present data on critical appraisal of included sources of evidence (see item 12).
	
7-38
	Results of individual sources of evidence
	17
	For each included source of evidence, present the relevant data that were charted that relate to the review questions and objectives.
	
7-38
	Synthesis of results
	18
	Summarize and/or present the charting results as they relate to the review questions and objectives.
	
7-38
	DISCUSSION

	Summary of evidence
	19
	Summarize the main results (including an overview of concepts, themes, and types of evidence available), link to the review questions and objectives, and consider the relevance to key groups.
	
7-38
	Limitations
	20
	Discuss the limitations of the scoping review process.
	
7-38
	Conclusions
	21
	Provide a general interpretation of the results with respect to the review questions and objectives, as well as potential implications and/or next steps.
	38
	FUNDING

	Funding
	22
	Describe sources of funding for the included sources of evidence, as well as sources of funding for the scoping review. Describe the role of the funders of the scoping review.
	39

Sup. Inf. 11
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