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ABSTRACT 

The accelerated eutrophication of the world’s freshwater and marine ecosystems is a complex problem that results in 
decreased productivity, loss of biodiversity, and various economic woes. Controlling algae populations in a eutrophic 
water body has values in mitigating some of these negative effects. This paper reviews a number of strategies for algae 
management, with a focus on sustainable practices that have minimal environmental impact. The information in the 
literature is then used to propose a design for an integrated algae-aquaculture system to be used for the dual purposes of 
nutrient assimilation and production of fish and algal biomass. Effectiveness of the proposed system and possible reve-
nue streams to offset capital costs are examined; other solutions that utilize the techniques in the literature are also ex-
plored. 
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1. Introduction 

Anthropogenic eutrophication of the world’s aquatic eco- 
systems, both marine and freshwater, is a serious envi- 
ronmental, social, and economic concern. As human so- 
ciety advances, many of the agricultural and industrial 
processes necessary to maintain our quality of life inad- 
vertently release nutrients (primarily nitrogen and phos- 
phorus) into nearby waterways. Increased nutrient load- 
ing into lakes, reservoirs, and coastal areas promotes 
sudden biomass growth, which inevitably results in large 
amounts of dead plant and animal matter in the water; the 
aerobic bacteria that consume the detritus create a low- 
oxygen (hypoxic) environment that damages other aqu- 
atic life and can disrupt delicate ecosystems [1]. Algae 
and cyanobacteria blooms resulting from the eutrophica- 
tion process often compound the problem by causing 
taste and odor problems and producing harmful toxins 
that can endanger the health of those who utilize the wa-
ter body for recreation or drinking water [2]. In the Gulf 
of Mexico, where stratification between the incoming 
freshwater and the saline Gulf water exacerbates oxygen 
deficiency, the “Dead Zone” that appears annually aver-
ages over 5000 square miles every year, and is severely 

detrimental to both the tourism and fishing industries 
—the NOAA estimates losses for both to be on the order 
of $82 million per year [3]. Freshwater eutrophication in 
the United States results in value losses in recreational 
water usage, waterfront real estate, threatened/endan- 
gered species recovery, and drinking water, all of which 
incur annual costs of nearly $2.2 billion [4]. Obviously, 
effective and sustainable solutions are required to address 
a problem of this magnitude. 

A key to any eutrophication management strategy is 
the control of the nutrient sources affecting the water 
body. Point sources, such as industrial effluents, and non- 
point sources, like agricultural fields, require different 
methods of control. Point source nutrient output is com-
monly influenced by governmental policies, such as 
phosphate bans or discharge limits; non-point sources 
require collaboration between landowners and governing 
bodies across watersheds to implement best management 
practices for fertilizer application and erosion control [2]. 
In order to increase the effectiveness of these tactics and 
minimize recovery time, other mitigation strategies in 
and around the eutrophic water body are often used in 
tandem with source reduction. 
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This paper will conduct a review of established miti- 
gation technologies, as well as newly-developed methods 
that hold promise in combating eutrophication. All strate- 
gies discussed will have greatest utility when used as a 
supplement to source reduction; on their own, their ef- 
fects may be marginal. In addition, a brief overview of 
integrated algae-aquaculture systems will be conducted, 
followed by a proposal for a sustainable aquaculture sys- 
tem in the Mississippi delta that is meant to address the 
Gulf of Mexico dead zone and produce marketable prod- 
ucts. 

2. Mitigation Strategies 

2.1. Biomanipulation  

The effects of increased nutrient loading are felt through- 
out the ecosystem of a body of water experiencing eutro- 
phication. The trophic cascade model (see Figure 1) is 
often used to visualize the relationships between organ- 
isms involved in the pelagic food web, which is the first 
system affected by nutrient influx. It is widely under- 
stood that phytoplankton populations explode when lim- 
iting nutrients are delivered in excess; fish biomass also 
increases with them. However, zooplanktivorous fish 
species often come to dominate in the new nutrient rich 
environment [5], which results in a “top down” effect on 
the food web in which the diminished zooplankton popu- 
lation is no longer able to hold the booming phytoplank- 
ton in check, thereby worsening the algae bloom issues. 

Ecosystem restructuring that utilizes the trophic cas- 
cade model as a tool to increase water quality and de- 
crease phytoplankton population is known as biomanipu- 
lation [6]. Typically, biomanipulation schemes involve 
restructuring the eutrophic food web by supplementing 
the population of piscivorous fish in order to control zoo- 
planktivorous fish and alleviate pressure on the algae- 
grazing zooplankton populations [6,7]. Addition of fil-
ter-feeding fish such as tilapia has also been attempted in 
hopes to directly control the algae population [8]. Bio-
manipulation is an attractive option for combating the 
effects of cultural eutrophication due to its comparatively 
low implementation costs and utilization of existing 
natural systems, but potential drawbacks do exist. Strate- 
gies proven successful in temperate climate water bodies 
do not always find the same level of success when im- 
plemented in tropical environments—indeed, some in- 
stances of further water quality degradation due to inva- 
sive species and nutrient excretion levels of certain fish 
species have been recorded [5,7,8]. It is hypothesized 
that unintended consequences such as these result from 
the more diverse trophic structure of tropical water bod- 
ies. The long-term effectiveness of biomanipulation also 
remains in doubt; therefore, it is recommended that all 
such strategies be evaluated on a case-by-case basis and 
undertaken only by parties with a firm working knowl- 

 

Figure 1. Trophic cascade model (adapted from [6]). 
 
edge of the food webs at work in the ecosystem of the 
water body in question [6]. 

2.2. Artificial Circulation 

Artificially-induced mixing of hypoxic water bodies 
holds value in eutrophication control. Typical circulation 
techniques can be broken down into two categories: de- 
stratification, in which water or air is forced into the bot- 
tom of the water column, thereby encouraging mixing 
and destroying the temperature gradient, and hypolim- 
netic aeration, where water is removed, aerated and re- 
turned to its original depth; the latter aims to actually 
inhibit mixing and preserve the natural biochemical cy- 
cling of the water body [1]. A summary of the beneficial 
effects of destratification can be seen in Figure 2. 

Destratification has been proven as an efficient method 
of cyanobacteria bloom prevention; however, experimen- 
tal evidence suggests that it may promote diatom growth 
and does little to reduce total algae populations [9]. 
Hypolimnetic aeration technologies are well-established 
and effective at alleviating hypoxic conditions [10], but 
have been found to be of little benefit in reducing inter- 
nal phosphorus loading from P stored in lakebed sedi- 
ments [11]. As many of these setups use pneumatic tech- 
nologies, the associated capital costs and energy con- 
sumption rates are quite high [12], which limits the ap- 
plicability of artificial circulation to smaller inland water 
bodies, such as lakes and reservoirs. 

2.3. Removal of Harmful Species 

Direct removal of the algae biomass in a eutrophic water 
body provides immediate environmental improvement by 
addressing both the cause of the algae bloom and its ef- 
fects on surrounding aquatic life. Nutrients synthesized 
in the growth of the algae will be removed along with the 
biomass, thereby providing a pathway for permanent nu- 
trient reduction and addressing the cause of the bloom; 
the reduction is further enhanced since harvesting a 
lower-trophic organism such as algae eliminates nutrient 
loss incurred through upper-level food chain inefficien- 
cies [1]. Algae harvesting will also limit the growth of 
the heterotrophic bacteria that are the direct cause of hy- 
poxia by removing organic matter [13]. Conventional 
algae harvesting methods include trawling with plankton 
nets and traveling screens; a pilot-scale experiment fo- 
cused on harvesting cyanobacteria in the Baltic Sea was 
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Figure 2. Effects of destratification on aquatic ecosystems 
(adapted from [1]). 
 
able to scrub 5.5 ha/hr of sea surface using an oil boom 
modified with polyester weave forming fabric, a material 
commonly used in the paper industry [14]. Obvious 
downsides to algae harvesting are fuel, equipment, and 
labor costs, particularly when the afflicted area is sub- 
stantial, as is often the case in cultural eutrophication. 
However, it has been suggested that the marketability of 
various algae as protein supplements or bioenergy feed- 
stock may be able to offset some of those costs. The Har- 
vested Algae Biofuel Energy Recovery model (HABER) 
developed by Kuo [13] found that a harvesting operation 
in the Gulf of Mexico using plankton net trawling could 
conceivably break even at standard eutrophic chlorophyll 
concentrations if the harvested biomass was converted 
into crude oil by a hydrothermal liquefaction process or 
into methane via anaerobic digestion. Unfortunately, fur- 
ther environmental analysis also found that the expected 
biomass harvest amount for this technology would have 
minimal impact on the overall size of the Gulf hypoxic 
zone, thus it was suggested that algae harvesting opera- 
tions may hold more utility for smaller-scale areas, such 
as lakes and reservoirs experiencing eutrophication. 

Copper-based algaecides and chemical flocculants 
have been used to control algae blooms in many in- 
stances; however, these practices may create more envi- 
ronmental problems than they solve [2]. A recent interest 
in more sustainable treatment methods has led to the ex- 
ploration of using clay minerals as flocculation agents. 
Dense clay particles attach to the algae cells and promote 
conglomeration and sinking, despite the buoyancy of the 
algae cells [15]. Field tests in Japan and South Korea 
found that clay sediments were effective in controlling 
harmful algae blooms and restoring threatened maricul- 
ture operations [16]. Concerns regarding the cost of clay 
transport and the effectiveness of clay flocculation in 
low-salinity environments have inspired investigation 
into alternatives; recent work has found that sand modi- 
fied with biodegradable Moringa oleifera seed extract 
and chitosan has great flocculation potential in both fresh 
and saltwater environments [17]. The modified sand 

flocculant was able to remove over 90% of three differ- 
ent species of algae in suspension, but its effectiveness 
has yet to be proven on a large scale. 

2.4. Nutrient Assimilation 

Whereas the previous topics have focused on addressing 
and mitigating the effects of eutrophication within a wa- 
ter body, nutrient assimilation strategies are focused on 
“treating” influent water before it is deposited into the 
water body. The following management techniques are 
used as preventative, rather than curative, methods in 
eutrophication and algae bloom control. 

2.4.1. Wetlands 
Wetlands naturally provide a variety of ecological ser- 
vices; foremost among them is nutrient removal. Mecha- 
nisms for the removal of nitrogen and phosphorus in a 
wetland involve either burial in sediment layers or uptake 
and storage by plants. Riparian vegetation is very effec- 
tive at removing these nutrients from runoff water, and, if 
the plants are harvested, their assimilation of the nutri- 
ents can be considered a permanent loss pathway. Wet- 
land microbes also facilitate the denitrification process in 
which NO3 is converted into N2 gas. The natural efficacy 
of these processes has already been put to use in the Mis- 
sissippi River delta as a method of combating eutrophi- 
cation and hypoxia [18]. 

A hydrodynamic model of nutrient loading in the 
Maurepus forested wetland in Louisiana was used to as- 
sess the nutrient removal potential of a proposed Missis- 
sippi River diversion into the wetland [19]. It was esti- 
mated that the diversion would result in a 90% - 95% 
reduction of introduced nitrate by the wetlands. Given 
the anticipated water quality improvements, the study 
suggested that plans for the diversion move forward. An 
assessment of the denitrification efficacy of the Breton 
Sound estuary, a wetland already receiving diverted Mis- 
sissippi River water, found that average removal rates 
were between 21 and 32 g N/m2/yr, which indicated that 
the estuary was capable of processing significant quanti- 
ties of nitrate from the Mississippi [20]. Wetlands are so 
effective at nutrient removal that they are sometimes 
used as methods of tertiary water treatment, receiving 
effluent directly from wastewater treatment plants. Con- 
ventional tertiary treatments methods are often very ex- 
pensive; wetland assimilation can provide an effective, 
low-cost alternative if geographically feasible. Day Jr. et 
al. [18] compiled a list of different wetland treatment 
projects undertaken in coastal Louisiana using data com- 
piled from multiple studies of the individual sites. A se- 
lection of site-specific data on nutrient removal, as well 
as estimated cost savings over a 20-year period (com- 
pared to conventional treatment methods) to the commu- 
nities can be seen in Table 1.  
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Table 1. Nutrient removal and cost savings data for two LA wetlands used in tertiary wastewater treatment [18]. 

Site Treatment Basin (ha) N loading (g/m2/yr) P loading (g/m2/yr) %N reduction %P reduction Cost Savings ($) 

Breaux Bridge 1475 1.87 0.94 100 80 2,636,000 

Thibodaux 231 3.1 0.6 69 66 500,000 

 
2.4.2. High-Rate Algal Ponds 
Microalgae are often hailed as an important “third gen- 
eration” biofuel source due to their rapid growth rate (of- 
ten doubling biomass within 24 hours), as well as their 
high oil content [21]. There are also well-established 
markets for some species as animal feeds and nutritional 
supplements. Wastewater treatment utilizing the nutrient 
uptake abilities of microalgae was first proposed by 
Oswald and Golueke [22] in the form of a high-rate algae 
pond (HRAP). HRAPs are shallow, open raceway-style 
ponds that are typically mixed with a paddlewheel and 
can cover up to 5000 m2 in large-scale applications [23]. 
Though perhaps not as cost-effective as natural wetlands 
(due to capital and construction costs), high-rate algae 
ponds have potential as a combined source of water 
treatment and marketable products. 

A recently published study examined the possibilities 
for the inclusion of HRAPs at the Western Treatment 
Plant in Melbourne, Australia in wastewater treatment 
and biofuel production [24]. The authors posit that bio- 
fuel production from algae can be profitable when waste- 
water treatment is the primary goal. A spreadsheet eco- 
nomic model found that algae oil of biodiesel quality 
could be produced for less than $1/L (US dollars) when 
conventional oil extraction techniques were used on a 
portion of the algal biomass, and the rest was converted 
into electrical energy by anaerobic digestion. This pro- 
duction cost was said to be possible due to the low-cost 
water and nutrients readily supplied by the wastewater 
treatment plant, as well as “free” supplemental carbon 
dioxide provided by on-site diesel generators. In Castilla 
y Leon, Spain, two 464 L HRAPs (mixed cultures) were 
studied for a period of nine months in order to examine 
their long-term nutrient removal ability when fed with 
effluent from a pig farm [23]. Nitrogen removed in the 
biomass ranged from 21% - 48%. Phosphorus removal 
efficiencies remained low (<10%) for the duration of the 
study due to the low pH of the effluent; regardless, the 
authors claimed that HRAPs hold great promise in the 
field of waste-to-value pollution control. The potential of 
microalgae Chlorella vulgaris in removing nitrate-nitro- 
gen from tilapia pond effluent, as well as possibilities for 
separation of algal biomass (sedimentation or filtration) 
from the effluent have been examined [25]. The algae 
were found to have a substrate utilization rate (a measure 
of nitrogen removed per dry biomass per unit time) of 
22.3 mg N/g DW/day. The small cell size of C. vulgaris  

(2.5 - 12 μm) lowered the effectiveness of sedimentation 
and filtration via sieve trays, which led to the conclusion 
that a more energy-intensive process, such as membrane 
filtration, may be required to concentrate the biomass. 

3. Integrated Algae-Aquaculture Systems 

As the world population increases, demands on food 
production will rise. Aquaculture is expected to be the 
primary source of seafood by 2050, and it is essential that 
sustainable methods of production be devised and im- 
plemented so that land, water, and nutrients can be used 
efficiently [26]. Extensive aquaculture systems that util- 
ize algae as a method of capturing excess nutrients and a 
self-sustaining process input (i.e. fish food) represent an 
innovative path towards this goal. 

In Mbour, Senegal, a prototype aquaculture system 
was constructed for tilapia production; both algae 
(Chlorella sp.) and zooplankton (Brachionus plicatilis) 
were cultivated in wastewater ponds outside the intensive 
fish tanks, and then distributed to the juvenile tilapia as 
additional food [27]. A primary feature of this freshwater 
system was that, with the exception of evaporation losses, 
water was completely recycled for the duration of this 
study. The system was able to reach a global productivity 
1.85 kg/m2/yr in tilapia biomass, and a nitrogen balance 
found that N was assimilated at a rate of 1.90 mg/L/day. 
The authors found these results to be comparable to oth- 
ers in the literature for similar systems. 

A pilot-scale system focused on reducing water de- 
mand via recirculation and fish food production using 
algae grown in a bioremediation pond was developed and 
tested [28]. The first units in the system were tanks for 
the intensive pellet feeding of catfish; water from these 
tanks flowed into an algae pond, wherein the algae util- 
ized the excess nutrients for growth. Continuous mixing 
was applied to ensure maximum light exposure. The wet 
algal biomass was then pumped into a second pond 
stocked with carp and tilapia, which were not pellet-fed 
and used the algae as their food source. The system was 
closed and water was emptied only at the end of the 
twelve-week study. As expected, the catfish in the inten- 
sive tanks had a high yield of 20.25 kg/m3, while the carp 
and tilapia in the pond produced 0.12 and 0.38 kg/m3, 
respectively. Nutrient retentions of the system during the 
12 weeks for nitrogen and phosphorus were 1074 kg 
N/ha and 327 kg P/ha, which represented 57.1% of the N 
load and 77.3% of the P load. These numbers were sig- 
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nificantly higher than those reported for other fishponds; 
the authors posited that nutrient reduction efficiency of 
their system was greatly improved by the addition of 
treatment organisms (algae and secondary feeder fish) in 
two separate ponds. 

4. Design of a Novel System 

4.1. Overview 

In 2008, the Mississippi River/Gulf of Mexico Water- 
shed Nutrient Task Force, a consortium made up of fed- 
eral organizations such as the EPA, USGS, USDA, and 
others, stated a goal of reducing the five-year running 
average area of the Gulf dead zone to less than 1930 
square miles by the year 2015. It was specified that ni- 
trogen and phosphorus nutrient loads would each need to 
be reduced by about 45% with respect to 1980-1996 lev- 
els in order to reach this goal. The Task Force aims to ac- 
complish this through a combination of source reduction 
and remediation techniques spearheaded by their various 
constituent organizations [29]. The design presented here 
was devised with the intent to assist in the achievement 
of the aforementioned goal by providing a nutrient as- 
similation service, while also providing marketable prod- 
ucts in the form of algal biomass and tilapia. 

This concept for this design was inspired by the effi- 
ciency of both wetlands and water treatment by microal- 
gae in nutrient load reduction projects, and it combines 
certain aspects of both remediation technologies with an 
aquaculture operation. In a manner similar to a wetland 
project, all water for this system would be sourced di- 
rectly from the Mississippi River via a diversion. A se- 
ries of screen filters would remove debris from the in- 
coming water, which would then enter into a fish pond 
for extensive rearing of tilapia. Effluent from the fish 
pond, still containing nutrients from the Mississippi, 
would be emptied into a large raceway pond system, 
similar to the HRAPs described by Park et al. [30]. In 
order to minimize costs and energy usage, pure carbon 
dioxide will not be piped into the pond; the paddlewheel 
mixing system will be counted upon to facilitate mass 
transfer of CO2 into the water. The HRAP will be inocu- 
lated by a smaller separate vessel housing a pure culture 
of Chlorella microalgae. Following the pond system, 
algae biomass will be physically separated from the wa- 
ter using a cross-flow filtration system. A portion of wet 
biomass will be sent back to the fish ponds as feed, while 
the residual biomass will be sent to further processing 
and converted into a marketable product. Effluent water, 
now with reduced nutrient loads, will be sent back into 
the Mississippi. Figure 3 shows a basic process flow dia- 
gram (PFD) of the system; unit operations are discussed 
in detail in the following sections of the paper. 

 

Figure 3. PFD of integrated algae-aquaculture system 
(HRAP image credit: [31]). 

4.2. Fish Ponds 

In extensive aquaculture, fish are cultivated without sup- 
plemental feeding. As the diet of tilapia naturally consists 
of algae, they are a convenient choice for extensive al- 
gae-aquaculture systems like the one developed by Gal et 
al. [28]. They are also a marketable commodity, having 
recently become the most popular farmed fish in the 
United States [32]. In the proposed system, tilapia will be 
stocked in an extensive fish pond where their only food 
source is the algal biomass harvested from the HRAP. 
Apportionment of the concentrated wet biomass stream 
will be determined based on the nutrient requirements of 
the fish. 

Extensive feeding is reported to yield best results for 
tilapia ponds stocked with densities at or below 4,000/ 
acre [33]. Assuming a pond depth of 1 meter, an area of 
1 acre, and an initial stocking weight of 29 g/fish, it was 
determined that biomass density at stocking (Bi) should 
be roughly 0.029 kg/m3. Based on this stocking value in 
a 1 m-deep pond, a model was developed to test the ef-
fect of different pond areas on fish production and algae 
consumption over time. 

Total tilapia biomass at a given time in kg/m3 (Bf) can 
be represented by Equation (1), where n is the culture 
period in days and i is the daily rate of increase of 
biomass (DRIB, measured in percent) divided by 100 
[34]. Coche [34] lists multiple studies of extensive tilapia 
cultures that have DRIBs ranging from 1.7% - 4.8%; for 
the purposes of this estimation, a DRIB of 3% was 
assumed. 

 1
n

f iB B i                 (1) 

Bf and the pond volume can be used to calculate the 
total kilograms of fish present in the pond, and, assuming 
uniform mass and negligible spawning, the mass per fish. 
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Understandably, as the fish mature, they will require 
greater amounts of food; a study on wild tilapia [35] 
yielded a linear relationship between the weight of a 
single fish in grams (x) and its daily algae intake in 
milligrams (y), seen below in Equation (2). The daily 
algae intake was assumed to be the same for all fish and 
multiplied by the total number of fish to obtain the total 
algae biomass requirement for the fish pond in kg/d. 

271 13.3y x                (2) 

A culture period of 100 days was assumed based on 
harvesting recommendations in [33]. At harvest time, the 
pond will be partially drained and seine nets with a 1- 
inch mesh will be used to capture the fish. The amount of 
labor required for this task is dependent on the optimal 
pond area. In addition, the authors advocate a pond size 
between 1 - 10 acres for extensive operations; for ease of 
management, a 5-acre pond was decided upon for this 
design. The tilapia-algae relationship for such a pond 
over the recommended culture period can be observed in 
Figure 4. 

4.3. Pure Culture Inoculum Reactor 

One method of algae ecosystem management is to seed 
the system with a desirable species of algae that can be 
produced in pure culture. Continuous seeding may be 
sufficient to control concentrations of algae or cyano- 
bacteria that produce toxins. 

Photobioreactors are commonly used for algae cultiva- 
tion on a small scale; however, though many innovative 
designs are being tested [36], photobioreactors often 
must be highly specialized for the task at hand and can 
prove costly to operate [37]. If an algae can grow in het- 
erotrophic conditions (which Chlorella can), it is often 
considerably more economical and efficient to produce 
the algae in a fermentor; reasons for this include both the 
elimination of photosynthetic inefficiencies as well as a 
large pre-existing knowledge base regarding fermentor 
operation [38]. Heterotrophic growth has also been 
proven to be an effective method to produce inoculum 
for large-scale phototrophic algae ponds due to its high 
productivity [39,40]. Taking this information into con- 
sideration, it was determined that a fermentor would be 
the best choice for the pure culture inoculum reactor. 

Kinetics parameters in the fermentor were modeled 
after the results of experiments in [39] on the heterotro- 
phic growth of Chlorella using molasses as a carbon 
source and yeast extract as a nitrogen source. The highest 
maximum biomass concentration on a dry weight basis 
(X) and specific growth rate (μ) obtained in the study 
occurred for a molasses concentration of 20 g/L and a 
yeast extract concentration of 6 g/L. These parameters 
were taken as the basis for calculation, since the goal of 
inoculation is to add as high a concentration of biomass  

 

Figure 4. Relationship between tilapia biomass and algae 
consumption requirements in a 5-acre extensive fishpond. 
 
as possible to the raceway pond so that the Chlorella 
growth will not be overtaken by less desirable species of 
algae. However, assuming the yeast extract was approxi- 
mately 10% nitrogen [41] and the mean total N concen- 
tration in the Mississippi River is 2.26 mg/L [42], we 
would need to increase nitrogen concentration in the in- 
coming water substantially (~26,450%) in order to match 
their experimental conditions. Thus, supplemental N will 
have to be added along with the molasses. Seeding of the 
raceway is intended to be continuous, so the fermentor 
will be at steady-state; thus the specific growth rate is 
equal to the dilution rate (D). This value, along with an 
assumed medium flow rate (F) can be used to calculate 
volume of the reactor (VF) and the mean residence time 
(τ). All results can be seen in Table 2. 

As contamination is a primary concern when preparing 
a pure culture, an ultraviolet sterilizer will treat the river 
water before it enters the fermentor. 

4.4. Raceway High-Rate Algae Pond 

The raceway pond is where the system will perform its 
primary function of nutrient assimilation. Unless a low- 
cost source of CO2, such as a coal-fired power plant, is 
located near the pond, it will be assumed that paddle- 
wheel mixing and turbulence will be the sole facilitators 
of mass transfer for the system. When performing design 
calculations for the HRAP, multiple equations found in a 
reference text [43] were used. Equation (3) is Manning’s 
equation, where V is the mean velocity (m/s), R is the 
mean hydraulic radius (m), S is the rate of energy loss 
per unit length (dimensionless; can be split into Δd/L), 
and n is Manning’s friction coefficient (s/m1/3). Equation 
(4) is an equation developed from empirical observation 
of large-scale open pond algae cultures where CC is the 
light-limited algae concentration on a dry weight basis 
(mg/L) and d is the pond depth in centimeters. Equation 
(5) is obtained from a differential mass balance on the 
pond where C0 is entering concentration, μ is specific 
growth rate, and tr is retention time. Equation (6) is the 
standard dilution equation, adapted for the transition of  
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Table 2. Inoculum fermentor kinetics parameters with mo-
lasses concentration of 20 g/L and total N concentration of 
0.60 g/L. 

μ (1/hr) D (1/hr) F (L/hr) VF (L) τ (hr) X (mg/L)

0.023 0.023 2.3 100 44 7180 

 
algal biomass between the fermentor and the HRAP 
where VF is volume of the fermentor, VP is volume of the 
pond, and X is the concentration exiting the fermentor. 

2 3 1 21
V R S

n
                (3) 

9000CC d                 (4) 

0

In =CC
rtC

                  (5) 

0F PXV C V                  (6) 

In order to perform design calculations, a number of 
parameters had to be estimated or set. Assuming an as- 
phalt lining for the pond, n was set to 0.015 s/m1/3. The 
Δd component was assumed to be 0.5 d. Pond dimen- 
sions were set at 3 m wide and 30 cm deep, which made 
R = 0.25 m. Using that depth, Equation 4 yields a maxi- 
mum light-limited concentration of 300 mg/L. Specific 
growth rate in the pond was estimated at 0.6/day [25]. 
Inoculum concentration C0 (X diluted to VP) was un- 
known, since the pond length was also undetermined. 
Iterative calculations to solve for unknowns were per- 
formed in the following manner (results follow): 
 Value guessed for C0 and pond retention time solved 

for using Equation (5) (τ doubled to account for the 
fact that Attasat et al.’s growth rate assumed constant 
illumination).  

 Equation (3) algebraically manipulated (assuming V 
= L/tr) to solve for pond length L, which was then 
used to calculate the required pond area. 

 L calculated separately by Equation (6) using the 
width and depth of the pond. 

 Residual between L values minimized by new value 
for C0. 

4.5. Biomass Separation 

There are many different methods for dewatering and 
concentrating algal biomass, and they vary greatly in 
both cost of implementation and energy consumption 
[44]. For the purposes of this initial design, preference 
was given to processes that would minimize the use of 
chemical coagulants and electricity (even if higher cost 
was incurred); as one of the primary goals of this project 
is sustainable water treatment for the lower Mississippi, 
it seemed counterintuitive to suggest processes that in- 
volve adding more chemicals to the water right before  

discharging it back into the river. Under these constraints, 
it was postulated that cross-flow filtration may be the 
best option for this process. A diagram of a cross-flow 
filtration apparatus can be seen in Figure 5. 

Cross-flow filtration is a conventional purification 
method in which a pressure gradient forces a fluid mix- 
ture flowing across a membrane to separate; it has been 
successfully utilized for separation of microalgae slurry 
[46], and an economic study of its utility in an industrial- 
scale algal dewatering process estimated costs at around 
$0.75/kg dry biomass [47]. Cheaper options exist when 
chemical pretreatment of the algae slurry or dynamic 
filtration using a rotor are considered; however, those 
practices may not support the project’s goal of minimal 
environmental impact. 

Once separated, the filtered water will be discharged 
back into the Mississippi. The concentrated biomass will 
now be split into two streams: one for further processing, 
and one to return to the fish pond as food. Since the tila- 
pia require greater amounts of food as they mature, the 
portion of algal biomass returning to the extensive pond 
will be adjusted daily according to the nutrient require- 
ments calculated by the model. 

4.6. Further Processing 

There are a number of options for processing the residual 
algal biomass into a marketable product. Markets exist 
for the algae biomass to be directly sold as an agricul- 
tural feed [48,49]; however, increased transportation 
costs would have to be taken into consideration if this 
avenue was to be pursued. Also, quality assurance pro- 
cedures would have to be implemented in order to ensure 
food safety [50].  

Many algae-based operations aim to produce bio-en- 
ergy in their processes; three different methods of algal 
biomass conversion were considered for this system (see 
Table 3).  

Dewatering and drying are typically the most costly 
aspects of any algae-to-energy process—drying alone 
usually accounts for 70% - 75% of the entire production 
cost [44]. Dewatering is already built into the proposed 
design through the use of cross-flow filters; regardless, in 
keeping with the sustainability goals of this project, it  
 

 

Figure 5. Cross-flow filtration unit (adapted from [45]). 
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Table 3. Analysis of algal bio-energy conversion methods. 

Method Product 
Drying 

Required? 
Net Energy 

Yield 
Relative 

Cost 

Transesterification Biodiesel Yes Low High 

Anaerobic 
Digestion 

Biogas Yes High Low 

Hydrothermal 
Liquefaction 

Bio-crude oil No High Low 

Sources: [13,51,52]. 
 
would be prudent to consider only those processes which 
minimize energy input and cost. From that standpoint, 
anaerobic digestion or hydrothermal liquefaction may be 
the best choices if energy is determined to be the high- 
est-value product attainable from the algal biomass. Fur- 
ther research is required to determine the cost of imple- 
mentation for said processes, as well as the market price 
of their products. 

4.7. Expected Productivity 

The theoretical maximum algae biomass productivity in 
g/m2/day (Pmax), assuming ideal conditions, can be esti- 
mated using Equation (4), where I0 is the average solar 
radiation in MJ/m2/day, ηmax is the maximum efficiency 
of photosynthetic conversion of solar energy, and H is 
the energy value of the algal biomass in kJ/g [30]. 

0 max
max 1000

I
P

H


             (7) 

Average solar radiation for the Mississippi delta area 
is approximately 16.2 MJ/m2/day [53]; using this value 
along with ηmax = 2.4% and H = 21 kJ/g [30], it was es- 
timated that the maximum areal productivity for a HRAP 
system in that region would be about 18.5 g/m2/day. 
Taking the previously calculated area into account, this 
would mean that the proposed system would have a 
maximum biomass productivity of 5487 kg/day. 

As previously mentioned, the fish will be harvested 
every 100 days. According to the tilapia growth model, 
total mass of fish at harvest time will be (under ideal 
conditions) approximately 11,277 kg. Assuming a tilapia 
market price at $3/kg [54], this will translate to an in-
come of almost $123,500 per year from the aquaculture 
aspect of the project.  

4.8. Processing Capacity and Expected Nutrient 
Load Reduction 

The average discharge rate of the Mississippi River is 
estimated to be around 17,000 m3/s [55]. The volumetric 
flow rate in a channel (Q) can be determined using Equa- 
tion (8) [43]. Upon comparison of the flow in the HRAP 
and the discharge rate of the river, it appears that the 
proposed design would have the capacity to process ap-

proximately 0.000173% of the Mississippi River dis-
charge.  

Q wdV                  (8) 

Nutrient retentions of 1074 kg N/ha and 327 kg P/ha 
from the algae-aquaculture system described in [28] were 
used as the basis for estimation regarding nutrient load 
reduction potential of the proposed system. The retention 
rates were converted into yearly rates per hectare assum- 
ing the twelve-week study could be extrapolated out to 
one year. The area of the proposed HRAP was used to 
calculate the yearly nutrient removal potential. In order 
to determine annual nutrient removal percentages, these 
rates were then compared to the mean nutrient fluxes 
delivered from the Mississippi to the Gulf of Mexico for 
the period of 1980-1996: 1,567,900 metric tons/yr of 
nitrogen and 136,500 metric tons/yr of phosphorus [42]. 
Results can be seen in Table 4. 

There are many locations along the Mississippi where 
integrated algae-aquaculture systems may be designed 
and operated to remove nutrients and harvest fish. River 
water can be diverted through constructed lakes with 
flow controlled by gates that restrict that amount of water 
that enters the lake. The nutrient removal percentages 
calculated here may not represent valid predictions for 
systems implemented further upstream, since mean nu- 
trient fluxes vary along the length of the river. 

5. Discussion 

Though these removal percentages are a far cry from the 
45% reductions recommended by the Mississippi River/ 
Gulf of Mexico Watershed Nutrient Task Force, it is 
worth noting that the proposed design will be more effi- 
cient per unit area at nutrient removal than the wetland 
projects discussed earlier. The added value products of 
tilapia and algal biomass may be able to offset capital 
and maintenance costs of the facility, and perhaps even 
allow for a profitable enterprise. Further research, par- 
ticularly into the comparative costs of algae-to-energy 
processes, is needed to investigate the economic viability 
of the system proposed in this paper. This system may 
have utility in enclosed freshwater environments as well; 
the nutrient loads entering lakes and reservoirs will not 
be as massive as those entering the Gulf, therefore, the 
system will provide greater net reductions of nitrogen 
and phosphorus when used to treat influent to smaller 
water bodies.  

A scaled-down alternative to the algae-aquaculture 
system may also be the construction and improved main- 
tenance of farm ponds and recreational lakes throughout 
the watershed of a eutrophic ecosystem. If these man- 
made water bodies are built to cultivate algae and tilapia 
in a single environment, they will be able to provide nu- 
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Table 4. Raceway pond nutrient load reduction. 

N removal rate 
(kg/yr) 

P removal rate 
(kg/yr) 

%N removed  
annually 

%P removed 
annually 

138,415 42,143 0.00883 0.0309 

 
trient removal services and marketable products, as well 
as catchment areas for flooding and storm water man- 
agement. Biomanipulation, artificial circulation, and al- 
gae harvesting may prove to be useful tools in smaller, 
less complex aquatic ecosystems such as these. Produc- 
tive reservoir/lake/pond ecosystems involving fish and 
algae represent permanent nutrient loss pathways, since 
the organisms that take up the nutrients are being har- 
vested and removed from the system; case studies often 
attest to the natural nutrient uptake abilities of these eco- 
systems [56]. If enough of these water bodies are con- 
structed and maintained, their cumulative effect may be 
substantial. Preliminary calculations indicate that ap- 
proximately 1,850,000 hectares of such productive eco- 
systems would be needed to reduce the annual Missis- 
sippi River phosphorus load by 50%. Further research is 
required to gauge the cost-effectiveness and feasibility of 
constructing and maintaining pond/lake ecosystems com- 
pared to algae-aquaculture systems similar to the one 
proposed herein. 

One of the significant aspects of ecosystem manage- 
ment is that of finding methods to allocate costs and pay 
for each project. The reduction of nitrogen and phospho- 
rus associated with an algae-aquaculture system has 
value to society, but methods to convert this value to 
project funding may require government action. 

6. Conclusion 

The proposed integrated algae-aquaculture system was 
developed from knowledge of existing technologies and 
techniques for sustainable eutrophication management. 
The mitigation strategies discussed in this paper will be 
most effective when coupled with a comprehensive nu- 
trient control strategy that addresses the sources of an- 
thropogenic nutrient loading in the watershed of a eutro- 
phic water body. Benefits of improved eutrophication 
management include more productive ecosystems, in- 
creased real estate values, fewer taste and odor issues in 
reservoirs, and greater recreational usage of water bodies. 
It is our hope that the ideas presented in this paper can be 
utilized and expanded upon in order to create synergistic 
strategies that allow eutrophication management to be- 
come a successful, cost-effective, and sustainable enter- 
prise.  
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