
 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

Modeling Macroalgae Growth to Optimize Biomass 

 

Toluwani Soares, M.S. 

 

Mentor: Joe Yelderman, Ph.D. 

 

 

 The EFDC-MPI model was amended to include the growth kinetics of macroalgae 

(seaweed) in the water-quality and hydrodynamic calculations. While EFDC has 

historically simulated macroalgae grown only on the sediment bed, this restriction was 

lifted to facilitate simulation of kelp farms where the macroalgae substrate was specified 

at the depth in the water column yielding maximum growth due to optimum light 

intensity and temperature. The vegetative drag forces on the water column (along with 

commensurate changes to turbulence intensity and its length scale) were calculated using 

a new approach based on aquaculture studies and their effects on flow. The macroalgae 

metabolized nitrates (NO3) or ammonium (NH4) and phosphates (PO4) into dissolved 

organic nitrogen and phosphorus as well as both labile and refractory particulate organic 

nitrogen and phosphorus according to the CE-QUAL water-quality model built into 

EFDC. The ability to specify both nutrient concentrations and point-source masses was 

added to simulate “fertilization” (supplementation of nutrient-rich water at various 

locations in the kelp farm). Finally, data assimilation was included to nudge the open 

boundary conditions to ensure stability when all boundaries were specified-pressure time 



 

 

series, which allowed this model to be forced by a regional-scale EFDC or ROMS model. 

Developments integrated with a domain decomposition-based MPI parallelization for 

computational efficiency and results output in CF-compliant NetCDF. This model was 

developed to support uncertainty quantification and sensitivity analyses with the goal of 

maximizing biomass production by optimizing nutrient loading, depth in the water 

column (to control sunlight intensity and temperature), and location of fertilization points 

(to minimize “nutrient shadows” downstream in the kelp farm). Large (100-ha) kelp 

farms are under consideration by the Department of Energy as a source of biofuel 

(MARINER Program) and numerical modeling is required to ensure that these systems 

are developed in the most cost-effective manner. 
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CHAPTER ONE 

 

Introduction 

 

 

 As fossil fuel usage for transportation, industry, and private enterprises in- 

creased since the 1900s, global carbon emissions rose accordingly. The rate of emissions 

also trended upwards, with emissions increasing by over 16 times between 1900 and 

2008, and about 1.5 times during 1990–2008 alone (Climate Change, 2021). 

Environmental challenges of fossil fuel use, along with other issues, such as dynamic 

swings in crude oil prices and challenges in energy security, have made the replacement 

of these environmentally harmful and unsustainable fuels by renewable and sustainable 

alternatives necessary (Dragone, 2010). Bioethanol, which is considered a renewable 

energy source, can potentially reduce transportation emissions in addition to replacing a 

portion of the petroleum-based fuel supply (Alvarado-Morales et al, 2013; Philippsen, 

2010), even though its current production is not enough to meet all of current fuel 

demand. 

There is increasing recognition and understanding of the vital life-supporting 

services provided by the ocean. Ocean processes offer numerous solutions for climate 

change mitigation and efforts to support ocean economies are motivated by the hope of 

building sustainable food and energy systems. According to conservative estimates, the 

ocean economy generated $1.5 trillion in 2010 and has the potential to outperform the 

growth rate of the global economy in terms of generated value and employment (OECD, 

2016). The Organization for Economic Cooperation and Development conservatively 
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projects that the ocean economy could reach an output of $3 trillion in 2030 (OECD, 

2016). 

Biofuel production has long been seen as a means to achieve a more sustainable 

existence and secure energy source. A simplified path to carbon neutrality using algal 

biofuels is this: algae convert sunlight into chemical energy the form of triacylglycerides. 

The CO2 taken up by algae during photosynthesis is the same CO2 released when the 

algae-turned-biogas is burned for energy (Murphy et al, 2015). 

Macroalgae have been a commercially valuable resource for centuries. 

Historically, seaweed has been harvested for food, fertilizer, livestock feed, and 

pharmaceutical products and at the turn of the 21st century, seaweeds became the second 

largest aquaculture product worldwide (behind fish) in terms of biomass (Food and 

Agricultural Organization of the United Nations, 1996). 

Since algae grow in marine waters (Philippsen, 2010) algal biofuels, which are 

considered “third-generation biofuels” (Dragone, 2010), may help change the food vs. 

fuel argument. Yes, it is true that large-scale adoption of this approach can potentially 

have negative effects, but it can allow highly productive land to be used for food 

production as opposed to crops for bio- fuels. Macroalgae, or seaweed, has no lignin but 

high moisture (70–90%) and ash (21.5–33.4%) levels (Jung, 2017). Low amounts of 

lignin in macroalgae render it well suited for biogas production in anaerobic digesters 

(Dave et al, 2013). On the other hand, easily fermentable carbohydrates, including 

laminarin and mannitol, especially in brown macroalgae, are suitable for bioethanol 

conversion (Philippsen, 2010; Borines et al, 2011). 
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The breakeven selling price for electricity generated from seaweed-based 

aquaculture farming has been estimated at around $154 Mega-Watt-hours (MW-h) 

(Borines et al, 2011). This price may be acceptable compared with other renew- able 

energy prices, such as solar thermal ($251/MW-h), solar photovoltaic ($157/MW-h), and 

biomass-generated electricity ($120.2 /MW-h). 

Current feedstocks for bioethanol production (predominantly corn and sugarcane) 

compete directly with human foods by using arable lands, water, fertilizer, and other 

resources, and arguably may have negative effects on food prices (Philippsen, 2010; 

Bringezu et al, 2007). Therefore, much attention is now focused on producing biofuels 

from lignocellulosic biomass, agricultural wastes, and other biological materials. 

Although these feedstocks do not compete directly with human food resources, they can 

compete indirectly if they are cultivated in available arable lands (Eisentraut, 2010). Also 

because cellulosic biomass has high lignin content, its conversion into biofuels can be 

difficult and cost-prohibitive (Philippsen, 2010). Interest in macroalgae is driven by the 

food-fuel debate and impacts of land-use change to cropland. The ethics of using arable 

land (0.2 ha of arable land per capita worldwide) for energy and not for food is 

questionable (Brusima, 2017). Because macroalgae grown in open-ocean environments 

do not compete with terrestrial crops, these debates are obviated. 

Seaweed can also be used to remediate excess nutrients in hypoxic regions (dead 

zones, e.g., nutrient-rich waters associated with salmon farms) (Murphy et al, 2015). 

Algae have several advantages over other energy crops, including high growth yields and 

rates and the capacity to capture CO2. Also, macroalgae (seaweed) have high 



4 

 

carbohydrate concentrations, making them good substrates for biogas production (Costa, 

2013). 

In the quest for new biofuels, anaerobic digestion of macroalgae is promising. 

This involves nutrient recycling, biogas production, and waste reduction (Appels, 2011; 

Mottet et at, 2010). Natural production of seaweed (kelp) is approximately 1 tonne dry 

wt./ha/yr, which is much greater than most terrestrial plants. Large amounts of seaweed 

are washed up on beaches (most notably Caribbean) every winter and can provide the 

feedstock for biofuel (Murphy et al, 2015; Mar’echal et al, 2017). 

Studies conducted on the Central Florida Atlantic coastline in the late 1970s 

compared growths of red, green, and brown algae in outdoor, flow- through cultures 

(Lapointe, 1978). In year-round viability, growth rate, and dry weight yields, the red 

algae Gracilaria tikvahiae ranked highest of the algal species assessed. Notably, G. 

tikvahiae has an impressive growth rate (maximum growth rate of Pmax = 0.6/d) relative 

to other macroalgae (Lapointe, 1978). 

Moreover, G. tikvahiae is an excellent candidate for a bioenergy crop because it 

reproduces vegetatively (not sexually) through fragmentation of thalli and is relatively 

easy to maintain as a monoculture (Hanisak, 1987). 

However, cultivating G. tikvahiae is difficult in a laboratory setting and all the 

more operationally challenging and expensive in open-ocean environments. This is why 

modeling is a necessary tool for aquaculture farmers; it can guide and inform site design 

and operations and obviate trial-and-error approaches. Additionally, modeling can inform 

the profitability of seaweeds as energy crops. To realize the promise of cost-effective 

macroalgal biofuels, it is necessary to estimate algal growth rates (as well as its 
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uncertainties) as a function of irradiance, nutrient concentrations, temperature, salinity, 

and even local flow conditions. Effective modeling informs site design (e.g., farm layout, 

plant density, spatial arrangement of the inoculum, etc.) as well as site operations (e.g., 

seeding times, harvest frequency, maintenance schedules, etc.)  to maximize biomass 

production. Questions to be addressed include: 

(1) What areal density of G. tikvahiae and aquaculture farm layout (dimensions, extent, 

etc.) and operations (harvest triggers) maximized productivity and (2) What production 

variability could be expected over the course of the year?  
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CHAPTER TWO 

 

Literature Review 

 

 

 As fossil fuel usage for transportation, industry, and private enterprises in- 

creased since the 1900s, global carbon emissions rose accordingly. Studies on the 

production ecology of Chilean-grown G. tikvahiae began in the 1970s when government 

agencies realized the severe economic consequences of continued over-exploitation of 

natural kelp (Pizarro, 1986). To maintain and even augment G. tikvahiae populations, 

researchers sought to understand the kelp’s life cycle. A kelp’s thallus (Figure 2.1) refers 

to the combined features of an individual kelp plant from its anchoring holdfast to its 

branching blades. When exposed to sufficient light, thalli grow into erect axes and 

branches: the “shrubbery” characteristic of G. tikvahiae. As a plant grows larger and 

heavier, fragments are more likely to break off by moving water, either cast ashore or 

deposited onto the ocean floor where they are buried and act again as anchored thalli 

(Pizarro, 1986). 

Across several studies in Florida, G. tikvahiae has been shown to grow fastest in 

July and slowest in January (Hanisak et al, 1988; Pizarro, 1986; Hanisak, 1987). Hanisak 

(1990) also measured G. tikvahiae growth, which peaked in late July at 46 g dry wt./(m2 

d) and fell to 12 g dry wt./(m2 d) in late January (Hanisak, 1987).  

Physiological needs of G. tikvahiae include light, nitrate and phosphate nutrients, 

appropriate temperatures, and salinities. As part of a year-round study, maximum growth 

rate (0.6/d) was observed when grown with a culture density of 0.4 kg wet wt./m2 in 
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summertime conditions (Lapointe and Ryther, 1978). The highest year-round biomass 

yields were obtained when the kelp were maintained at areal densities of 2–3 kg wet 

wt./m2. Over the course of this study, 20 < S < 36 ‰, 12 < T < 31 °C, 72.6 < I < 218.1 

W/m2 (Lapointe and Ryther, 1978). Algae were grown in outdoor growth chambers 

sustained with sea water obtained from a lagoon connecting the Indian River to the 

Atlantic Ocean. Experiments receive78d nutrient enrichment of nitrogen and 

phosphorous (as NaNO3 and NaH2PO4) at an atomic N:P ratio of 10:1. From July to 

December, a close correlation between light intensity and G. tikvahiae biomass yield was 

observed; a lesser correlation was apparent from January to June. 

Lapointe and Ryther (1978) also reported that Gracilaria growth depended upon sea- 

water exchange and that growth increased with flow rate independent of nutrient 

concentrations past a threshold value. From these experiments, the best growth of G. 

tikvahiae was obtained at a culture density of about 2 kg wet wt./m2, with a rapid 

exchange of seawater medium (flow rate of 22 culture volume exchanges per day of 

seawater enriched with 15 µmol/NO3N and 4 µmol/NO3N). This demonstrated that 

nutrient flux is at least as important as nutrient concentration (Lapointe and Ryther, 

1978). 

Studies of Gracilaria noted that finely branched thallus forms tend to have higher 

production rates than coarsely-branched species (Kanwisher, 1966; King and Schramm, 

1976; Littler and Arnold, 1982). When clones of G. tikvahiae from outdoor tank cultures 

with varying morphologies were evaluated for photosynthetic and growth rates, the 

surface area:volume ratio of the plant correlated with productivity. Ranging from 20–52 

cm3/cm2 (Hanisak et al, 1988), this ratio was higher when G. tikvahiae clones were 
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highly branched with numerous smaller, finer branches (Figure 2.1) than when clones 

were thicker with more coarsely branched thalli (Figure 2.1). Because nutrient uptake is 

the metabolic process by which algae actively transport compounds across membrane 

surfaces, the rate of uptake depends on the relative surface area available for such 

transport; thus, a thallus form with a high surface-area:volume ratio achieves more rapid 

nutrient uptake (Hanisak et al, 1909).  

Leveraging the relationship between morphological form and photosynthetic 

performance can inform harvest practices (i.e. how the algae are pruned upon harvest) 

and seeding density (spacing between algae within the aquaculture farm) and maximize 

biomass retrieved from each harvest period. The significance of drawing this connection 

between algae morphology and photosynthetic productivity lies in the ability to make 

predictions about algal photosynthetic processes without being constrained to a specific 

geographic location or environment (Littler and Arnold, 1982). 

This morphology-photosynthetic rate relationship suggests that farmers maintain a 

high surface-area: volume ratio when pruning once the algae have reached maturity in 

their life cycle (Littler and Arnold, 1982). Self-shading obstructs sufficient light from 

reaching the algae’s photosynthetic apparatus, and pruning strategies that maintain a high 

surface area: volume ratio effectively mitigate this phenomena. Additionally, this 

functional-form model could be used to identify the most productive portions of algal 

thalli. 
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Figure 2.1. Herbarium sheets of G. tikvahiae showing morphological variations. 
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CHAPTER THREE 

 

Site Description (Kona, Hawai’i) 

 

 

Currently, a large portion of the U.S. Exclusive Economic Zone (EEZ) is 

inappropriate for commercial macroalage cultivation. Nutrient-poor surface waters are a 

major contributing factor to this limitation. A significant swath of the U.S. EEZ that lacks 

surface nutrients also possesses deep, nutrient-rich seawater, a feature that an aquaculture 

site might use to supply nutrients to the system. This is the case for the tropical ocean 

waters that surround Hawai’i (Kampachi Farms, 2019). 

These waters are thermally stratified into a well-mixed warm upper layer 

overlying cooler nutrient-rich deep seawater (DSW). This stratification hinders the 

supply of nutrients upwelled into the photic zone, which results in a nutrient-limited 

“oligotrophic” phytoplankton community having low biological productivity. 

Oligotrophic oceans are the oceanic equivalent of terrestrial deserts (Grandelli, 2012). 

Pumping DSW into the upper waters should enhance algal growth. A balance 

must be struck between providing sufficient nutrients and not bringing up too much cold 

water, as doing so could lower the temperature below that of ideal growing conditions. 

Ideally, the system will be irrigated with seawater flows deep enough so that the 

discharged nutrients remain below the photic zone. At the same time, it is crucial that G. 

tikvahiae be planted shallow enough that light needed for growth is optimum (Grandelli, 

2012). 

Oceanographically, Kona is an ideal location for offshore macroalgal culture as 

waters on the leeward side of the Big Island of Hawai’i are protected from trade winds 
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and prevailing seas. Also, a steep offshore slope allows for easy access to nutrient-dense 

DSW from greater depths. Ocean Era (formerly Kampachi Farms), a Hawai’i-based 

mariculture company, has collected site- specific data (temperature, nutrient 

concentrations, irradiance, and salinity) that were used to populate models (Kampachi 

Farms, 2019).  

As depicted in Figure 3.1 The Ocean Era MARINER (Macroalgae Research 

Inspiring Novel Energy Resources) Blue Fields Offshore Macroalgae Demonstration 

Project is being deployed in the offshore waters adjacent to Pawai Bay and the Old 

Airport County Recreation Park, in Kailua-Kona, Hawai’i. The submersible macroalgae 

culture array offers distinct operational and economic advantages, as the potential 

damage from storm surf or hurricanes is greatly reduced and normal wear-and-tear on the 

array and the moorings is minimized by the dampening of the day-to-day wind and wave 

action at the surface. This demonstration project is currently active and is projected to 

continue into 2022. 
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Figure 3.1. The Ocean Era MARINER (Macroalgae Research Inspiring Novel Energy 

Resources) Blue Fields Offshore Macroalgae Demonstration Project Site Location and the 

site of this study. Underlying chart: 19327 West Coast of Hawai’i 

 

 

The submersible algae platform (see Figure 3.2) is situated approximately 

1.5 nautical miles offshore and will normally sit below the water surface. The 

demonstration array is moored to the ocean bottom in approximately 120m (400 ft) water 

depth, to minimize significant impacts on water quality, coral reefs, or dolphin resting 

activity. 
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Figure 3.2. Schematic of the algae growing platform (not to scale)..This submersible 
macroalgae culture array offers distinct operational and economic advantages, as the 
potential damage from storm surf or hurricanes is greatly reduced, normal wear-and-tear on 
the array and the moorings is minimized by the dampening of the day-to-day wind and 
wave action at the surface. 

 

This Hawai ‘i-based demonstration project aims to validate technologies that 

facilitate aquaculture cultivation using only the energy that exists in the natural 

environment (wind, wave, current, and solar energies) while focusing solely on native 

Hawaiian macroalgae species, G. tikvahiae included. Numerous native species were 

tested for suitability in on-shore trials at the Kampachi Farms’ research yard at the 

Natural Energy Laboratory, in Kona, Hawai’i. Modeling efforts of the following research 

study were based on the details of this Hawai’i-based demonstration project. 

 

Irradiance Data 

 

 Figure 3.3 shows hourly data of downwelling photosynthetically active radiation 

 

obtained from the Natural Energy Laboratory of Hawai’i Authority (measured near Kona,  

 

Hawai’i) at https://midcdmz.nrel.gov/apps/ go2url.pl?site=NELHA. The LI-COR LI-190  
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quantum sensor (coordinates: 19.728 144°N, 156.058 936°W, elevation: 4 m AMSL,  

 

Hawai’i Standard Time) measures PAR in the 400 to 700 nm waveband (Olson and  

 

Andreas, 2012). Seasonality is evident. 

   

 

Light Attenuation 

 

 Like all plants, macroalgae require some minimal amount of light to survive. 

Their actual rates of growth depend upon the intensity of light that is available to them. 

Light attenuates exponentially with depth in the water column according to the Beer-

Lambert Law (Abdelrhman, 2016) as shown in Figure 3.4. An average light-attenuation 

coefficient of Kd = 0.161/m was calculated for Kona waters by fitting the Beer-Lambert 

Law to measured light intensities at various depths in the top 10 m of the water column: 

I (z) = I0 exp (Kdz) , (3.1) 

where I0 (W/m2) is the light intensity at the surface and z (m) is depth. 

 

Figure 3.3. Light data 2014--2018. Illumination for plants, also known as "irradiance", can be measured in 

PAR (photosynthetically active radiation) with the units of watts per square meter. Notice the annual 

cyclicity of PAR in Kona, Hawai'i between 2014 and 2018. Periods of peak PAR (often July and August of 

the summer months) overlap with G. tikvahiae's growing season. Recall that G. tikvahiae's maximum 

reported growth rate of 0.6/day was observed when grown in summertime conditions. 
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Figure 3.4. Best-fit curves of PAR with depth are shown. Red data and symbols are for 
noontime and purple data and symbols are for 9 AM and 3 PM. 

 

 

Monthly Temperature Data 

 

 Figure 3.5 shows the monthly temperatures of deep and shallow Kona waters. The 

shallow warm waters largely ranged from 25–35 °C, while the cold, deep waters ranged 

from 5.5 to 7.5 °C. 

Temperatures in shallow Kona waters peak around November each year. The 

most extreme outlier within the temperature data, occurring November 2015, was so great 

that it also corresponded with the maximum deep Kona waters temperature (7.5 °C). 

Because nutrient concentrations vary widely, one must be strategic when supplying 

deep seawater to the algae growing platform. If excessive cold water is supplied from the 
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pumping system to the growing platform, one runs the risk of expending too much energy 

and decreasing the water temperature to a non-optimal ranges. 

 

 

Figure 3.5. Temperatures of shallow (orange) and deep (green) Kona waters. Both land-

based and offshore macroalgae cultivation studies observe G. growth in waters with 

temperatures ranging from 12°C to 31°C.  Chapter 4  explores the modeling efforts to identify 

ideal seeding and growth temperature ranges for this specific site. 

 

 

Monthly NO3 and NH4 Data 

 

 Figure 3.6 shows monthly concentrations of [NO3] and [NH4] in deep and 

shallow Kona waters. In shallow, warm waters, [NO3] ranged from 0.1 to 2.3 µM and 

[NH4] ranged from 0.1 to 1.3 µM.  In colder, deep Kona waters, [NO3] ranged from 35 

to 70 µM and [NH4] ranged from 0.05 to 0.8 µM. 
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Figure 3.6. [NO3] (red) and [NH4] (blue) in (a) shallow and (b) deep Kona waters. While 

nitrate and ammonium values vary in shallow water, both hover near a concentration of 

roughly 0.4M. In deep seawater, nitrate concentrations on average increase greatly (by 

two orders of magnitude), while ammonium values remain roughly similar. 

 

 

Monthly PO4 Data 

 

 Figure 3.7 demonstrates that [PO4] was consistently around 0.2 µM in shallow 

waters, while [PO4] in deeper waters was most often 3 µM with a few elevated values 

between 5 and 6 µM. Note that [PO4] are elevated in November 2016. 
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Figure 3.7. [PO4] in shallow (orange) and deep (green) Kona waters. 

 

 

Monthly Salinity Data 

 

Biomass was not limited by salinity, as both shallow (34.8–34.3 ‰, mean: 

35.3 ‰) and deep (34.2–34.9 ‰, mean: 34.5 ‰) seawater salinity concentrations in Kona 

fell within the optimal salinity range (between 24 and 36 ‰) for G. tikvahiae growth, as 

shown in Figure 3.8. 
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Figure 3.8. Salinity in shallow (orange) and deep (green) Kona waters. Of the 
environmental factors discussed in this study, salinity has historically had the least impact on 
G. tikvahiae growth. Also, Kona waters at the surface and at depth tend to maintain an 
average density that approaches 35ppt. 
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CHAPTER FOUR 

 

Basic Growth Model 

 

 

The governing equation for algal biomass growth is shown in Equation 4.1(Cerco 

and Cole, 1995) 

𝜕𝐵

𝜕𝑡
= (𝑃 − 𝐵𝑀 − 𝑃𝑅 −

𝜕𝑤𝑠

𝜕𝑧
)𝐵,    (4.1) 

where B is the algal biomass expressed as carbon equivalents (g-C/m3), P  is the 

production rate (1/d), BM is the basal metabolic rate (1/d),  PR is  the predation rate (/d), 

and ws is the settling velocity (m/d) (Cerco and Cole, 1995). The production rate (P ) is 

limited by seaweed density and the availability of light and nutrients, as well as 

temperature and salinity; the effect of each is multiplicative as shown in Equation 4.2 

(Cerco and Cole, 1995). 

𝑃 = 𝑃𝑚𝑎𝑥𝑓(𝐼)𝑔(𝑇)ℎ(𝑁)𝑖(𝑆)𝑗(𝜌), (4.2) 

where Pmax is production (growth rate) under optimal growth conditions (1/d), f (I) is the 

effect of non-optimal illumination (0 ≤ f (I) ≤ 1), g(T ) is the effect of non-optimal 

temperature (0 ≤ g(T ) ≤ 1), h (N ) is the effect of non-optimal nutrient concentrations (0 

≤ h (N ) ≤ 1), I (S) is the effect of non-optimal salinity (0 ≤ I (S) ≤ 1), and f (ρ) is the 

effect of self-shading due to increasing biomass areal density (0 ≤ j (ρ) ≤ 1) (Cerco and 

Cole, 1995). All of these functions are time and space-dependent and their values vary 

according to incident solar radiation, temperature, local nutrient concentrations, salinity, 

and biomass areal density. 
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In most large-scale algal mariculture systems, it is not economically feasible to 

control certain physical factors such as temperature, salinity, and light, which can have 

large diurnal seasonal fluctuations. However, knowledge of how macroalgae respond to 

these factors that determine growth potential is key to understanding seasonal patterns of 

yield and in assessing the viability of potential cultivation sites (Hanisak, 1987).  

 

Maximum Productivity 

 

 In studies led by Hanisak, G. tikvahiae was fed pulsed nutrients (phosphorus as 

NaH2PO4, nitrogen as NaNO3 and NH4Cl) and grown in outdoor containers (Hanisak, 

1987). The maximum growth rate reported in the literature is P = 0.6/d and this suggests 

only minimal limitations due to non-optimal temperatures, nutrients, salinities, and 

culture densities (Hanisak, 1987).  

 

Light 

 

No light is available to the algae at night, so no algae growth occurs during this 

period. Several clones of G. tikvahiae were isolated from outdoor or greenhouse samples 

and cultured under controlled laboratory conditions (Hanisak, 1987).  In the lab, light 

saturation typically occurred at about 21.9 W/m2 (100 µE/(m2 s)), levels that are typical 

for populations of Gracilaria under natural conditions in turbid water (Hanisak, 1987; 

Lapointe and Hanisak, 1985). Light inhibition occurred at relatively high photon flux of 

109.5 W/m2 (500 µE/(m2 s)) (Friedlander and Zelikovitch, 1984). 

In Florida, where these experiments took place, surface light intensities ranged 

from 175.2 to 394.2 W/m2 (306.6 W/m2 in August when growth was maximum) at the 

water surface, but the culture system was 1 m deep in turbid waters. 
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Based on the analysis by Hanisak (1987), light limitation in Figure 4.1 is 

described by Equation 4.3 (Cerco and Cole, 1995) : 

𝑓(𝐼) =  

{
 
 

 
 

𝐼

𝐼𝑜𝑝𝑡
𝑒𝑥𝑝 (1 −

𝐼

𝐼𝑜𝑝𝑡
 ) 𝑓𝑜𝑟 𝐼 < 𝐼𝑜𝑝𝑡

1                     𝑓𝑜𝑟 𝐼 ≤ 𝐼𝑜𝑝𝑡 ≤ 𝐼𝑚𝑎𝑥
𝐼𝑚𝑎𝑥

𝐼
                           𝑓𝑜𝑟 𝐼 >  𝐼𝑚𝑎𝑥

,                               (4.3) 

where Iopt = 21.9 W/m2 and Imax = 109.5 W/m2. Note that Steele’s Equation was 

used for the increasing limb of the light-limitation function (I < Iopt). Without specific 

data on growth limitation due to photoinhibition, an asymptotically decreasing light 

limitation function was assumed when I > Imax. Hence, the limitation function described 

by Hanisak (1987) was implemented. 

 

Figure 4.1.  This piecewise function describes G. tikvahiae light limitation. G. tikvahiae growth, as a 

function of irradiance, is maximized when f (I) = 1.0 (from light saturation at 21.9 W/m2 to light inhibition 

at four to five times that energy flux at 109.5 W/m2). 
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Temperature 

 

Experiments were conducted on Gracilaria tikvahiae with temperatures 12°C < T 

< 36 °C with optimal growth between 24°C < T < 30 °C (Hanisak, 1987). Lapointe 

(1984) indicated that Gracilaria did not grow well below 15 °C (growth was about 25% 

of the maximum observed at 27 °C). Figure 4.2 depicts the temperature growth-limitation 

function: 

𝑔(𝑇) =  {
1 𝑓𝑜𝑟 24 ≤ 𝑇 ≤ 30℃

𝑒𝑥𝑝[−𝐾𝑇2(𝑇 − 30)
2] 𝑓𝑜𝑟 𝑇 > 30℃

                            (4.4) 

 

where KT1 = 0.017 °C−2 and KT2 = 0.064 °C−2. These coefficients were 

determined by fitting the preceding equation such that g(15 °C) = 0.25 and g(36 °C) = 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. G. tikvahiae temperature limitation function. Temperature dependent growth is optimal between 

24 °Cand 30 °C. As temperatures    approach the lower temperature bound, macroalgae growth rises steadily, and 

as temperatures increase past the upper temperature bound, macroalage growth declines more rapidly than it 

rose. When mixing deep and shallow seawaters, one should aim for a mixing ratio that favors the lower end 

of the ideal temperature range. This can allow for a temperature buffer and a prolonged period of maximal 

growth. 
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Although this distinction was considered in the model, Pmax is reported using the 

convention of the experiments that implicitly consider no growth at night by dividing by 

the fraction of the day that is light. 

 

Nutrients 

 

Lapointe (1987) noted that phosphate was the limiting nutrient in the Florida 

Keys. Maximum yield occurred at nutrient enrichments of 10 to 100 µM nitrogen and 1 

to 10 µM phosphorus (Hanisak et al, 1990). There was a pattern of winter N and P 

limitation and summer P limitation (Lapointe 1987). The Michaelis- Menten (Monod) 

equation is often used to estimate nutrient limitation for micro- (Hein, 1995) and 

macroalgae (Li, 2016; Pederson and Borum, 1997) where: 

 

ℎ([𝑁𝑂3]), ([𝑁𝐻3]), ([𝑃𝑂4]) = min [(
[𝑃𝑂4]

𝑘[𝑃𝑂4]+[[𝑃𝑂4]]
) ,𝑚𝑎𝑥 (

[𝑁𝐻4]

𝑘[𝑁𝐻4]+[[𝑁𝐻4]]
, (

[𝑁𝑂3]

𝑘[𝑁𝑂3]+[𝑁𝑂3]
))] , 

(4.5) 

Until such time as experimental data are available to confirm half-saturation constants, 

values of κPO4  = 0.1, κNH4  = 0.3, and κNO3  = 0.4 µM were implemented because these 

yielded growth rates consistent with observations by Lapointe (1987).  The preceding 

equation indicates that growth is either nitrogen or phosphorus limited. 
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Figure 4.3. G. tikvahiae nutrient limitation. Until such time as experimental data are available to confirm 

half-saturation constants, values of κPO4 = 0.1, κNH4= 0.3, and κNO3 =  0.4 µM were implemented because 

these yielded growth rates consistent with observations by Lapointe (1987). The preceding equation 

indicates that growth is either nitrogen or phosphorus limited. Greater concentrations of nitrogen seem to 

be required to observe optimal growth than those of phosphorus. 

 

 

Salinity 

 

Growth was observed over a salinity range of 6 to 42 ‰, with optimal growth 

between 24 and 36 ‰ (Capo et al, 1999. The salinity growth limitation function in Figure 

4.4 is: 

𝑖(𝑆) =  {

𝑒𝑥𝑝[−𝐾𝑆1(24 − 𝑆)
2] 𝑓𝑜𝑟 𝑆 < 24‰

1                           𝑓𝑜𝑟 24 ≤ 𝑆 ≤ 36‰

𝑒𝑥𝑝[−𝐾𝑆2(𝑆 − 36)
2] 𝑓𝑜𝑟 𝑆 < 36‰

                                 (4.6) 

where KS1 =  0.007 and KS2 = 0.063 ppt−2 obtained by setting g (6)  = 

g (42) = 0.1 because of the observed growth range noted by Capo (1999). 
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Figure 4.4. G. tikvahiae salinity limitation. Recall that salinity at the study site is fairly sconstant; variations 

that deviate greatly from 35ppt are unlikely. 

 

 

Culture Density 

 

In a series of outdoor, continuous-flow seawater cultures, Lapointe (1978) investigated 

the effects of culture density on G. tikvahiae growth rates. They reported maximum growth rates 

at a low density (ρopt = 0.4 kg/m2) with decreasing rates thereafter. These effects are likely due to 

a combination of self-shading (although decreased nutrient availability could also limit growth, 

nutrients were in excess in their experiments,). Digitizing their data, the fit of growth limitation as 

a function of culture density was (Figure 4.5): 

𝑗(𝑝) =  {
1 𝑓𝑜𝑟 𝑝 <  𝑝𝑜𝑝𝑡

𝑒𝑥𝑝[−𝐾𝑝(𝑝 − 𝑝𝑜𝑝𝑡) ] 𝑓𝑜𝑟 𝑝 ≥ 𝑝𝑜𝑝𝑡 
                      (4.7) 

 

where Kρ = 0.513 m2/kg. 

Basal Metabolism 

 

A photosynthesis:respiration ratio of 20:1 suggests that the basal metabolic rate is 

BM = −0.05 (Pmax = −0.03/d) [LTD84]. Because the maximum measured growth rate of 

0.6/d is the net growth rate, the basal metabolic rate has already been considered in this 
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estimate so it need not be explicitly considered in the model. G. tikvahiae growth-

limitation model parameters are listed in Table 4.1. 

Experiments indicate that light, nutrients, and temperature more strongly affect 

algae growth than salinity and culture density. Light and temperature patterns are 

seasonal, while the nutrients made available to the aquaculture system can be 

strategically curated by way of the deep seawater (DSW) pumping system. As such, 

suggestions offered to farmers of this modeled aquaculture site should prioritize forming 

a seeding schedule that aligns with optimal light and temperature conditions throughout 

the year.
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Figure 4.5. G. tikvahiae growth as function of culture density. As the macroalgae culture grows beyond 0.4 

kg/m2, its growth rate decreases exponentially. This knowledge will inform harvest frequency and 

technique (depending on the extent of self-shading). 

 

 
Table 4.1. Growth model parameters 

 

Parameter  Value 

Maximum growth rate, Pmax  1.04/d 

Light saturation, Iopt  21.9 W/m2 

Photoinhibition, Imax 

Temperature constants, KT and KT2 

Half-saturation constants, κnh4, κno3, κpo4, 

Salinity constants, KS and KS 

Density saturation, ρopt 

Density constant, Kρ 

 109.5 W/m2 

0.017 and 0.064 °C−2 

0.1, 0.3, and 0.4 µM 

0.007 and 0.063 ppt−2 

0.4 kg/m2 

0.513 m2/kg2 
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CHAPTER FIVE 

 

Results and Discussion 

 

 

A set of conditions for the basic growth model was initially specified according to 

expert judgement (Lapointe and Ryther, 1978), hereinafter referred to as the baseline 

model: a culture depth of d = 5 m, a mixing ratio of r = 0 (no irrigation), hmax = 4.0 

kg/m2 and hmin = 0.4 kg/m2 (biomass to trigger harvest and pruned biomass). The 

baseline model run yielded an average growth rate of P = 0.048/d and cumulative 

biomass grown over one year (2014) of 61.0 kg wet wt./(m2 yr). 

For G. tikvahiae cultivation in Florida, one practice was to harvest at the upper 

end of the optimal range at hmax = 4 kg wet wt./m2 and prune back to hmin = 0.4 kg wet 

wt./m2 ((Lapointe and Ryther, 1978). This scheme typically required harvesting 

approximately every week in the summer and every two weeks in the winter (Hanisak, 

1987; Lapointe and Ryther, 1978). 

An optimization was performed on the baseline model to maximize the 

cumulative biomass harvested per square meter for 2014. These optimal values were 

supplied to model runs over 12 months (January to December of 2014) and the range of 

productivities was recorded. Adjustable parameters were culture depth, d, to control light 

intensity (i.e., too shallow will lead to photoinhibition while too deep does not allow 

sufficient light), mixing ratio, r, which is the fraction of cold, nutrient-rich, deep water 

with which the system is irrigated (i.e., too little mixing can cause insufficient nutrients 

while too much deep water will yield sub-optimal temperatures), and harvest triggers, 
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hmax and hmin, to control density limitation (i.e., the density trigger for harvest and the 

minimum density to maintain while pruning). 

 

Basic Growth Model Optimization 

 

 

Depth Optimization 

 

Optimization efforts first focused on determining the culture depth that 

maximized yield (r, hmax, and hmin held at baseline values). Figure 5.1 shows that algal 

biomass was maximized at 72.2 kg wet wt./(m2 yr) when algae were planted at depths of 

6 to 10 m below the sea surface, which exceeded the baseline results (61.0 kg wet 

wt./(m2 yr)) by 18.5%. Discontinuities exist in the cumulative harvested biomass data 

(depicted in red) throughout each optimization step because the aquaculture site can only 

be harvested as an integer number (1, 2, 3, etc.) of times per year. For example, a site 

cannot be harvested 6.2 times a year; the site could be harvested either 6 or 7 times per 

year. 

This figure also indicates that seeding 7.81 m below the sea surface minimized 

light limitation (maximized G. tikvahiae growth as a function of light) achieving f (I) =  

0.47 (with 0.5 being the theoretical maximum).  For d = 5 m, f (I) = 0.44, so 7.81 m was 

set as optimal. 
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Figure 5.1.  f (I) (solid blue curve), P (dashed blue curve), and annualized cumulative mass harvested per 
unit area (symbols) as functions of structure depth, d. At depth d = 7.81m, light-dependent G. tikvahiae 
growth was maximized. The red piecewise function represents cumulative biomass har- vested. These 
data suggest that roughly 72 kg of algal biomass is available to be harvested when the glowing platform is 
positioned at depths ranging from 5.5-10.5 m. Since light-dependent G. tikvahiae growth is maximal at 
7.81 m, this is an appropriate depth for the platform. 

 

 

Irrigation Mixing Ratio Optimization 

 

Once culture depth was optimized, the relative volumes of deep and shallow 

waters were varied to determine the ratio that maximized growth (at a fixed depth of d = 

7.81 m). The goal was to increase nutrient availability without cooling the water too much 

(thereby inhibiting growth). Biomass was maximized between mixing ratios of 0.08 and 

0.22 at 108 kg/(m2 yr), as shown in Figure 5.2. Ultimately, temperature and nutrient 

limitation could be co-optimized by setting  r  =  0.15,  achieving g (T )  =  0.98 and h 

([PO4], [NH4], [NO3]) = 0.86 (due primarily to [PO4] limitation). This resulted in 108.4 

kg/(m2 yr), a 50.1% increase in cumulative harvested biomass over the depth optimization 

step and a 77.8% increase over the baseline model (61.0 kg wet wt./(m2 yr)). 

As r increased from 0 to 0.25, the nutrient-limitation function, h(v), increased while the 

temperature-limitation function, g(T ), decreased. This indicated that as more nutrient-
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rich (cool) waters were used to irrigate the algae farm (when r was small and increasing), 

more algae was harvested. The rate at which g(T ) decreased was less than the rate of 

increase of h(v), indicating that optimal nutrient availability was a more sensitive variable 

than optimal ocean temperature for small values of r. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 5.2. Mixing ratio optimization. Since biomass (P) was maximized between mixing ratios of 0.08 and 

0.22 and the maximum biomass that could be harvested was 108 kg/(m2 yr) between mixing ratios of 0.9 

and 0.21, the ideal mixing ratio was established as 0.15. 

 

 

Harvest Parameters Optimization 

  

Next, the trigger for harvest, hmax, and the density to prune back to, hmin, were 

optimized. Depth and the mixing ratio were fixed at d = 7.81 m and r = 0.15. Figure 5.3 

implemented hmax = 4.0 kg wet wt./m2 with hmin varied from 0.01 to 3.99 kg wet 

wt./m2. As a result, hmin = 1.23 kg wet wt./m2 was the optimal density to prune to that 

maximized biomass at 119.5 kg/(m2 yr), a 65% increase in cumulative harvested biomass 

over the mixing-ratio optimization and a 96% increase over the baseline model. 
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Finally, the trigger for harvest, hmax, was optimized between 1.24 and 8.0 kg wet 

wt./m2 with fixed values of depth, mixing ratio, and minimum density to maintain at d = 

7.81 m, r = 0.15 and hmin = 1.23 kg wet wt./m2. 

As shown in Figure 5.4, P declined nearly linearly as hmax increased. The 

optimal harvest trigger was hmax = 2.27 kg wet wt./m2, resulting in 129.7 kg/(m2 yr). 

With these harvest parameters, the predicted harvest frequency was every 3 days. A more 

efficient strategy would be to harvest algae at hmax = 3.6 kg wet wt./m2, resulting in a 

this harvest frequency of 7 days and a yield of 123.3 kg/(m2 yr), a 108.5% increase in 

cumulative harvested mass above the mixing-ratio optimization and an 212.7% increase 

over the baseline model. 

For a more efficient harvesting schedule, a harvest frequency of every 7 days 

(hmax = 3.6 kg/m2) was selected. This yielded a cumulative harvest biomass of 123.3 

kg/(m2 yr). 

Figure 5.3. Optimization of hmin when hmax = 4.0 kg/m2. This figure indicates that it is advantageous to 

initially seed the growing platform with densities that range from 0.5 kg/(m2 yr) to 2.5 kg/(m2 yr), as the 

minimum amount that can be harvested when seeding densities fall within this range is 110.0 kg/(m2 yr), 

merely 11% less than the maximum harvest-able amount at this depth and mixing ratio. Knowledge of this 

suitable range is impactful for farming practices. 
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Overview of Biological Parameters 

 

Figure 5.5 compares the cumulative biomass yield for each optimization 

procedure. Cumulative harvested biomass increased with each optimization of the 

baseline model. The optimization step between depth and mixing ratio yielded the 

greatest increase in harvested biomass (65% more than the depth optimization and a 96% 

increase over the baseline results). 

Figure 5.4. Optimization of hmax when hmin= 1.23 kg/m2. The range of suitable densities for hmax I s1.8-

3.3 kg/m2 . The minimum biomass that can be harvested in this range is 125 kg/m2 , with a maximum 

biomass of 129.7 kg/m2 . Beyond this range, harvestable biomass declines rapidly.  
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Figure 5.5. Comparisons of cumulative biomass harvested at each optimization stage: Basic Growth Model, 

Depth optimization, mixing ratio optimization, seeding density optimization, and harvest trigger density 

optimization. 

 

Figure 5.6 is a heat map of harvested cumulative biomass overlain by con- tours 

of harvest frequency in days. Each labeled contour indicates the average number of days 

required for hmin to grow to a density of hmax, the harvest trigger. While frequent 

harvests of a day or two yielded 125-130 kg/(m2 yr), this is not feasible from a cost and 

labor perspective. If instead a harvest frequency of eight days is desired, this heat map 

indicates that the trigger for harvesting is hmax = 3.6 kg/m2and the culture should be 

pruned back to hmin = 1.2 kg/m2. The pixelated appearance of the cumulative mass heat 

map is due to the integer number of harvest changing within the one-year model 

simulation. As harvest frequency increased, more harvests were fit into the year with 

each harvest adding an additional tranche of Gracilaria. 
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This analysis could prove valuable to G. tikvahiae farmers as it provides practical 

operational guidelines. If for any reason (natural disaster, scheduling error, etc.) the 

scheduled harvest frequency was no longer tenable, this figure suggests how to maximize 

biomass (for both more and less frequent harvests). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. G. tikvahiae cumulative biomass yield (2014) overlain by contours (black curves) of average 
harvest frequency (days).  
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CHAPTER SIX 

 

Conclusions 

 

 

Summary 

 

Recall that certain physical factors (temperature, salinity and light) can have large 

diurnal seasonal fluctuations that render attempts to manipulate them to enhance 

macroalgal growth both physically challenging and economically daunting. By 

incorporating experimental G. tikvahiae growth data and our modified equation for 

macroalgal growth, we were able to establish a range of environmental conditions under 

which macroalgal production of this species can be maximized. In short, after testing the 

sensitivities of temperature, salinity, and light, their optimal ranges for growing G. 

tikvahiae were determined 25-35 ppt salinity, 24-30 degrees C temperature, 21.9-109.5 

W/m2 light. Nutrient availability (as a means of irrigating the aquaculture system) to the 

aquaculture system also varies, though employing the DSW pump system offer nutrient 

regulation. 

Next, optimization efforts were focused on factors more readily adjustable: depth 

of submersible aquaculture system, concentrations of nutrients used to irrigate this 

system, minimum seeding density and maximum biomass growth before triggering 

harvest. 

When optimized, these values were as follows: a culture depth of d = 7.81 m , a 

mixing ratio of r = 0.15 , hmax = 3.6 kg/m2 (harvest trigger density) and hmin = 1.2 

kg/m2 (biomass to trigger harvest and pruned biomass). 
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Concluding Thoughts 

 

These results demonstrate the range of data that can be extracted and analyzed 

from a model of a macroalgae aquaculture system. We have shown that extant 

environmental codes such as EFDC coupled with water-quality codes such as CE-QUAL 

can be used to model algae growth in open-ocean cultivation systems. This strategy 

allows researchers to avoid time-consuming, costly experiments that represent the 

majority of current scholarship in this rapidly-emerging field of algal culture for biofuels 

production. Numerical simulation of the flow system offers the ability to design the 

macroalgal growth platform and set operational ranges of parameters before construction, 

thus avoiding the all-too-often used trial-and-error method. Modeling should be used to 

optimize system parameters to improve efficiency. 

When adding to this research, these parameters could include new aqua- 

culture system designs, ideal pumping rates of deep seawater for pulsed irrigation 

schedules, and optimal harvest times. 

Correlation of variable flow rate (from the deep seawater pump) and macroalgal 

nutrient uptake to solar energy conversion efficiency could yield interesting results. The 

impact of climate change on growth rates and biomass productivity could also be used to 

determine long-term feasibility of a project. Moreover, experiment operators can evaluate 

the impacts of various system conditions (e.g., depth, harvest frequency, flow speeds) 

without risk of manipulating or damaging the algal biomass under study while saving 

cost and time. 

Most experimental data available are sourced from small-scale tests. This model 

could be used to determine the feasibility and potential benefits of scaling up. Further, 
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simulations may be run to quantify the benefits of integrating algae culture ponds with 

waste treatment plants and fossil-fuel- based power plants, among other possibilities.  
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