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Abstract
Despite popular interest and recent industry growth, commercial-scale aquaponics still faces 
economic and regulatory barriers primarily resulting from political and economic systems 
which insufficiently address pressing environmental challenges. The sustainability potential 
of aquaponic food production can help address and overcome such challenges while contrib-
uting to the broader development of circular economy and sustainable development of food 
systems. In response to the current counterproductive gap between potential applications 
and industry development, the interdisciplinary team of authors identifies pathways to trans-
late the environmental potential of commercial aquaponics into economic success through 
a sustainability transition theory lens. To evaluate the industry’s current state-of-the-art, 
drivers, barriers, and future potential, interview data from 25 North American producers 
collected in 2021, literature, and policy are analyzed through a Technological Innovation 
System (TIS) assessment within a Multi-Level Perspective (MLP) approach. This supports 
the consideration of pathways for industry development of aquaponics as an aspect of circu-
lar economy within a dynamic sustainable development context. These pathways for action 
include (1.) advancing clear standards and policies for aquaponics as part of a circular econ-
omy, increasing funding and incentives, and reducing support and subsidies for competing 
unsustainable food production; (2.) developing and promoting cost-effective technologies; 
and (3.) bolstering consumer preferences for sustainable and healthy food sources.
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Introduction

Recent interest in aquaponics reflects its positioning as a technology able to help advance 
implementation of circular economy (CE) in food systems to address pressing socio-eco-
logical challenges. Further exploitation of natural resources will not sustain demands of 
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the food system as anthropogenically driven pressures—particularly climate change—
increase on natural resources essential to food production [1–3]. CE for the food system 
enacts regenerative practices to avoid the production of waste, instead of using principles 
of reducing, reusing, and recycling output resource flows as feedstocks for other processes 
[4]. To address crucial supply needs effectively will therefore necessitate sustainable and 
innovative solutions [5–8]. Aquaponics, widely considered to be a sustainable food pro-
duction technology due to its potential efficiency and integration of sustainable resources, 
is among these solutions [9–13]. The growing system’s potential for operational circular-
ity is particularly evident in its capacity to enable nutrient recovery and water efficiency 
[14]—through which it embodies core CE principles by reducing, reusing, and recycling 
resources within the aquaponic system [12, 15–17]. Aquaponics combines recirculating 
aquaculture and hydroponic (soilless) crop cultivation in a symbiotic growing system that 
facilitates nutrient recovery from fish production to fertilize plants [14, 18–21]. Within the 
system, microbes help convert fish wastes into forms of nutrients suitable for uptake by 
plants [11, 12, 21, 22]. Due to this inbuilt resource circularity of water and nutrients—ena-
bled by operationalizing a productive living ecosystem in a controlled environment—aqua-
ponics has been viewed as a valuable means to help to shift to a more circular economy 
and sustainable society that minimizes waste, recycles nutrients and water, and supports 
healthy dietary choices through resource efficiency and sustainability benefits within the 
food system [1, 23, 24].

Yet to leverage the capacity of aquaponics to actually perform effectively as a sus-
tainable food production at a large scale over a longer-term future—and not fall flat as 
merely hype [25]—critical approaches to its development as a technological produc-
tion system and commercial industry are needed as a part of serious informational and 
resource investment in driving forward and removing barriers to circular food econo-
mies. Sustainable and affordable models are needed to produce food more widely and 
accessibly to a variety of consumers in the long term. The sustainability performance 
of aquaponics is ultimately dependent on the design, context, and location of a given 
system and thus cannot be perfectly generalized [16, 26]. Its most inherent sustainable 
qualities are those shaped by the core growing system such as water efficiency, nutrient 
efficiency, and space efficiency of production [3, 14]. These benefits, combined with 
those of controlled-environment agriculture growing conditions such as greenhouse pro-
duction with supplemental lighting and climate control, can provide further advantages 
by allowing production even in extreme climate conditions and beyond the limitations 
of typical regional growing seasons [27]. This can require energy input and infrastruc-
ture which can impact the carbon footprint of aquaponic operations, an aspect likely 
to vary considerably among existing farms. Energy-efficient design, CE approaches to 
materials and construction, and renewable power sources can significantly minimize this 
footprint, shaping potential for net-zero performance; thus, achieving broad access to 
and implementation of these practices—as well as optimization of other performance 
metrics—as a part of sustainability transitions is particularly crucial to fully translat-
ing the sustainability potential of commercial aquaponics. Moreover, the capacity 
of aquaponics to help achieve broad CE implementation hinges in part on producing 
enough food to substantially augment other forms of food production and ultimately to 
competitively provide produce and fish protein to a large consumer base. The develop-
ment of commercial aquaponics is therefore an important scale to scrutinize within the 
context of CE. While public interest, hobbyist-practice, start-up of commercial farms, 
and academic research on aquaponics have increased within the last 15 years, commer-
cial producers remain a relative minority as the aquaponics industry has not yet scaled 
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up to compete with related production systems, such as hydroponics and aquaculture 
[13, 28–30]. Technological developments in aquaponic growing systems—benefitting 
from its subsystem sibling industries in aquaculture and hydroponics—have progressed 
to a point that aquaponic systems have potential to approach economic feasibility and 
the industry is growing [31]. Still, aquaponics has not yet had a large-scale commer-
cial breakthrough [6, 10, 29, 32–35], and profitability has been a challenge inasmuch 
as there remain many barriers to further development [2, 14, 23, 34–36]. To shed more 
light on these obstacles and potential solutions, several of which are shared with other 
means of CE implementation, there is a need for holistic consideration of the forces 
shaping the developmental context of commercial aquaponics.

The difficulty of translating resource circularity and sustainability measures into broadly 
accepted economic and social value forms many of these developmental challenges. In this 
regard, as a regenerative technology regularly included within CE literature, commercial 
aquaponics faces many shared challenges to wider implementation as those discussed in 
the context of larger CE transitions. To develop functional understandings of barriers and 
drivers to the uptake of circular technologies like aquaponics and identify means of achiev-
ing successful sustainability transitions through actionable pathways necessitates system-
atic approaches. Assessing commercial aquaponics through socio-technical transitions 
theory, and specifically, through a Technological Innovation System Framework (TIS), can 
provide these much-needed insights into developmental dynamics of commercial aqua-
ponic food production. Over the last decade, sustainability transitions research has gained 
prominence as a means to analyze environmental challenges that necessitate significant 
socio-technical systems change [37, 38]. Previous analysis of the broader aquaponics field 
as an emerging TIS has been undertaken for Europe in 2018 as well as specifically for 
the Netherlands [39]. An updated analysis reflective of more recent developments has not 
yet been advanced. Moreover, assessments focusing on the commercial sector, and com-
parable analysis in the context of North America, where commercial aquaponics has fol-
lowed a different developmental pattern, are still lacking. To address this research gap, this 
study applies a lens of sustainability transitions theory to the development of commercial 
aquaponics to assess pathways to the successful realization of the potential sustainability 
benefits it offers at scale. A TIS framework and collaborative interdisciplinary assessment 
process is used to develop a qualitative analysis of functions revealing current drivers and 
barriers to the success of commercial aquaponics informed by semi-structured interviews 
with North American aquaponics operators (n=25) in 2021, policy analysis, and literature. 
Likewise, the application of Multi-Level Perspectives [40] incorporates the analysis of key 
socio-ecological landscape factors (i.e., climate change and resource scarcity, global supply 
chains, and environmental awareness) and responsive actions that shape possible pathways 
to achieve relevant sustainability outcomes in a developed regional context through the 
wider implementation of commercial aquaponic production.

Elevating practitioner voices through a multi-level transitions framework allows for the 
development of both a contemporary functional assessment of the industry and a forward-
looking analysis of developmental pathways to support the commercial advancement of 
aquaponics as an effective contributing technology for food production within CE. Accord-
ingly, this investigation systematically elucidates the pulse of the current North Ameri-
can aquaponics industry for the broader sustainability community and aquaponics experts 
alike as a scaffold upon which transition pathways can then be understood and advanced 
for use in advocacy and advancement of commercial aquaponics within CE development. 
Accordingly, findings are intended to serve not only the aquaponics industry but also pro-
vide valuable insights and platform for critical comparison to CE implementation among 
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the broader sustainability community who are pondering similar questions of systems and 
technological transition.

Analytical Framework and Methodology

Sustainability transitions theory poses a useful mechanism of connecting consideration of 
larger systems interactions, such as those conceptualized within the Food-Water-Energy 
Nexus and CE, to specific mechanisms of change to support the ability of particular tech-
nologies like aquaponics to contribute to implementation of more sustainable and circu-
lar resource use paradigms. The Food-Water-Energy Nexus has been an important concept 
within aquaponics research as a means of describing and assessing the complex interactions 
of food, water, and energy systems and the role that aquaponics can play as a CE-advancing 
technology in altering these interactions into more synergetic and circular modes [41]. To 
consider the question, therefore, of how such shifts toward circularity might be achieved at 
an industry level, a sustainability transitions approach is applied in this investigation. The 
concept of socio-technical transition pathways provides a means of investigating the inter-
actions between an innovation system and its context [42–45]. Economic viability for com-
mercial aquaponics can be shaped by contextual factors like climate, location, regulatory 
environment, certification, resource access and costs, local wages, public acceptance, and 
consumer interest as well as operational factors like fish and plant selection, energy con-
sumption, workforce needs, business model, aquaponics knowledge, and technology use 
[23, 25, 30, 34, 46]. To actualize potential benefits of aquaponics, there is a need for elabo-
ration of relevant social, economic, environmental, and legislative issues through organized 
frameworks [47]. Emerging sustainability innovations like aquaponics have been noted as 
often facing a “scaling-aversion dilemma” in which there is tension between “remaining 
in a small, alternative, and unique niche versus growing in size and striving for broader 
societal adoption” [48]. The Technological Innovation System (TIS) Framework provides 
a structure for qualitative functional analysis of the system of innovation around a spe-
cific technology, including ongoing development, use, and diffusion and can be utilized to 
assess aquaponics in this manner.

Framework Selection

To systematically evaluate drivers, barriers, and opportunities for innovation and indus-
try advancement, this study applies the TIS framework to commercial aquaponics within 
the context of sustainability transitions to CE in food systems [42, 49, 50]. A set of seven 
functions are evaluated, characterizing the performance and dynamics of the system mod-
eled on the precedent of TIS assessments in literature [49, 51, 52]. Recognizing the call 
for improving the theoretical foundations of agro-food-system transition studies [53], the 
approach at hand expands the TIS framework in response to the common critique that it 
does not sufficiently address the influence of surrounding contextual dynamics. This is 
approached by incorporating the Multi-Level Perspective (MLP) framework to support an 
analytical scope which is responsive to the multilevel complexities and interdependencies 
of biocircular food industry development [42, 44, 54]. Sustainability transitions literature 
helps to describe the interactions of three analytical levels shaping socio-technical change, 
a key determinant of successful CE implementation. These levels, commonly defined as 
landscape, regime, and niche (Fig.  1), are assessed within the MLP framework [38, 43, 
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55–57] and roughly align with the three CE levels (macro-, meso-, and micro-). These 
MLP levels can be interpreted as an expanded conceptualization of the three levels of CE 
which in this investigation are defined by their functional relationships to the innovation 
system of aquaponics. The landscape level is composed of socio-ecological forces includ-
ing macro-economics and politics and is similar to the macro-level dimension of CE. The 
regime level is composed of dominant rules, structures, and practices, which are often 
self-reinforcing but can undergo incremental change [38]. It may be viewed as the socio-
ecological parallel to the meso-level of CE. The niche level is the functional environment 

Fig. 1   Integration of Technological Innovation Systems (TIS) based on [42, 49, 50] and Multi-Level Per-
spective (MLP) frameworks, per [38, 43, 55–57], for the assessment of sustainability transitions of com-
mercial aquaponics
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needed for aquaponics to be successful, e.g., the space occupied by the micro-level in CE, 
and can be characterized by the TIS function assessment. Utilizing a framework which 
considers all three levels is necessary to prevent oversimplification, as many of the land-
scape socio-ecological changes which shape the need for sustainability transitions, particu-
larly of food systems, drive the niche formation of commercial aquaponics and comprise 
dynamic conditions for the development of the industry. Many of these larger environmen-
tal drivers, such as resource scarcity and climate change, are also key to shaping the need 
for CE implementation more broadly. For the study scale of commercial aquaponics, these 
changes act as landscape factors (macro-level) transforming demand and political and eco-
nomic structures (regime) over time, shaping the context for commercial aquaponics and 
the functional environment it operates in (niche/micro-level). Accordingly, pertinent land-
scape factors which are influential on how commercial aquaponics functions in a context 
of regime change are evaluated [42, 43, 51, 58, 59]. This supports the consideration of sus-
tainability transition pathways in which landscape factors drive and inform regime changes 
which can shape sustainability transition pathways through policy and economic changes, 
innovation, research, and social shifts needed to fully realize the sustainability potential of 
aquaponics by forming a supportive niche with strong performance in all TIS functions.

Data Collection and Analysis

The current state of commercial aquaponics was investigated through a mixed meth-
ods process which brought together data from semi-structured interviews with commer-
cial aquaponics producers representing a cross section of the North American aquaponics 
industry and supplementary analysis of literature and policy review. Commercial aquapon-
ics producers from a database of active commercial aquaponic farms in North America 
(n~152) were recruited in telephone calls for semi-structured interviews. The Circular City 
and Living Systems Lab (CCLS) led by Professor Proksch maintains a database of aqua-
ponics related organizations and businesses globally. This database included 152 active 
commercial aquaponic farms located in North America in 2022. The recruitment received 
a positive response rate of nearly 17% and conducted 25 interviews. The interviewed farms 
are a representative sample of the known, active commercial aquaponic operations in terms 
of geographic location, approximate size of (hydroponic) growing area, and distribution of 
business models (Fig. 2).

The interviews included questions on farm background, producer experiences, system 
operations and design, future goals, and challenges (Appendix). The interview guide went 
through an internal review process with several rounds of review and edits by the authorial 
team as well as through the University of Washington Institutional Review Board (IRB) 
review (IRB Exempt: STUDY00013037). Interviews (n=25) were conducted in May–July 
2021 and qualitatively content coded utilizing the TIS framework structure within the 
qualitative data analysis software Atlas.ti. The collaborative analysis and review process of 
interview, literature, and policy data integrate the interdisciplinary expertise of the autho-
rial team in sustainability, aquaponics, aquaculture, engineering, and the built environment 
(Fig. 3). Reviewed literature included scholarly, general, and industry sources. To reflect 
the international scope of industry development and knowledge exchange, this review also 
included consideration of the EU environment for aquaponics where there has been more 
research and policy developments in recent years. This is reflected within the existing lit-
erature pool and is observable among the reviewed papers, of which approximately 25% 
are from North America and 50% from Europe. Though it should be noted that these also 
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included sustainability transitions and frameworks literature, the majority of which were 
written in Europe. While this in-depth report focuses on the state-of-the-art of commercial 
aquaponics in North America, the analysis considers both material describing the situation 
in North America and relevant literature and policy analysis documenting the situation in 
Europe and similarly developed nations, noting relevant similarities and differences. The 
resulting TIS assessment considers the current state of aquaponics, drivers and barriers, 
and the ideal niche for successful commercial operations. The discussion is shaped around 
an MLP lens, addressing pertinent landscape factors derived from landscape level topics 
most mentioned in the interviews and aquaponics literature and the regime changes they 
necessitate. Sustainability drivers are thus brought in conversation with the TIS functions 
to explore transition pathways between landscape (macro-), regime (meso-), and niche 
(micro-) levels toward the realization of the commercial and sustainability potential of 
aquaponics.

Results of Technical Innovation System Assessment of Commercial 
Aquaponics

Knowledge Development and Diffusion

Knowledge creation, access, and diffusion within aquaponics are driven by strong producer 
engagement and motivation for learning and teaching, as well as public interest in the topic 
on social media and the internet [60]. This is reflected in the number of internet searches 
related to aquaponics and the volume of research publications and associated funding [22, 

Fig. 2   Geographic locations of the interviewed farms in North America with approximate size of the grow-
ing area
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61]. To successfully operate aquaponic systems necessitates a broad skill set and thorough 
knowledge of the system and its internal ecosystem [14]. Design and operation require an 
understanding of plant and fish biology, biochemistry, and microbiology, civil, environ-
mental, and mechanical engineering, as well as interdisciplinary skills in business manage-
ment, economics, and marketing [13, 46]. To address the full range of knowledge pertinent 
to an integrated production system, commercial producers can also benefit from access 
to third party expertise and consultation [11, 13, 23]. Although a trained workforce is an 
important ingredient in farm success, there is not a clear path to study aquaponics, espe-
cially as relevant technical knowledge can be siloed among disparate domains. Available 
training in aquaponics is largely offered through consultants, on-farm experience, univer-
sity extension programs, and online or community education, including courses offered by 
practitioners and associations.

Roughly 30% of the interviewed producers had higher-education degrees in related 
fields (including agriculture or aquaculture) aligning with the observations previously 
made by Love et  al. 2014 [33] though some leaders from larger companies came from 
business backgrounds (n=4) and employed technically trained staff. Of the interviewees, 
approximately half (n=13) were largely self-taught, and many (n~9) had taken aquaponics 
courses or trained with experts. Interviewees frequently mentioned Google and YouTube 

Fig. 3   Data collection process, review methods, and iterative analysis process conducted by the authorial 
team
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as sources of information. Likewise, several described experiencing difficulty filtering 
through information available online and in books for knowledge relevant to their commer-
cial scale needs, particularly noting the saturation of hobbyist-directed content. Aquaponics 
has a popular following as a form of backyard or community-scale food production, par-
ticularly in urban areas, and serves frequently as an educational tool for multiple purposes, 
such as in schools, community projects, or prisons [11, 62–65]. Few interviewees reported 
that their primary source of knowledge about innovation came from academic research. 
Only 20% reported engagement and collaboration with researchers and universities though 
several reported reading scientific and industry trade journals when seeking information. A 
few interviewees (n=3) also noted their involvement in conferences and associations as an 
important means of information exchange and networking. About 70% (n=17) described 
having a network of key contacts that they relied upon when they had questions, including 
other producers, consultants, researchers, and educators. A few of the interviewed produc-
ers however, noted that they lacked industry contacts to ask for advice when they needed 
help. Pattillo et al. (2022) likewise express the importance of credible and accessible infor-
mation on best practices to support new producers [31].

As such, knowledge development and diffusion can be further strengthened by increas-
ing the availability of professional training, resources, and institutions for developing a 
technically skilled workforce equipped to operate aquaponic systems at a commercial scale. 
Recent research has demonstrated the need to include multiple stakeholders to move the 
industry forward through knowledge co-production approaches [66]. Innovation to bridge 
the gap between producers, researchers, and investors could also help enable pathways for 
the effective formation and distribution of knowledge on the practice and sustainability of 
commercial aquaponics.

Entrepreneurial Activities

Technological innovation is essential to improving aquaponics’ economic feasibility, sys-
tem performance, and sustainability [14]. Aquaponics is an infrastructure and technology 
intensive operation, wherein commercial farms in most climates require three types of 
infrastructure: (1) recirculating aquaculture fish tanks, (2) a hydroponic system that dis-
tributes the nutrient-rich water to the crops, and (3) enclosures, such as a greenhouse or an 
indoor space with grow lights for plant production and a well-insulated space for the aqua-
culture equipment. The enclosure turns the operation into Controlled Environment Agri-
culture which is essential in most climate zones for either heating or cooling [27]. The ben-
efits originally discussed in the context of CE stem from a closed loop or coupled systems. 
Recent discussions in the industry investigate the advantages of decoupled systems, which 
transfer fish water to the hydroponics system and then recirculate it within the plant pro-
duction system. While water recovery is possible in a coupled system, a decoupled system 
still allows for both nutrient and energy recovery while potentially improving optimization 
of both aquaculture and greenhouse performance.

The small financial resource influx into the field of aquaponics is a notable barrier to 
innovation of commercial aquaponics. Most aquaponic farms are self-funded and adjust 
their technology levels to their budget, even when more sophisticated solutions are avail-
able. Of the interviewees, only one exceptional aquaponic operation with access to sub-
stantial funding sources was able to develop a sophisticated cold water salmon aquaculture 
system combined with a large-scale state-of-the-art hydroponics system. This is also by far 
the largest operation with approximately 600,000 sf/ 60,000 m2 controlled growing area. 
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Many producers will favor low-tech designs to lower the start-up capital required, even if 
they know in the long term that other solutions may be able to reduce their ongoing pro-
duction costs. Interviewed producers were highly engaged and interested in improving and 
optimizing their systems, though many described difficulties affording desired upgrades. 
Due to the culture of disseminating knowledge through informal applied pathways, many 
aquaponic operations develop their own technology and use at least partly self-engineered 
systems. The analysis of the interviewed farms (n=25) reflects this observation, with some 
overlap noted; thirteen primarily rely on low-tech, self-constructed systems, seven of the 
farms utilize partly self-engineered infrastructure, and seven use professionally engineered 
systems installed by a commercial supplier. Largely similar proportions were observed in 
Pattillo et al. (2022)’s survey of aquaponics stakeholders, of whom 84% were located in the 
USA [31].

Many producers classified themselves as involved in “research” at the farm level to 
advance their systems (e.g., experiments focused on increasing growth rates, solving prob-
lems with pathogens or other related optimization issues). A number described this ongo-
ing process as “trial-and-error,” with 20% (n=5) using the term word for word. Active areas 
of current research and development include optimizing nutrient recovery within aqua-
ponic systems and developing successful approaches to saltwater aquaponics, which are 
on the rise [31]. Nutrient recovery in aquaponics is facilitated by microorganisms which 
help process fish waste into nutrients suitable for uptake by plants [67]. This process is 
enhanced within biofilters, media beds, and/or digesters [68]. For instance, specific techno-
logical interventions to fully utilize not just dissolved organics but also solid wastes make 
it possible to optimize nutrient recovery [69]. Much of the innovation over the last 15 years 
has reduced operating costs or allowed for the scaling up of production to achieve econ-
omies of scale. Technologies, such as LED lighting, more cost-efficient climate control 
systems, and the automation of the production process, have emerged from other sectors 
and have been transferred to the aquaculture, hydroponic, and aquaponics industries [70, 
71]. Aquaponics can be further strengthened by advances in system design and technology 
to improve economic feasibility and sustainability through waste minimization, resource 
recovery, and competitive innovations.

Market Formation

Global interest in aquaponics has not yet translated into a multitude of commercial aqua-
ponic farms. There are still only a small number, mainly in North America, which can 
demonstrate profitability and business continuity. The USDA Census counted 73 operating 
aquaponic farms in 2013 and 83 in 2018; this is compared to numbers of aquaculture oper-
ations, 2853 and 2704 respectively [72, 73]. The authors identified 152 active commercial 
aquaponic farms in 2022 in North America, based on the database maintained by the Cir-
cular City and Living Systems Lab (CCLS) led by Professor Proksch, with the acknowl-
edgement that many more have opened and closed in the interim [34, 72, 73].

In general, there are two types of commercial aquaponic operations: type 1 relies pri-
marily on a business model of producing food from plants and fish, while type 2 also pro-
duces food but offers other services, which can diversify revenue streams [11, 34, 74]. 
These additional offers can be aquaponics courses, workshops, consulting, hospitality-
related events, food services, or other public installations [27, 33]. Both types face the 
same challenges in bringing their produce and fish to market. Typically, fish and produce 
need their own distribution channels. Currently it is difficult for aquaponic products to 
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compete in undifferentiated markets as production costs cannot necessarily be recovered 
through higher prices without a strong marketing strategy and access to niche markets [10, 
11, 36]. Aquaponics is bolstered by its capacity to produce food in a controlled environ-
ment year-round in markets with seasonal limitations and to fill local food market niches. 
Using aquaponics, food can be produced in very close proximity to where it is purchased, 
sometime even right next to grocery stores or restaurants, providing a particular local 
appeal and potential for reliable supply. Most producers in the interviews conducted for 
this study described demand from local restaurants and individual buyers, often in volumes 
beyond what they were able to supply, driving them to want to invest in scaling up their 
production. However, accessing capital to do so was not always easy. Most farms had more 
than one distribution stream, many were selling directly into the restaurant and institutional 
markets (n=14) or were engaged with consumer sales at the farm level (e.g., on site or at 
farmers markets) (n=19). Some (n=11) had contracts with grocery chains, or with second-
ary processors (e.g., for fish products), but few (n=3) reported wholesale markets as their 
primary target.

Several barriers to market success exist, with producers expressing the difficulty of 
recovering high production costs and imbalances in the profits derived from the sale of 
produce and fish. For most enterprises, crops will generate a higher return than fish due 
to high turnover (such as 6 weeks to market rather than a year or more), particularly when 
low-value fish like tilapia are chosen [11, 36, 75]. The result of a plant-focused operation 
such as this often is that fish are not harvested as processing and selling are complicated, 
so fish are used as a source of nutrients only. The post-harvest handling and sale of live fish 
were described as difficult by many producers with limited experience in aquaponics, or 
who did not wish to invest in permits for euthanizing fish and value-adding activities such 
as fileting, smoking, packaging. Many of the interviewed producers described little contri-
bution of revenue from fish, and more than half (n=14) opted not to sell fish grown within 
their systems. Approaches to increasing fish profitability include producing higher-value 
fish species (e.g., trout or sturgeon) or increasing volume of production so that fish sales 
could be worthwhile [11, 76]. Overall, actions to advance market formation for aquapon-
ics are needed, including increasing access to affordable and reliable processing, storage, 
and distribution channels, as well as conducting more cost-benefit analyses to better inform 
decision-making surrounding operational and marketing strategies.

Resource Mobilization

The mobilization of resources within the aquaponics industry is growing although still lim-
ited. Currently, the aquaponics industry in North America has not garnered support from 
two significant pathways which have benefited other agricultural industries, namely gov-
ernment subsidies and technology industry funding. Hydroponic greenhouses and indoor 
farms have received exorbitantly high investments from the technology industry to advance 
and sell sensing and automation and sensing equipment at the large scale [70, 71, 77], while 
the aquaponics industry has not seen the same influx of funding. Notably, some interview-
ees suggested that the complexity of the two combined growing systems and infrastructure 
needs were deterrents for investors.

In the EU, financial resources to farms are provided in the form of agricultural sub-
sidies through the Common Agriculture Policy, which does not include aquaponic and 
hydroponic farming. Although the EU has provided some financial support for research 
on aquaponics through its funding schemes like The Seventh Framework Program (e.g., 
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INAPRO) and Horizon 2020 (e.g., for COST Action FA1305 2017) much of this support 
has been aimed at academic and applied research, while support is still needed for com-
mercial development of aquaponics [78, 79]. In the USA, aquaponics is embedded in the 
latest 2018 Farm Bill, which offers financial support to urban farming operations, including 
aquaponics, but the actual funding for commercial aquaponics from the bill is relatively 
insignificant, especially compared to the large upfront capital costs needed for operational 
infrastructure for commercial scale production [16]. Notably, due to the difficulty of access-
ing external funding, self-funded projects in North America remain the strongest examples 
of commercial success thus far. Given that infrastructure costs can prove a challenge, a 
better scaling of access to sufficient resources, including capital investment, can help farms 
to enter the market with more success and produce at more competitive commercial scales. 
However, with more limited resources, starting at smaller production scales and then scal-
ing-up as demand increases is a tactic pursued by many commercial producers.

More pathways should be created for start-up funding and investment including access 
to loans, government incentives, and grants, as well as access to decision-making tools 
for optimal location selection and resource synergies with neighboring industries, such as 
energy producers. Affordable water access and renewable energy sources may also reduce 
operational costs [11, 33]. Commercial aquaponics can also benefit from affordable land 
located in proximity to population centers, though interviewees noted that zoning restric-
tions and competition from other industrial uses can limit site options. To the particular 
benefit of CE and expansion of industrial symbiosis, there are also opportunities in some 
locations to integrate synergistically with other systems and resources through co-location 
such as via integration of resources like excess heat from other industries in close proxim-
ity for mutual benefit [80, 81]. This practice is already on the rise in a European context, 
where useful lessons may be learned. A North American example of this was mentioned in 
the interviews by a producer who had made progress on a potential partnership with a land-
fill adjacent to a prospective aquaponics site to use the excess heat from the landfill to heat 
their greenhouse. Using these types of CE strategies for aquaponics has been considered 
in literature and practice as a means of resource efficiency and cost reduction in addition 
to that already facilitated within the aquaponic system itself [14]. Not all of these potential 
synergies were reported as realizable by interviewees, in part due to the lack of recognition 
of aquaponics as a viable high-output commercial industry by potential resource-sharing 
partners.

Development of Legitimacy

There is strong potential to improve the understanding and perception of commercial aqua-
ponics given popular interest in the growing technology and its increasing recognition 
as a strategy for sustainability and climate-resilience [82]. However, both literature and 
the interviewed producers noted challenges to the acceptance of commercial aquaponics, 
including in organic certification, consumer perception, and trust from potential investors 
and commercial partners.

Organic certification can be expensive and difficult to attain—though is a keyway to 
justify higher sales prices that are currently needed to cover production costs. In the USA, 
this certification is possible, though not easy to secure for aquaponic produce, while it is 
not attainable for typical aquaponic systems in Europe due to definitions of organic that 
exclude soilless growing [83]. Even in the USA, several issues arise around use of inor-
ganic substrates in hydroponic components, and whether nutrients from fish feed sources 
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can be classified as organic [84]. Several interviewees had pursued organic certification, 
but most observed high associated costs and expressed frustration, noting the prohibitive 
certification costs especially for small producers; the need for alternative and more man-
ageable certification schemes for small operation; and challenges securing understanding 
from certifying bodies. Only a handful (n=4) specifically mentioned that they were main-
taining their formal organic certification status. Likewise, the absence of organic certifica-
tion could be a potential barrier for commercial aquaponics in the EU [79, 85]. A recent 
study reported that aquaponic products cannot be certified organic under the new Com-
mission Regulation (EU) 2018/848, mainly due to use of soilless production, use of non-
organic feeds in fish production, and the cultivation of fish under artificial conditions [86]. 
It is possible to circumvent this by stretching the bounds of what is conventionally consid-
ered aquaponics by cultivating herbs as potted plants that are irrigated with nutrient rich 
water from the fish and by meeting certain requirements for fish feed and welfare in the 
aquaculture component [83, 86].

Advancing the perception of aquaponics as natural—even if not organically certified—
was a strategy pursued by several interviewees, while others foremost prioritized pursuing 
lower production costs, which they viewed as most important to consumers. A potential 
barrier can be consumers’ perception of food that is grown out of its ecological context 
through soilless methods as unnatural [87, 88]. Aquaponics arguably addresses an aspect 
of this problem by utilizing “natural” nutrient sources from the fish; however, for some, 
farming fish also raises issues of animal welfare [89]. Legitimation from customers will 
probably require more effective ways to explain the advantages of the technology which 
are connected to healthy food, reduced externalities, and resource circularity. Producers 
accordingly espoused the importance of educating the public about the benefits of aqua-
ponic production, which they pursued through strategies such as tours, classes, and farm-
to-table dinners. They likewise expressed the need for further efforts to validate aquapon-
ics, such as via studies on produce quality which could be referenced in marketing settings. 
Securing trust and buy-in from economic partners was a challenge for several producers 
(n>5) who mentioned issues with potential banks, investors, and business partners. These 
either did not know what aquaponics was or wanted more examples of successful large-
scale aquaponic operations, which were difficult to provide. Pattillo et al. (2022) noted sim-
ilar observations in this regard [31]. This reflects a need to validate the technological and 
commercial viability of aquaponics more fully and particularly to prove economic feasibil-
ity in large-scale production as the industry matures [25, 47]. Strategies to advance legiti-
macy may include developing effective sustainability labeling for aquaponics, and fur-
thering public awareness, recognition from other industries, and governmental support to 
advance acceptability to stakeholders of aquaponics as part of sustainable food transitions.

Guidance of the Search

Interviews with producers reinforced that the sustainability potential of aquaponics is also 
a strong motivator for entrants to the field. However, in general, aquaponics producers 
encounter a complex policy and regulatory environment that does not have specific pro-
visions for “mixed” fish and plant farming [10]. This lack of aquaponics-specific legisla-
tion creates economic and logistical challenges, forming “a complex barrier to commercial 
scaling up and the transition to a more sustainable circular economy” [10].

The US Food and Drug Administration regulates food safety through the Food Safety 
Modernization Act in which plants are managed under the Produce Safety rule and fish 
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under the seafood HACCP rule [90]. Fish processing requirements were cited as a chal-
lenge by many of the interviewees, who described the need for an aquaculture license and 
food safety training to sell or transport fish and economic difficulty of affording neces-
sary infrastructure, particularly noting the cost of blast freezers. Many consequently focus 
their commercial model on produce and sell (or give away) their fish directly to a whole-
sale market that slaughters and distributes them, thus negating a potentially lucrative 
income stream. Some producers alternatively grow ornamental fish that are not subject to 
food safety regulations. In the case of produce, “first-cut” harvests do not require food-
processing facilities, but any additional processing steps are subject to further regulation. 
Several interviewees noted the importance of pursuing certifications like GAP, particularly 
to sell to certain distributors, though some cited restrictive costs of changes needed to meet 
requirements. Interactions with food safety auditors, certification boards, and regulatory 
authorities who lacked knowledge of aquaponics were also described as a challenge by 
several interviewed producers. Local level regulations also frequently exist, including envi-
ronmental measures preventing invasive fish species that can influence fish selection and 
breeding and impact market opportunities for producers.

The complex nature of the EU policy and regulatory environment for aquaponics [47, 
78, 79, 91] also appears to be a barrier for commercial expansion [25], which is exacer-
bated by the lack of clear guidelines at country level [91, 92]. Regulatory barriers to aqua-
ponics in the EU stand in contrast with its often-referenced high potential to help achieve 
policy goals by promoting innovation, enhancing competitiveness and sustainability, 
improving access to space and water, and advancing resource efficiency [11, 78]. Globally, 
due to the current barriers in the complexity and insufficiently specific policy environment 
for aquaponics, there is a need to develop certifiable standards, clear aquaponics-specific 
policies, and easy approval processes. Further advantages may also be found by embed-
ding aquaponics in integrated policy environments seeking food security and environmen-
tal sustainability.

Development of Positive Externalities

Beyond sustainable food production, commercial aquaponics applications also generate 
societal benefits such as community support as an educational and job training tool [63, 
93–96]. These educational activities may also help to develop skilled employees for emerg-
ing markets, to increase consumer awareness and acceptance of aquaponics products, and 
to promote systems thinking and CE [23, 97, 98]. Type 2 aquaponic operations in par-
ticular offer other services in addition to food production. Besides opening their doors for 
events rentals, catering, and community gatherings, many offer educational programs for 
other operators and entrepreneurs as well as for youth and workforce training. Providing 
access to food, education, and career development opportunities to minority groups are 
among the social challenges these farms address [99]. For instance, the Farm on Ogden 
in Chicago, IL includes a commercial aquaponic system run by the non-profit Windy City 
Harvest. The organization aims to bring food, health, and jobs to the community through 
local production and sales of healthy food, distribution of prescribed Veggie Rx packages 
to patients who are at risk for diet-related diseases, and job training programs in an under-
served Lawndale neighborhood.

The positive externalities of commercial aquaponics demonstrated in applications as an 
educational and job training tool and offerings of community support also help to nur-
ture social awareness of its benefits and potential contribution to CE within food systems. 
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This contribution could include reducing resource use and waste and reusing and recycling 
water and nutrients within food production. As widely discussed within literature, food 
production within cities is considered vital to bolstering sustainability and resilience of 
urban food systems, reducing environmental footprints of urban food sources and strength-
ening the dependability of local food availability to urban populations when larger sup-
ply chains are strained [6, 100, 101]. The COVID-19 pandemic shaped mixed impacts to 
producers using controlled-environment growing methods, while some hydroponic farms 
experienced significant demand increases for fresh local food, other operations lost dis-
tribution channels and closed. Likely as a result of this period, local production has been 
emerging as an increasingly recognized benefit of aquaponics. Moreover, in addition to 
providing food, aquaponic production can provide other services. For instance, the popular 
usage of aquaponics as a form of urban agriculture can be integrated symbiotically with 
other systems (e.g., district heating) seeking to exchange and efficiently cycle resources 
among food, water, and energy systems, an outcome in alignment with CE practices [74, 
102]. By advancing the benefits of commercial aquaponics to societies and communities 
through educational and community programming and improved resource circularity, con-
tinuing to strengthen these additional services of commercial aquaponics is to the advan-
tage of the entire commercial aquaponics industry and may be essential in helping aqua-
ponics serve as a successful vehicle for sustainability transitions.

Discussion of Sustainability Transitions Pathways

TIS Function Assessment

The TIS level analysis of functions shows that the primary drivers of commercial aqua-
ponics fall into three main areas: the recent high research productivity and technological 
advances in the field, the environmental benefits which this growing method can provide, 
and the public and consumer interest that these potential benefits generate, as indicated 
in Table 1. For instance, the TIS analysis indicated that the commercial industry is bol-
stered by increasing research production, technological advancements, and the engagement 
of producers in ongoing innovation efforts. Moreover, the sustainability potential of aqua-
ponics was stated by interviewees as a motivating factor for producers entering the indus-
try. Aquaponics is increasingly noted as a strategy among ever-more popular sustainability 
frameworks, including the Food-Water-Energy nexus and CE, which may play a role in the 
further optimization and advancement of the industry to reach shared environmental, eco-
nomic, and social sustainability transition goals. [103]. Likewise, public interest in aqua-
ponics and its ability to contribute to local markets help to drive its commercial potential 
forward.

However, the TIS findings also indicate that commercial aquaponics still faces signifi-
cant economic challenges, which generate the main barriers that limit the expansion of 
the field. Fundamentally, to achieve the environmental sustainability it promises, commer-
cial aquaponics also needs to be operable as a successful business for producers. However, 
the TIS functions reveal that it currently proves difficult for aquaponics producers to turn 
sustainability benefits, like water efficiency, into significant business advantages. Notably, 
many of the system’s environmental and social benefits, such as the avoidance of potential 
water polluting effluents, efficient water use, and capability for local food production even 
in extreme climates, are external to the producers and therefore do not currently improve 
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Table 1   Summary of the main findings from the current assessment of the drivers and barriers of TIS func-
tions for commercial aquaponics and key lessons for sustainability transition

TIS Function Drivers Barriers Niche Formation Actions 

1. Knowledge
Development
and
Diffusion

Large public interest in 

aquaponics 

Existence of research funding 

(primarily EU, NSF) 

Consistent increase of research 

production and publications

Producers are motivated and 

engaged in learning and teaching

? Siloed knowledge between 

hydroponics and aquaculture

$ Challenges finding information 

appropriate for commercial operations

$ Difficult to find workforce trained in 

aquaponics

Facilitate easy access to 

cutting edge knowledge and 

well-trained workforce 

(function 1)

2. Entrepreneurial
Activities

System innovations improve 

aquaponics’ feasibility and 

performance

Advancement of new technologies 

and management practices growing 

out of research and practice

$ Aquaponics is an infrastructure and 

technology-intensive (and therefore 

costly) operation

$ Producers described difficulty 

affording desired upgrades

Advance system design 

and technology to improve 

economic feasibility and 

sustainability performance 

(function 2)

Producers are highly motivated to 

improve their systems.

3. Market
Formation

Year-round production in 

markets that are subject to seasonal 

variations

Potential to establish a niche in 

the local market. Most producers 

described demand from local 

restaurants and individuals 

$ Higher overhead increases production 

costs, which is not recoverable through 

higher market prices

$ Fish and produce need each their own 

distribution network

$ Imbalances in profits from produce 

and fish. North American producers 

often described little contribution of 

revenue from fish

Develop cost-effective 

production and competitive 

market-integration (function 

3)

4. Resource
Mobilization

Start-up funding can be scaled 

based on farm size and location

Growth of related fields offer 

models of success

Small-scale, low-tech systems can 

be feasible under certain peri-urban 

conditions

$ Small financial resource influx into 

the field

$ Self-funded projects remain the 

strongest examples of commercial 

success thus far

$ Lack of government subsidies and 

tech industry funding

$ Access to investment capital is by 

lack of large-scale models of success

Increase availability of 

financial and physical 

resources for 

aquaponics (function 4)

5. Development 
of Legitimacy

Popular interest forms starting 

point to strengthen perception and 

understanding of aquaponics

Recognition of aquaponics as a 

sustainable growing technology by 

prominent organizations (UN FAO)

? Limited public awareness about 

circular economy benefits of resource 

recovery

$ Organic certification can be expensive 

and difficult to attain for aquaponic 

operations – though often a keyway to 

justify higher sales prices

Advance consumer, 

regulatory, and commercial 

awareness of advantages of 

aquaponics (function 5)

6. Guidance
of the Search

The sustainability potential of 

aquaponics is a strong motivator for 

producer entrants to the field 

Aquaponics is increasingly noted 

as a sustainable food production 

method seeking political support (i.e., 

Food-Water-Energy Nexus, Circular 

Economy, etc.)

? Complex policy and regulatory 

environment and approval process, lack 

of policies specific to aquaponics

? Lack of knowledge about aquaponics 

by food safety auditors, certification 

boards and regulatory authorities

$ Frequent economic and logistical 

difficulties around fish processing

Develop supportive, clear, 

and easily navigable 

aquaponics-specific policies 

and regulation

(function 6)

7. Development
of Positive
Externalities

Urban and community-based 

aquaponics can help to increase 

consumer awareness and acceptance

Help drive support for new low-

cost approaches to optimizing system 

performance and sustainability

? Underdeveloped awareness about 

additional benefits beyond food 

production

? Limited evidence of commercial 

success

Strengthen mutually 

beneficial relationships with 

other applications of 

aquaponics (function 7)

Legend research and technological advances; public and consumer interest; environmental benefits
$ economic/financial challenges; ? lack of knowledge and support ; economic/ financial benefits and support
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commercial profitability [2]. A conducive business environment for aquaponics relies on 
the prices of aquaponics-grown produce and fish becoming more competitive. There is a 
need for availability of financial resources for aquaponics to increase, production costs to 
decrease, and resource efficiency and nutrient recovery potential to translate into market 
share gains. The development of this “ideal niche” for aquaponics will require improve-
ments in all of the seven TIS functions, including, but not limited to, (1) advancing access 
and dissemination of knowledge, (2+3) innovating system designs and operation to further 
economic and sustainability performance, (4) increasing availability of financial resources 
while (5) increasing customer acceptance, (6) removing regulatory barriers, and (7) reduc-
ing misconceptions about aquaponic production at both consumer and regulatory levels.

Multi‑Level Perspectives

The barriers to the success of commercial aquaponics are largely shaped within existing 
economic and socio-political structures (regime). The potential environmental benefits 
of aquaponics can help respond to global challenges and shifts like climate change and 
resource scarcity, global supply chain changes, and growing environmental awareness. 
These forces pose landscape factors which drive the need for climate action and sustain-
ability of human systems [104]. There is accordingly potential for aquaponics to overcome 
economic barriers through regime level changes of regulation, innovation, and societal 
behavior which will become increasingly necessary in response to pressing global chal-
lenges and socio-ecological change.

By recognizing the interaction of landscape factors and corresponding regime changes 
needed to propel progress rather than maintenance of the status quo, sustainability tran-
sition pathways emerge that can transform the operational environment and outlook for 
commercial aquaponics, thereby fostering the attainment of the environmental and social 
benefits aquaponics can provide (Fig. 4). Within these pathways, regime changes can be 
advanced at multiple levels including through political and economic regulation, industry 
innovation, and societal systems change enacted by stakeholders including policymakers, 

Fig. 4   Overview of sustainability transitions pathways for commercial aquaponics based on Multi-Level 
Perspective [38, 43, 55–57]
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the commercial aquaponics industry, and the public. These actions can help translate the 
pressures of landscape factors into a more supportive environment (niche) for commer-
cial aquaponics. Pathways include the translation of environmental and societal benefit into 
business advantage; placement of pressure on unsustainable modes of production; support 
and leverage of aquaponics’ sustainability and efficiency into economic feasibility through 
technological innovation and development; and advancement of market advantages at a 
societal level by increasing consumer preferences for sustainable and healthy food sources.

Regime Change Strategies and Stakeholder Actions

Regime change can be categorized into three groups of strategies: (1) political and eco-
nomic regulation to properly internalize environmental impacts; (2) innovation of aqua-
ponic technologies; and (3) evaluation and promotion of the societal benefits of food sys-
tem resilience and local production, as shown in Table 2. These strategies shape pathways 
toward ideal niche formation of aquaponics. Advancing policy and economic regulation 
to attribute economic value to the environmental benefits of aquaponics may prove piv-
otal to the successful commercial expansion of aquaponic food production [2, 25, 30, 105]. 
This generates a pathway characterized by increasing the availability of financial resources 
while removing regulatory barriers. Measures that incentivize sustainable benefits and dis-
incentivize unsustainable aspects of some existing industrial agriculture practices can both 
play a role in bolstering the commercial viability of aquaponics [10, 83, 106]. Although 
policy makers are introducing sustainability-oriented measures with growing frequency, 
transforming political and economic systems to account for planetary and human health 
is a complex endeavor which can encounter significant inertia [107]. For aquaponics to 
help advance food systems sustainability and CE, there is a fundamental need for support-
ive regulatory and policy measures, including through economic tools like incentives and 
subsidies. In North America, business development grants and tax incentives can form a 
successful funding track, but there is minimal support from federal sources for operations 
categorized as forms of urban agriculture. Hao et al. (2020) likewise emphasize that aqua-
ponics producers cannot afford costs of commercial scale production without policy and 
market support [22]. Governments and regulatory bodies can further support aquaponics 
by helping to advance access and dissemination of knowledge. Such actions can be tied to 
larger sustainability development efforts [10]. Holistic sustainability frameworks like CE, 
circular city, and the Food-Water-Energy nexus can help frame organized efforts toward the 
implementation of resource circularity practices in human systems including in the case of 
the wider integration of commercial aquaponics within food systems and should be sup-
ported by technical and organizational research efforts [103].

The second regime change strategy describes the need to continue optimizing aquaponic 
systems through innovation and evaluation of commercial aquaponic farms. This shapes 
pathways which can generate a supportive environment for commercial aquaponics, such 
as by innovating system designs and operation to further economic and sustainability per-
formance and reducing misconceptions about aquaponic production at both consumer and 
regulatory levels through evaluation. There are further research needs in nutrient man-
agement and recovery, system construction, pest-management, and microbial community 
structure [22]. Strategies to recover nutrients, especially phosphorus, are crucial to prevent 
global food shortages in the future [108]. The phosphorus sustainability challenges [109], 
thus, may become a growing driver of implementation of aquaponic production, especially 
as nutrient recovery may present a market opportunity capable of driving higher uptake. 
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Likewise, as energy costs can pose one of the largest inputs for producers, across global 
contexts, both sustainability and the costs of doing business will improve as technology 
advances makes aquaponic systems more energy-efficient, and affordability of renewable 
power sources improves. Innovative approaches to resource integration with local heating 
and energy systems and other industries are likewise needed. There is further opportunity 
to expand awareness of possible symbiosis and optimization possibilities among North 
American practitioners, as only a subset of those interviewed were actively engaged in 
thinking about additional opportunities for CE-oriented business partnerships. Moreover, 
increasing the availability of professional training, resources, and institutions for develop-
ing a technically skilled workforce will both support farm success and ongoing innovation 
in commercial aquaponic technology and operations.

Finally, translating and promoting the value of aquaponics to consumers, policymakers, 
and investors will be key to sustainability transitions and can be facilitated through effec-
tive holistic assessment and communication of sustainability benefits [14]. More trans-
disciplinary research, including aquaponics operators and stakeholders, is needed to bet-
ter elucidate the current sustainable performance and practices of commercial aquaponic 
operations in comparison to the possibilities for documented in literature. Accurate claims 
and supporting evidence of aquaponics’ sustainability are essential to securing legitimacy 
of the production method, while inaccurate assertions could be detrimental [6]. There-
fore, continued optimization and innovation of certification systems is needed, including 
improving affordability and access to relevant information for producers. Particularly, for 
some, whether aquaponics is certified organic or sustainability-accredited through similar 
programs may influence how it is perceived by consumers who may be attracted to associ-
ated concepts of healthy food or environmental production practices, which may or may 
not be truly reflected by the requirements of certifications systems in some cases [110]. 
Currently, producers may need to carefully weigh the benefits and drawbacks of certifica-
tion—economic and logistical—for their given markets, and improved certification paths 
for aquaponics may be broadly beneficial to producers and consumers alike. The enactment 
of changes like these within political, societal, and industrial structures at the regime level 
can help commercial aquaponics develop further as a core strategy within crucial sustain-
ability transformations taking shape in the face of macro-level global challenges.

Conclusion

Utilizing a TIS-MLP approach that brings together qualitative assessment of semi-
structured interviews with commercial producers, literature and policy review, and 
expert knowledge, we have examined how the promise of commercial aquaponics can 
be developed toward commercial success at a scale which can enable the industry to 
substantially deliver on its sustainability potential such as water and resource efficiency. 
This assessment can help provide useful reflection of the state and potential of the aqua-
ponics industry for commercial producers as well as provide insight into the potential 
role of aquaponics as a strategy within circular food systems transitions relevant also 
to broader sustainability research and assessment efforts. Transition pathways fostered 
through political, economic, and social action are needed to help scale-up and expand 
successful and sustainable commercial aquaponic operations such that they are a well-
regarded standard rather than exceptional cases. Among the operations interviewed 
were some of these success stories. The interviewees did not only include the largest 
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aquaponic operation in North America (see Sect. 3.2); the next largest farm increased 
its controlled growing area fivefold since 2016, and six other businesses opened dur-
ing that period. We find that widely translating the environmental potential of aquapon-
ics into an economic reality for sustainability transition will require rethinking current 
modes of evaluation, funding, and regulation; advancing the performance of aquaponic 
systems; and more effectively communicating its sustainability to consumers. Support 
for these developments can enable a larger number of commercial aquaponic operations 
to expand their possible benefits for the CE, particularly via scaled-up contribution to 
water and nutrient efficient production of fish and vegetables. Promise is observed in the 
increasing utilization of aquaponics as a local production method and growing efforts 
to integrate multiple resource streams with other local actors, furthering the potential 
services provided by aquaponics and increasing the potential depth of its integration 
with CE through multi-level FEW-nexus interaction, as noted within 3.4 and 3.7. To 
form a supportive niche for aquaponics, action is needed from policymakers, produc-
ers, researchers, and the public to innovate system design to further environmental and 
economic performance, increase financial resources while removing regulatory barri-
ers, and reduce misconceptions about aquaponic production at both consumer and reg-
ulatory levels. In turn, if stakeholders within the aquaponics industry are empowered 
through access to reliable and relevant knowledge, financial resources, and improved 
regulatory conditions, they will be better positioned to help respond to pressing global 
challenges through the realization of beneficial environmental and social impacts of 
aquaponics at scale. Resource efficient production and contribution to local food system 
resilience strengthen the development of CE, and deepening these attributes of aquapon-
ics through innovation and streamlined regulatory processes would seem to be closely 
aligned with the future commercial viability of the industry itself.

Given the considerable socio-ecological challenges of our time, integrating sustainabil-
ity transitions perspectives within economic and regulatory systems is becoming increas-
ingly crucial. Research on promising technologies and industries which seek to respond 
to these challenges should also consider developmental pathways through a sustainability 
transitions lens in order to capture the dynamic nature of drivers, barriers, and develop-
ment needs shaped by socio-ecological factors. Applying this lens to commercial aquapon-
ics by utilizing a TIS-MLP framework has indicated the need for transdisciplinary efforts 
to support the development of the industry as an impactful technology for resource circu-
larity and food production, not least by better internalizing economic valuation of potential 
positive social and environmental impacts of the industry and thus supporting its economic 
sustainability to shape a well-balanced and successful circular food production strategy at 
a commercial scale. Moreover, to expand on this work, there is a need to further evalu-
ate the role of scale and resource integration of aquaponics in a context-informed man-
ner and assess potential gaps between current industry operational and technical practices 
and more optimal sustainability performance, particularly noting increasing economic and 
supply pressures on energy resources. As resource sharing arrangements (e.g., industrial 
symbiosis networks) that include processes like aquaponics become more common, there 
is likely to be a continuing need for transdisciplinary research which considers not only 
technological development, but organizational and socio-ecological factors that impact 
the implementation, performance, and success of these promising but complex CE strat-
egies. Through such developments, future assessments can build on this investigation to 
help translate the environmental potential of aquaponics—and indeed other regenerative 
and symbiotic production practices—into a flourishing economic reality as part of broader-
scale sustainability transitions.
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Appendix. Interview Process Protocol

Recruitment Protocol

1.	 Use CCLS’s Aquaponics Operations Directory to identify active aquaponics farms in 
North America.

2.	 Call the owner or operator of the farm using the recruitment script.
3.	 Record the response and schedule an interview with the recruited participant.
4.	 Call again at a different time if you do not reach anybody or not the right person.
5.	 Send a follow-up email with a Zoom link to the participant.

Interview Protocol

	 6.	 Once in zoom call with the recipient, refer to the Interview Guide.
	 7.	 Follow instructions to conduct the oral consent process, refer to the Script of Consent.
	 8.	 If interviewee has questions about how their responses will be used and stored, please 

refer to the FAQ_sheet document.
	 9.	 If the interviewee consents to be recorded and interviewed, proceed to the next step.
	10.	 Conduct the interview following the structure and questions identified in the Interview 

Guide. Topical coverage noted below.

a.	 Section A—Introductions, interviewee background, and farm profile basics
b.	 Section B—Operation details, business model, marketing, and innovation practices
c.	 Section C+D—Technology use and innovation needs and barriers
d.	 Section E—Policy and regulation
e.	 Section F—Business goals and challenges
f.	 Section G—Circular economy and resource management

Post Interview Processing

	11.	 Securely store and process data. Once the interview has ended, upload all zoom record-
ing files and interview notes to the secure interview folder under farm id#.

	12.	 Using the farm profile information that you have verified with the interviewee, input 
this data into the data spreadsheet in an entry for the interview number code (farm 
id#).

	13.	 Process auto-generated transcript and edit for accuracy by listening back to the record-
ing file and correcting the transcription.

	14.	 Save this corrected copy with an indication that it has been proofed.

Data Analysis

	15.	 Conduct qualitative coding analysis in Atlas.ti using TIS framework per codebook*
	16.	 Review of interview data by two additional members of the authorial team
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*Codebook excerpt: 

Structure of the system Structure Structure_actors What actors do they mention
Structure_networks E.g., industry networks or 

partnerships mentioned by 
interviewees

Structure_institutions What institutions do they 
mention, like laws, regula-
tions, cultural practices, 
norms, and established 
routines

Knowledge development 
and diffusion

F1_Knowledge F1_Knowledge_Sources Sources used
F1_Knowledge_Percep-

tion
Perception (of sources/

resources)
F1_Knowledge_Back-

ground
Educational background of 

practitioners
F1_Knowledge_Interac-

tions
Interactions with researchers/

academia
F1_Knowledge_Programs Educational programs offered 

by practitioners
F1_Knowledge_Niche Ideal niche (function quali-

ties); changes they would 
like to see (in function)

F1_Knowledge_Drivers Drivers of transition to ideal 
niche

F1_Knowledge_Barriers Barriers of transition to ideal 
niche

Entrepreneurial activities F2_EntrepAct F2_EntrepAct_Gaps Gaps—Areas where innova-
tion/research needed and 
why

F2_EntrepAct_Awareness Practitioner awareness of 
nutrient recovery opportu-
nities + tech

F2_EntrepAct_Process Process—How new innova-
tions are introduced

F2_EntrepAct_Emerging Emerging technologies/topics
F2_EntrepAct_Ideal niche Ideal niche—What supports 

innovation?; how would 
they handle fish waste with 
unlimited resources*

F2_EntrepAct_Drivers Drivers of innovation*
F2_EntrepAct_Barriers Barriers of innovation
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Market formation F3_MarketFm F3_MarketFm_Business 
model

What do they sell? Where do 
they sell? Revenue generat-
ing products and services 
Most important: greens or 
fish? Justification for fish 
selection

F3_MarketFm_Resource_
reqs

Resource requirements for 
system- which part is more 
demanding

F3_MarketFm_Barriers Barriers to innovation/
progress in market fm? / 
Economic barriers

F3_MarketFm_Drivers Drivers of innovation/pro-
gress in market fm?

F3_MarketFm_Industry 
State

Industry state of development

F3_MarketFm_Opinions Opinions on aqp industry
Resource mobilization F4_ ResourceMb F4_ ResourceMb_experi-

ences
What were their experiences 

accessing resources?
F4_ ResourceMb_support What factors support access 

to resources?
F4_ ResourceMb_integra-

tion
Resource integration/CE 

opportunities
F4_ ResourceMb_changes What changes are needed 

to better support resource 
mobilization?

F4_ ResourceMb_Drivers Drivers of resource mobiliza-
tion

F4_ ResourceMb_Bar-
riers

Barriers of resource mobi-
lization

F4_ ResourceMb_Ideal 
niche

Ideal niche—subsidies, 
changes, what would 
they do with unlimited 
resources?

F4_ ResourceMb_Future 
plans

Future_Practitioner plans on 
business expansion

Creation of legitimacy F5_Legitimacy F5_Legitimacy_Recogni-
tion

Recognition status of aqua-
ponics

F5_Legitimacy_Barriers Barriers to legitimacy
F5_Legitimacy_Drivers Drivers of legitimacy

Direction of the search F6_Direction F6_Direction_CurrentEnv Current (Policy) environment
F6_Direction_Barriers Policy barriers
F6_Direction_Drivers Policy drivers
F6_Direction_Niche Policy—ideal niche, what 

changes do they want to see
F6_Direction_Opinions Opinions on state/direction of 

the industry
F6_Direction_Goals Goals of practitioners for 

their farms
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Positive externalities F7_PositiveExt F7_PositiveExt_Com-
munity

Benefits to communities 
described by practitioners

F7_PositiveExt_Education Educational benefits/
programs described by 
practitioners

F7_PositiveExt_Health Benefits for health described 
by practitioners

F7_PositiveExt_Resilience Benefits/impacts to systems 
described by practitioners

F7_PositiveExt_Partner-
ships

Business partnerships and 
CE

F7_PositiveExt_Environ-
mental

Considerations of environ-
mental sustainability

F7_PositiveExt_Aware-
ness

Practitioner awareness of 
global phosphorus scarcity

Iterative Writing Process

	17.	 Following qualitative coding, describe and summarize interview findings in text and 
integrate with literature review and policy review

	18.	 Proceed through iterative review of data analysis/interpretation and manuscript by full 
authorial team.

	19.	 Repeat this review process until consensus and approval from all authors is obtained 
prior to submission for publication.
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