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Abstract: This study investigates the economic and environmental value of the use of technologies
that convert pollution and waste in one production process to an input in another production process.
The study focuses on an aquaponics case study to show that the negative externalities borne from
intensive fish farming can be internalized without regulatory intervention through a combination
of fish farming and hydroponics. The introduction of aquaponics diversified the farmers’ sources
of income, yielded savings in the cost of water purification and the cost of fertilizer for the plants’
growth, and resulted in more fish and plant output compared to the unregulated scenario. While
deriving these results, we also derive a separation rule for managing live aquatic inventory, which
separates expenses (which are affected by the biology of fish) and income.

Keywords: aquaculture; aquaponics; bioeconomy; cooperatives; hydroponics; lettuce; technological
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1. Introduction

Growing environmental concerns caused by the unintended effects of modern agriculture and
food systems—through greenhouse gas emissions and air pollution, deforestation, loss of biodiversity
and the depletion of wild fisheries—led to the development of policies and technologies aimed at
achieving sustainable development. The strategies leading to sustainable development included
conservation, renewable energy, and the move from harvesting (hunting) systems to renewable
systems of animal husbandry. Key to these strategies is the development of the bio-economy; that
is, the development of economic activities that utilize biological resources to produce sustainable
production systems of food, chemicals, and energy [1].

While the transition from hunting to farming occurred thousands of years ago, fish mostly
remained an outcome of harvesting and wild catch, thus leading to the depletion of wild fish habitats
and concerns regarding the sustainability of wild fish populations. Economic forces and technological
improvement led to the emergence of fish farming, also known as aquaculture, which refers to
the farming of aquatic animals under controlled conditions [2]. These production systems have
exhibited one of the world’s highest growth rates among agricultural products in recent decades,
with aquaculture’s share of the global output of fish and fish products growing at an average annual
rate of 8.8% from 1980 through 2010 [3,4]. In Bangladesh, for example, the farmed fish market has
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grown by a factor of 25 since the 1990s, reaching almost 2 million metric tons in 2017 [5]. Although not
conclusive, the literature offers support for claims that aquaculture reduces poverty and contributes
to food security [6] and that the increase of farmed fish increases the consumption of fish among the
poor [7]. The phenomenal expansion of commercial aquaculture in Bangladesh is associated with
alleviating fish price increases, resulting in the increase of fish consumption by the extremely and
moderately poor and by rural populations [8].

The aquaculture system generates a constant supply of fish at an efficient feed-to-output ratio
when compared to other livestock technologies. However, aquaculture generates wastewater that
contains residuals of uneaten food and high concentrations of nitrogen and phosphorus, which harm
the environment and can cause eutrophication [9-11]. Recent technological developments led to
processes that reuse waste products, in part because of public concerns regarding animal production
and waste management [12]. These developments represent a step towards the building of a circular
economy, which refers to the development and deployment of technologies that connect processes and
businesses through the recycling and reuse of waste and by-products [13]. These processes are widely
promoted in Asia and build on the seminal work of [14], which indicates that all material flows need
to be accounted for and that their management should be determined by their economic value.

This paper develops a conceptual framework with a numerical application, analyzing the
economics of an aquaculture system whose efficacy is enhanced through linkages to hydroponics
(i.e., the growing of plants without soil). Under this combined system, the pollution generated by
the fish is used as an input in the growing of the plants; thus, “one’s waste is the other’s input.”
This system is similar to the fish-rice systems of Bangladesh [15]. We develop a biological-economic
model that combines aquaculture with hydroponics. The plants have a role in the water purification
process because they absorb the nitrogen and phosphorus that is excreted into the water by the fish,
resulting in a reduction in the use of fertilizer in the hydroponics system, which results in a reduction
of the production costs. This modeling of the circular economy leads to an important outcome:
in the closed combined system, where linkages among hydroponics and aquaculture are created,
more output is generated in equilibrium than in the equilibrium of the non-regulated, yet separate,
production systems.

Although this paper focuses on intensive large-scale aquaponic systems, the paper’s key findings
pertain to any aquaponic system; the magnitude of the effects, however, depends on the synergistic
linkages among the various units. Aquaponics refers to systems that combine farming of aquatic
organisms with water-based terrestrial plant cultures [16]. Palm et al. [16] revised the COST Action FA
1305 “EU Aquaponics Hub” and redefined aquaponics as follows:

Aquaponics is a production system of aquatic organisms and plants where the majority (>50%) of
nutrients sustaining the optimal plant growth derives from waste originating from feeding the aquatic
organisms.

Building on their definition, [16] define four aquaponic systems: Rice-Fish Culture (e.g., [17-19]),
Livestock-Fish Culture systems (e.g., [20,21]), Aquaponics ([22,23]), and Integrated Multitrophic
Aquaculture [24]. While in Rice-Fish Culture systems the rice fields receive nutrient-enriched water [16],
Livestock-Fish Culture systems use the excrements of goats and chickens as fertilizers to increase algal
and fish growth [20,21]. Aquaponic systems use the effluent water for soilless plant cultivation [16],
and the Integrated Multitrophic Aquaculture systems’ overarching objective is to feed the more
primitive species of organisms with feed remnants of higher-level aquaculture species, thus reducing
waste discharged into the environment. Common to all these systems is the use of the fish (and/or
higher-level aquaculture species) feed remnants to feed other species of organisms. The underlining
structure captured through this paper’s modeling of the circular economy encompasses all these
alternative systems, albeit the magnitude of the various effects depends on the specificity of the system
investigated—a topic that is outside the scope of this work and that would require the collection of
new data pertaining to the specific parameters of the system of interest.
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The circular economy introduces sustainable technological advancements to aquaculture.
However, the use of waste-to-input technologies requires a diverse set of tools and expertise, which
necessitates the development and training of human capital. The implementation of these technologies
requires the understanding of two distinct biological systems: fish-based and plant-based systems.
We hypothesize that the need for human capital is a key barrier to the adoption of the technologies,
because the social benefits of learning and education are not included in the farmers’ calculations. Thus,
we conclude that there is a need for market intervention and that institutional change (e.g., extension
services) can alleviate the barriers to the adoption of waste-to-input technologies. To this end, policies
and incentives that correct market failure yield sustainable development through the strengthening of
conservation, recycling, and reuse, as well as the development of the bioeconomy, which builds on
biological processes and feedstock to produce renewable biological-based products [25,26].

In Section 2 below, we present the aquaponic systems and model the biological and economic
factors; that is, we model the managing of live fish inventory while focusing on aquaculture and
hydroponics technologies. This model is calibrated in Section 3, where the results of the numerical
model are presented. A discussion and concluding remarks are offered in Section 4.

2. The Case of Aquaponic Systems

The economic activity of fish farming involves biological and economic aspects such as fish
growth, quality (e.g., length), market demand, and costs. We present these building blocks below, one
at a time, starting with biological growth.

The transition of the approach to fish consumption from maritime hunter-gatherer to husbandry
was driven by population and economic growth, factors which led to the depletion of coastal
nutrition-rich zones and the stressing of ocean populations (During prehistoric times, the coast of Peru
was a heavily populated and thriving region that benefited from gross primary productivity of coastal
zones of about 2000 kcal./m?/yr [27]. Such productivity is the outcome of the mixing of cold waters
rich in nutrient sediments from ocean depths with warmer sunlit waters from the photosynthetic zone
of the ocean surface [28], resulting in technological innovation and in the introduction of extensive
aquaculture systems. With extensive fish farming, nature consumes the uneaten food and the high
concentrations of nitrogen and phosphorus emitted during farming. These extensive aquaculture
systems date back to the Han dynasty (206 AC to 225 BC; [29]), where rice and fish were grown together.
The fish-rice systems have a long history in Asia [15]. This technology has been employed in China for
two thousand years, with almost 1 million ha in China and 94,000 ha in Indonesia [30]. Culturing fish
and Azolla in rice fields is a significant component of organic farming in China [31].

Processes similar to those that led to the transition to husbandry and the introduction of extensive
agriculture systems also resulted in the intensification of fish farming practices. The transformation
in technology and science, driven by major improvements in the field of biology (groundbreaking
research in molecular biology, discoveries in the field of genetics, and improvements in information
technologies) yielded ground-breaking changes that resulted in the intensification of agricultural
production processes.

The intensification of production of fish farming, also known as aquaculture, exhibited one of the
world’s highest growth rates among agricultural products in recent decades [4,5] and is the focus of
the analysis below.

2.1. The Biological Growth Process

The age at which fish can be marketed determines the overall biomass of the school of fish and the
size of the fish, as well as the amount of food the fish consume and, thus, the pollution generated by
intensive fish farming. Building on the growing inventory models of [32,33] and others, we developed
a biological model that accounts for the biomass of fish, the amount of feed, and the size of the fish.
Specifically, we assume the following:



Sustainability 2018, 10, 3479 4 0f 19

1.  The weight of the school of fish, denoted as By, is described by a function that depends on
the age of the fish measured in weeks, denoted as #; that is, B, = b,(t), where b,'(t) > 0 and
b, (t) < 0[34]. Although in the numerical analysis we assume fish fatalities, in the conceptual
analysis below we abstract from this parameter.

2. Food consumption is a function of the weight of the fish [35]. Technically, we assume that the
weight of the fish is a function of their age and ad-libitum feeding, resulting in fish feed that is
a function of the age of the fish; that is, X, = x,(t), where x,/(t) > 0 and x,” () < 0.

Fish need energy to maintain life and grow. Although the growth rate of fish slows as they get
older, they require more energy as they get older because of the need to sustain their size [35,36]
(Although feeding affects both growth and maintenance [34,35] the relation between biomass and
feed remains one-to-one; for brevity and simplicity, we abstract from maintenance in what follows.).
Because we assume a one-to-one relationship between weight and feed, and the age of the fish and
feed, the biomass of the school of fish can be expressed as a one-to-one relationship between the weight
of the fish and the fish feed; that is, B, = b,(x; ' (t)).

In recent years, consumers’ preferences for quality of fish increased. European, Japanese, and
U.S. consumers are looking for diversity, freshness, and convenience. Many consumers prefer fresh
products, and the share of fresh fish in international trade has increased in recent years [37]. Although
quality, denoted as Q;, can be expressed in several ways, we based the quality of the fish on their
length, which is a function of their age. “Plate size” fish cost more than either smaller fish or larger
fish, where the index, f, indicates the age at which fish reach plate size. Assume Q, = g,(t), where

>0 fort<ft
q(H)=49=0 fort=t*
< 0 Otherwise

Similar to the fish weight, we assume that the length of fish from head to tail, Q; = g, (x; 1(t)), can
be expressed as a one-to-one relationship between the length of fish and its feed. The aforementioned
assumptions, then, imply that we can define an index Y; = y,(Bs, Qa) = va(x; ' (t)), where v,/ (t) > 0
and y," (t) < 0.

Our assumptions yield an autonomous problem: time does not appear explicitly in the biological
model; rather, it affects fish growth implicitly via the fish’s growth function. The manager of the
intensive fish farming system decides on the optimal age at which to harvest the fish independent
of the investment decision. Because our problem does not explicitly include time, it is reasonable to
expect that the solution to our maximization problem is a stationary solution [38].

The intensive aquaculture system is a reliable technology that generates a constant supply of
fish at an efficient feed-to-output ratio when compared to other livestock technologies. However,
aquaculture generates wastewater that contains residuals of uneaten food and high concentrations of
nitrogen and phosphorus that harm the environment and can cause eutrophication [9-11]. Although
aquaculture can provide ecosystem services, such as wastewater treatment, bioremediation, and habitat
structure, it also can be used inappropriately with serious negative ramifications to the environment.
Its use can degrade the quality of freshwater and that of the ecosystem at large, resulting in health
risks ([9], and references therein).

2.2. Aquaculture and the Environment

Before discussing aquaculture and the implications of environmental policy, prices are introduced.
The price of a single fish is determined by two variables: the weight of the fish and its length. That is,
revenues R, = p; X Y,, where p, is the price per unit of biomass; note that our assumptions suggest
R/ > 0and R; < 0.In addition, let w, denote the price of input, X,.
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Next, note that fish breeding systems accumulate nitrogen and phosphorus that are excreted into
the environment as pollutants that must be discharged (i.e., z;). The environment has low absorptive
capacity, and the pollutant accumulates overtime. In the absence of an appropriate policy, fish growers
will not account for this cost, despite the fact that the failure to do so generates a negative social cost.
One way of dealing with this failure is a Pigovian tax. This approach will cause growers to reduce the
amount of pollution they produce [9,39], resulting in higher fish prices. For simplicity, assume that
fish growers pay taxes when harvesting and marketing the fish. Let z, denote the monetary damage
associated with the accumulated nitrogen and phosphorus that have been emitted. Because of the
relationship between the feed, weight, and length of the fish, Z,= Zt: z4(x4(j)) increases in the amount

j=0
of feed at an increasing rate; that is, z/,(-) > 0 and z, () < 0.

When regulation levies a tax on pollution, the profit function of the fish grower is defined by
Equation (1), in which kg denotes the interval of time investigated (e.g., ko = 52 weeks). In the absence
of a technology that can convert waste into an input, the aquaculture unit maximizes the following

profit function:

ko

Mo = (Pa Yo —Wa+ Xo =T+ Za =t FCy) -~ (1)

LetCy, = w, - Xp and ¥, = 7 - Z,;, where T denotes the pollution tax. Equation (1) suggests that
expenditures for the treatment of contaminants essentially are similar to expenses incurred to feed the
fish. The basis for this comparison is the one-to-one relationship between the feed and the age of fish,
as well as the weight and the feed, and pollution. Also, let FC,; denote the weekly costs that do not
depend on the age of the fish.

Fish feed, which includes fish meal, is key to the sustainability of aquaculture technologies,
especially when feeding carnivorous or omnivorous species. Fish meal is the product of harvesting
small, oily fish that belong to low trophic levels. Both the fisheries of fish feed (i.e., reduction fisheries)
and wild populations are overexploited [39,40], as a result, the success of aquaculture is dependent
on progress made in the rationalization of fish meal inputs [41,42]. To this end, research has inquired
into the sustainability of fish meal using plant or terrestrial animal-based feed [43,44]. Soy meal
has emerged as a good substitute. However [41] work suggests that beyond a certain degree of
replacement, farmed fish species suffer from a decline in growth under a soy-based diet. Microalgae
is also a candidate to substitute for fish meal; however, cost prohibits its wide deployment [45,46].
A plant-based meal that is much simpler to harvest than microalgae and is a complete (whole) protein
(not a partial protein like, e.g., soybeans) is duckweed. Work done by [47], as well as ongoing work of
the present author, suggests that duckweed can replace 50% of fish meal with no statistical impact on
growth. As that research shows, the benefits are not only in reducing demand for fish meal but also in
cutting feeding costs by about 40%. Because this topic, although important, is outside the scope of this
work, hereinafter we assume a generic feed source X, that costs w, per unit of feed.

Within the length of the period investigated, ko, the weekly expenses and the investment in the
farm (e.g., buildings, containers) were not included in deciding the optimal age for marketing the fish.
However, expenses and investment will be needed to determine the conditions of entry to the industry.
Time does not explicitly affect the farmer’s harvesting decisions, but it does affect his investment
decisions. Note that we are ignoring the effect of the interest rate, which is assumed to be negligible
given the units of time that are being considered.

Next, we investigate the first-order conditions and derive a simple harvesting decision rule.
The first-order condition of Equation (1) is:
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dm, dR,; 1 dC, 1 d¥y, 1 R,—C,— 27, T,
& -~ &R M @e 7 @y, T e Tp @
——’ —_—— N ————
% change in % change in % change in Average profit
revenue feed cost cost per unit of time
of pollution

where t* denotes the optimal marketing age of the fish. Equation (2) indicates that the optimal time to
harvest of a batch of fish is when the marginal benefit of marketing the fish is equal to the average cost
of keeping the fish batch for one more week (Figure 1, point R). Equation (2) is a simple decision rule,
which is the outcome of the separation between the cash flow that depends on the growth curve of the
fish and the cash flow that does not. Because of the separation between income and expense, which
depend on prices and quantities and on the biological growth curve, respectively, this decision rule
requires only a limited amount of data.

Because of the drastic decline of the world’s fishery resources, aquaculture is being promoted
to supply fish and shellfish to meet society’s increasing demands. The expansion of aquaculture
has been given high priority on a global basis [4,48]. However, introducing pollution into the
aquaculture manager’s decision process shifts the marginal and average profit curves down and
to the left, producing curves that intersect at point R in Figure 1, clearly indicating that regulation had
a negative effect on the profitability of fish farming.

Aquaponics

$
A Regulation

m/t

R

tr " ¢3S ) Time

Figure 1. Optimal harvesting for alternative regimes.

Recent technological developments led to processes that harness waste and pollution and convert
them into inputs. Some of these developments were in response to increasing public concerns regarding
livestock production and waste management [12,49]. The advancements in the development and
deployment of these technologies is generalized through the concept of the circular economy [13,14].
More specifically, the choice of the fish-farming technology may eliminate pollution while yielding
lower fish prices. We will show below that the building of an aquaponics supply system can eliminate
the pollution caused through aquaculture at a lower fish price than under the regulatory outcome.
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2.3. The (Circular) Aquaponic Systems

The aquaponic systems maintains a balance between the number of fish and the quantity of plants.
The inputs of this system include fish food, seeds, water, electricity, and the small amounts of calcium
(Ca), potassium (K), and iron (Fe) required for the plants [50]. Then, given the biological and economic
parameters, we can obtain the plant biomass required to remove the pollution that the fish introduce
into the water.

Assume that technological advancements led to the introduction of a production process ® =
fo(za), where f{(-) > 0and fg(-) < 0, that uses pollution and waste, z,, to generate an input ©,
where we assume that the market price of © is wg. This technology converts toxic pollution, z,, into
an input © at a cost of Cg(z4) = Co(we, ®), and there is a fixed cost of FCg. In addition, let the rent
from owning this technology be

e = we - © — Co(we, ®) — FCo. 3)

The hydroponics production process uses input X}, (for simplicity, we assume © is equivalent to
X},) to produce output V), = y;,(Xj). Let wy, denote the price of input, Xj,, and let p;, denote the price of
output, Y}, such that revenues are R, (-). Let the rent from owning the hydroponics technology be

7Th:ph-Yh—wh(Xh—@)—w®-@—FCh, (4)

where FCj, denote the fixed costs.

How does the introduction of an aquaponic systems—a system that combines aquaculture with
hydroponics in a symbiotic environment—affect the equilibrium outcome? To answer this question,
we modify Equation (1) as follows:

* k
7TH:(pH'Ya_wa'Xa—T'(Za—®)—t-FCa).TO 5)

In other words, the pollution generated through aquaculture production is redirected to the
waste-to-input technology, where the cost of collecting and redirecting the pollution Z, to the
production of © is embedded in Cg(wg,®). This solution incorporates the benefits from the
introduction of the circular system, specifically the use of the waste from one process as the input to
another process. Then, if wg < wy, aquaponics will lower the cost of the fertilizer. Because older fish
produce more pollution, the saving in fertilizer costs increases as the age of the fish increases. In an
internal solution, the objective function of the aquaponic systems, I1 = 7, + 7, + 7, is:

ko

I = [(R; = Cy — t- FC,) + (Ry — Co(wo, ®) —t+ (FC, — FCo))] - = ©)

Thus, we get the following rule for deciding the optimal harvest time, where
t%° = argmax; 1

t* denotes the optimal length of the harvesting cycle when using an aquaponic systems:

dRe+Ry) 1 d(C +Co()) 1 [(Ra+Ry) = (Ca+Co ()]
din _ a h _ ) = RatRy)=(CatCo I
dt dt (Ra I Rh) (Rll + Rh) dt (C,; ¥ C@) (Cll + C@( )) t T (7)
% change in % change in
revenue feed cost

To compare the aquaponic systems outcome with the two other outcomes (i.e., the regulated and
the unregulated one), define the following:

t" = argmax; m,
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r r
" = argmax; 17y

Then, the equilibrium outcome is such that t*® > t™ > t". Internalization allowed the aquaponics
technology to replace the environmental policy, and this resulted in marketing the fish at an older
age. Technically, the average profit and the marginal profit shift upwards and to the right, and they
intersect at point A in Figure 1. The new equilibrium intersection is above and to the right of point R,
indicating that aquaponics both eliminated the pollution and reduced the cost of the fertilizer needed
for the plants (recall that we assumed wg < wy,).

When hydroponics technologies are introduced, and assuming that hydroponics technologies are
used in conjunction with aquaculture technologies, an equilibrium outcome is achieved that dominates
the regulated solution, both economically and environmentally (Figure 1, point A versus point R).
The long-term economic success of aquaculture systems depends on the ecosystem’s capacity to
support technologies that provide fish and shellfish for human consumption. Trying to eliminate
resource fluctuations and make society independent of nature may be successful in the long run
only if this effort accounts for the ecological, economic, and social costs incurred by intensive fish
farming [51,52]. Aquaponics technology can achieve this goal and offer a sustainable solution.

3. The Numerical Model

3.1. The Calibration of the Numerical Model

We use a numerical example to get a better understanding of the outcome of our model.
The numerical model focuses on systems that are based on aquaculture. When modeling the
hydroponic system, we focused on the steady state and assumed staggered harvesting (i.e., the plants
are harvested every week at a constant rate).

The first step of the numerical analysis was to calibrate the numerical model, where we introduced
explicit functions for quality of fish and pollution-generation.

3.1.1. The Quality Function

For the quality function, we used a distribution function that is similar to the gamma function,
with a maximum of 1 and a minimum of 0:

11—t/
q,(t) = ”T (®)

where 1 is a parameter; in the following, we assume that £ < 1. The maximum of q,(-) is obtained
when the fish reach the age of 1, which is the age at which the length of the fish is of the best quality
(i.e., plate size).

3.1.2. The Pollution Generating Functions

To calculate the amount of nitrogen and phosphorus excreted by the fish, we must calculate
the amounts of nitrogen and phosphorus that enter the system and their uses. The remainder (i.e.,
the amount of each that is not used) is the amount excreted into the water [53].

To calculate the net mass balance of nitrogen and phosphorus, we add the amounts that the plants
absorb and the amounts that accumulate in the tissues of the fish, and we subtract the amounts of
nitrogen and phosphorus excreted into the water by the fish. The amounts excreted are multiplied by
the purification cost of nitrogen and phosphorus. We use these measures to calibrate the system so that
the amount of plants matches the amount required to remove all of the nitrogen and phosphorus from
the water (Appendix A). In very intensive aquaculture production systems that use pure oxygen, carbon
dioxide is a limiting water quality parameter—especially when the dissolved oxygen concentration
is controlled [54]. The accumulation of carbon dioxide can lead to reduction in the pH, resulting
in reduction of the mole fraction and concentration of un-ionized ammonia [55]. A mole of carbon
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dioxide is produced for every mole of oxygen consumed by fish; that is, on a mass basis, 1.38 g of
carbon dioxide is produced for every 1 g of oxygen consumed by fish. Carbon dioxide is produced by
the fish at a greater rate than oxygen is consumed. In this work, we assume that a CO; stripping tower
is used to strip the CO, from the water, and this impacts the capital cost of the aquaculture system.

3.2. The Outcome of the Numerical Model

We assume a model of an aquaponic systems that grows tilapia and lettuce. The type of fish we
selected was tilapia because of its tolerance of intensive fish-farming systems. Lettuce was chosen
because it can absorb large amounts of nitrogen from the water [50,56].

We assumed an annual output of 40 metric tons of tilapia. To achieve this goal, we aimed for
a weekly output from the system of 770 kg. The number of fish in each group of fish and biomass
data were obtained from [57]. The data for the weight per fish for a period from 0 to 40 weeks were
0.5 g and 750 g, respectively. The data included the length and weight of the fish, the amount of food
provided daily, and the feed conversion ratio. We also assumed that the lettuce would be harvested
each week and that a constant number of lettuce heads was harvested. Since the analysis was done for
a period of 52 weeks (kg = 52), we used these data from the 40-week period to predict the amount of
feed and the biomass of the fish for the entire 52 weeks.

We calibrated the quality curve such that the maximum price per kg of tilapia was achieved at
1 = 18. The other biological and economic parameters are presented in Table 1.

Table 1. Biological and economic parameters.

Parameter Value Source Description
Py 10.9 NIS [58] Price per kg of tilapia
g1 2.5NIS [58] Price per kg of fish food
Nity 0.34% [59] Percentage of nitrogen in lettuce
Phoy 0.075% [59] Percentage of phosphorus in lettuce
NF 5.6% [60] Percentage of nitrogen in fish food
PP 35% Commercial food supplier =~ Percentage of protein in fish food
PF 1.1% Commercial food supplier =~ Percentage of phosphorus in fish food
DMg 26.5% [53] Percentage of dry matter weight of fish
Nitg 8.5% [53] Percentage of nitrogen in fish
Phor 3.01% [53] Percentage of phosphorus in fish
gN 14.7 NIS [59] Price per kg of nitrogen from water purification
47.06 [59] Price per kg of phosphorus from water
&p NIS purification

When choosing the optimal weight of the fish in the unregulated scenario, we used the simple
decision rule. The calibrated model without external costs results in the marginal profit being equal to
the average profit in week 37, with the weight of the fish at 600 g. However, when the external costs
(i.e., the marginal cost of purifying water) are taken into account by the grower, Equation (2) equalizes
the profit margins with the average at 32 weeks, when the fish weigh about 410 g. Thus, when the
grower’s external costs are considered, the grower grows the fish for a shorter period of time, because
the marginal gain from waiting another week is smaller than the marginal costs (Figure 2). In the
regulated scenario, the marketed fish biomass decreases and the price per fish increases. Note that the
profitability of the aquaculture system is lower than that of an aquaponic systems, where the marginal
profits is equal to the average profits in week 38, with the weight of the fish at 700 g (Figure 3).
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Figure 2. Marginal profits and average profits from the fish-farming operation (excluding
external costs).

The conceptual analysis shows that the optimum age for marketing fish is obtained only on the
basis of income and expenses (i.e., food and pollution), and both vary with time. The growth of lettuce
is introduced to the expenditure growth cycle, which is constant in the current numerical example
(i.e., buying seeds, costs for preparing the surface for fertilizer, costs of harvesting, and the costs of
sorting and packaging materials). Table 2 compares the earnings after direct expenses for the activities
associated with farming fish and lettuce using aquaculture, hydroponics, and aquaponic systems.
The total cost savings from the aquaponic systems is estimated at approximately 142,000 NIS per year.
Aquaponics results in savings with regard to the cost of pollution due to the decrease in the need
for nitrogen and phosphorus fertilizer for the plants. Thus, the aquaponics technology resulted in
a solution that yields more fish, minimizes adverse environmental impacts, and has a much lower
economic cost than a regulatory environment (Figure 1, point A versus point R; see also Figure 3).
The resulting cost is instead to commercial fishing (which faces a lower price for the product) and to
fertilizer companies (assuming fertilizer sales decrease).

The economic model describes the cost and revenues associated with aquaponics. The outcome
of this model is used to determine the viability of the aquaponic system. The various biological and
costs parameters assumed in the analysis are depicted in Appendix B, for both the fish and the lettuce.
The data was converted to NIS assuming an exchange rate of 3.6 NIS/US$.
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Figure 3. Marginal profits and average profits from a fish-farming operation with external costs.
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Another advantage of the aquaponic systems, which is not accounted for in the current analysis,
is the low variance in the amount of nitrogen that is secreted into the water due to the fact that only
9% of the fish is harvested every week. Then, because we assumed a weekly harvest of a constant
number of heads of lettuce, the effect of any reduction of the amount of nitrogen secreted is small.
Thus, a continuous and regular flow of income and expenses can be maintained, and a fixed-size staff
can be maintained as well.

The analysis identified key factors that affect the economic viability of the aquaponics system,
and it also highlighted key barriers to the extensive use of the technology. The choice of fish that
have a higher price per kilogram, such as mullet or barramundi (both of which have consumer prices
double that of tilapia) can lead to a different distribution of income along the intensive fish-farming
supply chain. Also, ornamental fish, such as koi or garra rufa fish, could be grown; in this case, the
income from fish farming would be increased, because these fish have higher values per kilogram
than tilapia. Preliminary work with the garra rufa suggests that the production of 15,000 fish and
400 lettuce units yields an operating profit of 14,664 NIS, where the direct costs are 31,136 NIS and
the investment is 79,000 NIS. The fish were grown from 0.5 cm/0.5 g to 3 cm/3 g in 9 weeks. The
price of a garra rufa of 3 cm/3 g is 3 NIS per fish (the 3-week-old fingerlings were bought at 1 NIS
per fish). Differing from the tilapia-lettuce system, the garra rufa-lettuce system resulted in 80% of
the revenues coming from the fish. Alternative plants could also be used in the hydroponic system,
such as a combination of herbs that have a higher value than lettuce and thereby reduce dependence
on the demand for one product (in this case, lettuce), resulting in an increase in the fish farmer’s
income. These examples emphasize the significance of the input and output prices as well as their
implications for the applicability of a viable aquaponics system. The way the supply chain of an
aquaponics system is developed (including the choice of fish and plants) has important implications
for its economic viability.

Table 2. Profit after direct expenses for fish farming, hydroponic growing, and aquaponics.

Savings from

Only Aquaculture  Only Hydroponics Aquaponics Combination
Annual throughput (metric tons) 40 547 587
Revenue (NIS) 436,000 2,392,757 2,841,821
Total direct expenses (NIS) 212,699 1,076,316 1,160,047
Total earnings after direct expenses (NIS) 223,301 1,316,441 1,681,774
Total savings from the combination (NIS) 142,032

4. Institutional Innovation and the Adoption of Circular Systems

The aquaponics production process applies the fundamental concept of the circular economy;,
which here refers to the connecting of fish and plant production processes through the recycling and
reuse of the fish excretion [7]. Although we showed the significant advantages of aquaponic systems,
in practice the use rates of these technologies are low. We predict that the disadvantage of combining
fish farming with hydroponics plant growth is that the increased need for fish will require expertise in
both cultivation and fish farming. Without the knowledge required for cultivation, the fish grower
must hire an expert to care for the plants. Another barrier to the use of aquaponic systems is the
technical difficulty of creating a system that obtains an optimum growth environment for both the fish
and the plants. While nitrifying bacteria and plants thrive at certain pH levels, fish survive at different
pH levels, and this creates an ecological engineering challenge in the proposed closed system [61]
(Aquaponic systems, in the past, connected aquaculture and hydroponic units through a single closed
loop, where water flows from the aquaculture unit to the hydroponic unit and back. In response to
the concern of managing a system with a single pH level, de-coupled aquaponics units, which enable
better regulation of pH levels in the aquaculture and hydroponics units, were introduced. Results of
experiments done with these systems suggest higher yield in the de-coupled system [62], see also [16].
To this end, the best availability of nutrients is guaranteed at a pH of <6.5 for hydroponics [63],
but the optimal level for a RAS is at >7.0 because of the need to ensure conditions for microbial
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nitrification and thus fish welfare [64]). The effect of aquaculture on fish meal and fish oil is yet another
challenge [9,47]. All these barriers suggest that human capital in combination with knowledge of
both systems is vitally important for the success of aquaponic systems. Efficient management of
both intensive fish farming and plant cultivating must be implemented from both behavioral and
engineering perspectives.

What causes viable technologies to be adopted? What leads technologies that are environmentally
sustainable and economically viable to be commercially adopted and widely diffused among farmers?
The introduction of new technologies results in the shifting of demand for human capital up and
to the left. However, industrialization led to competition for human capital and thus to migration
to urban areas [65], yielding a substantial increase in the relative factor price of the input. The
competition for a resource with an inelastic supply curve leads to substantial barriers to the adoption of
technologies that depend on human capital, including aquaponics. Therefore, we believe institutional
innovation should accommodate the transition to aquaponic systems in order to improve the efficacy
and sustainability of food production.

Below, we discuss alternative paths the regulator may use to achieve high rates of adoption of the
technology:

I Pigouvian tax [66]: Section 2.2 showed that if the regulator levies a pollution tax, output declines
while prices increase relative to the no-regulation scenario. Regulation results in a sustainable
solution that accounts for the social cost of pollution but at higher fish price [67] argued that
the need for a core of high-quality individuals is key to the success of regions with challenging
conditions. In principle, such a core of high-quality individuals can learn to manage two distinct
biological systems; that is, they can learn to grow fish and plants together in closed systems.
Under these conditions, a tax will not result in higher prices but will encourage the high-quality
individuals to invest in the waste-to-input technology. However, it is likely that extension
services are still needed to make the individual farmers aware of the alternative technology and
its benefits.

I Institutional change: To promote the adoption of aquaponic systems, the regulator may rely on
institutional change. Regional cooperation and/or the development of extension services that
facilitate the communications between fish producers and plant growers may result in an increase
of adoption rates of aquaponics technologies.

a. Extension services: Extension services, for example, played an important role in the
adoption of aquaculture-agriculture systems in Malawi. The extension services made the
farmers aware of the technology, and among all adopters, higher benefits are reported
for more educated farmers [7]. Technically, the regulator’s choice of institutional change
results in extension services that support, educate, and teach, the aquaculture farmers
of the management of the circular system. The extension services significantly reduces
the cost of learning and thus substantially increases adoption rates of the waste-to-input
technology (see also bullet IV.I).

b.  Cooperatives: A different solution to extension services was implemented in the Arava,
a water-scarce region located at the southern corner of Israel just above the Red Sea and
bordering Jordan. Cooperatives were established in the Arava in the 1960s. Two different
types of cooperatives were established: the kibbutzim (a community settlement, usually
agricultural, organized under collectivist principles) and the moshavim (an entity that is
similar to the kibbutzim and emphasizes community labor but supports private ownership
of farms of fixed sizes). The cooperative institutions that supported the development
of Arava led to the extensive use of drip irrigation, mechanization, and heat treatment
to combat pests without the use of chemicals. The cooperatives in the Arava also led to
extension services and public investments in R&D [68]. Over time, the Arava became
a very profitable agricultural region. It is interesting to note that, with the passage of
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time, the ownership structure in the moshavim shifted from collectivist principles to
private ownership, but the research entity was kept public. The nature of the technology
defined the ownership structure over time (i.e., private versus public). To this end,
mechanization led to date plantations being mostly managed under collectivist principles,
while labor-intensive vegetable and spring crops ended up being managed under private
entrepreneurship. When the regulator’s goal is to promote a region populated with many
aquaculture and hydroponics farms, the creation of a cooperative leads to a reduction in
the cost of learning through the creation of public R&D and extension services borne from
the cooperative resources.

c. Outsourcing: Farmers may separate the activities among the three production processes
(i.e., aquaculture, waste-to-input, and hydroponics), where the waste-to-input technology
is managed by the entrepreneur, who offers services to a region with many aquaculture and
hydroponics farmers. Although outside the scope of this paper, the proposed supply chain
shifts most of the risk, and therefore most of the economic benefits, to the entrepreneur.

5. Concluding Remarks

To meet the drastic global increase in the demand for fish, intensive fish farming has been widely
adopted globally. Most of the aquaculture worldwide uses freshwater, which accounts for 60% of
the total tonnage produced by aquaculture [3,4]. This phenomenal expansion of the aquaculture
industry has led to the deterioration of water bodies used for human consumption [69] and to the
eutrophication and nitrification of ecosystems. For instance, globally the mean feed conversion ratio
for shrimp aquaculture is 1.8, indicating that 5.5 million tons of organic matter, 360,000 tons of nitrogen,
and 125,000 tons of phosphorous are discharged to the environment every year [70]. Shrimp production
represents around 8% of the total aquaculture production. Using these numbers, and following [71],
assume similar feed conversion ratios for other farmed organisms, and that the diet formulations
has some similitude. Then, feed yields total discharge of wastes that is 12.5 times larger than that
calculated under [70]. If not addressed and managed responsibly through policy and/or technology,
aquaculture can degrade the ecosystem ([9], and references therein).

This paper showed that the advantage of the circular aquaponic systems is that they internalize
the negative externalities of intensive fish farming through their internalization of a positive externality
generated by the combination of aquaculture and hydroponic systems. In practice, however, the use
rates of aquaponics technologies are low, despite the fact that the expansion of aquaculture, and thus
wastewater, is significant. We conclude that efficient management of both intensive fish farming and
plant growing must be implemented from both behavioral and engineering perspectives, and we argue
that institutional change can foster this transition.

In this work, we did not account for the price of land, and we did not introduce uncertainty.
Both of these factors are important to our understanding of aquaponic systems, and we intend to
investigate both topics in future work. However, we do not expect such future work to result in
qualitative changes in our main results; rather, we expect it to alter the magnitude of the impact
of the various effects identified in this study. In our future work, we also plan to compare and
evaluate competing technologies, including aquaponic systems and recirculating aquaculture systems
(RASs), as well as formally model alternative aquaponic systems (i.e., Rice-Fish-Culture, Livestock-Fish
Culture, and Integrated Multitrophic Aquaculture). We suspect that the synergistic linkages among
the subsystems will impact yield and profitability and that the magnitude of these effects will be the
outcome of the calibrated parameters.
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Appendix A. The Pollution Generating Functions

To calculate the amounts of nitrogen and phosphorus excreted, we have to calculate the amounts
of nitrogen and phosphorus that enter the system and their uses. The remainder is the amount excreted
into the water ([53]). Then, the cost of pollution is based on the cost of treating the water. We multiply
the amounts of nitrogen and phosphorus excreted per fish by the respective purification costs. Thus,
the cost of removing the nitrogen discharged into the water per fish is

Cn = (f(t) x NF — w(t) x Nitg x DME) X gy,
and the cost of water treatment to remove the phosphorus is
Cp = (f(t) x PF —w(t) x Phog x DMf) X gp,

where the percentage of nitrogen (phosphorus) in food is NF = PP * 0.16 (PF), where PP is the percentage
of protein in the food. The percentage of dry matter in the total weight of fish is DMg. The percentage
of nitrogen (Phog) in fish is Nitg. The water purification cost per kg of nitrogen (phosphorus) is gy
(gp)- From the above functions, it is apparent that the amounts of nitrogen and phosphorus and the
costs associated with removing them are influenced by the weight of the fish and the consumption of
food. As the weight of the fish increases and a larger amount of food is consumed, larger amounts of
nitrogen and phosphorus are secreted into the water.

Let NP(t) be the net mass balance of nitrogen and phosphorus, which is the sum of the amounts
that the plants absorb and the amounts that accumulate in the tissues of the fish minus the amount of
nitrogen and phosphorus excreted into the water by the fish. These amounts are multiplied by the
purification cost of nitrogen and phosphorus. We use these measures to calibrate the system so that
the amount of plants matches the amount needed to remove all of the nitrogen and phosphorus from
the water.

NP(t) = Bp x (Nitv X gy + Phoy x gP) —Cny—0Cp (A1)

where Bp is the biomass of plants and Nity (Phoy) is the percentage of nitrogen (phosphorus) required
per kg of plants.
Appendix B. The Numerical Parameters

The data depicted below is from [72].
Fish parameters:

Biological Parameters

Feed Conversion Ratio

Fish Weight <100 g 0.9
100 g < Fish Weight <200 g 1
200 g < Fish Weight < 800 g 1.1

Feeding Frequency (FF)

Fish Weight <100 g

Fish Weight > 100 g 1
Target Water Temperature (C)

T 29
# of fingerlings per batch
Ny 6074

Fingerling Weight (g)
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Biological Parameters

Weekly Mortality Rate
Fish Weight <200 g
200 g < Fish Weight < 400 g
400 g< fish weight <800 g
Nitrogen and Phosphorus flows
Nitrogen in Feed (%)
Fish Weight < 60 g
Fish Weight >60 g
Phosphorus in Feed (%)
Fish Weight <60 g
Fish Weight > 60 g
Nitrogen in Fish (%)
NFI
Phosphorus in Fish (%)
PFI
Final weight of fish
# of fish per batches
Final weight per fish batch
Y
Economic Parameters
Volume of tank water (m?®/annum)
Annual Revenue
Average price of barramundi ($/kg)
Annual Production (kg)
Annual Variable Costs
Water unit cost ($/m?)
fingerlings unit cost ($/per fingerling)
Feed unit cost ($/kg)
Fish Weight <60 g
Fish Weight > 60 g
Phosphorus discharge unit cost ($/kg)
Nitrogen discharge unit cost ($/kg)
Labor Cost
Skilled: 2 people $50,000 p.a.
Unskilled: 1 people $35,000 p.a.
Electricity Unit Cost ($/kwh)
Insurance unit rate (% of turnover)
Annual Fixed Costs
Aquaculture permit ($/annum)
Property tax ($/annum)
Insurance (% of initial investment)
Initial Investment ($)

0.00878
0.00855
0.00168

NFE
7.90%
7.40%

1.35%
1.30%

4.40%

0.60%
586
13
3077
16

13,126

$12.00
40,000

$0.70
$0.80

$1.35
$1.15
$16.00
$5.00

$100,000.00

$35,000.00
$0.15
4.00%

$1,500.00
$3,000.00
3%
$387,650.00

15 0f 19
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Lettuce parameters:

Biological Parameters

Nitrogen in dry matter (%) NL 4.50%
Phosphorus in lettuce dry matter (%) PL 1.00%
Dry matter content of lettuce (%) DML 7.50%
Final weight of lettuce (g) FWL 100
Dry Matter Conversion (%) 10.00%
Economic Parameters
Area of lettuce production (m?) 230.55
Density of planting (plants/m?) 40
Annual Revenue
Average price of lettuce ($/kg) $0.60
Annual Production (heads) QL 92220.10
Annual Production (kg) QL = B, 9222.01
Annual Variable Costs
Water unit cost ($/head) $0.004
Labor Cost
Skilled: 1 person $30,000 p.a. $30,000.00
Skilled: 1 person $18,000 p.a. $18,000.00
Electricity Unit Cost ($/kwh) $0.15
Insurance unit rate (% of turnover) 4.00%
Seed Price ($/head) $0.10
Packing Unit Cost ($/head) 0.14
Nutrient Unit Cost ($/head) $0.006
Annual Fixed Costs
Insurance (% of initial investment) 3%
Initial Investment ($) 80,000
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