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Abstract 

 

 Microalgae possess tremendous potential to meet the ever-increasing demand for 

food, feed, energy and fuels in a sustainable manner. However, to be commercially viable, 

the entire supply chain of microalgae production including harvesting and conversion 

needs to be thoroughly investigated and better understood. To this end, a comprehensive 

theoretical approach was used in the present study involving first-principles based detailed 

modeling, simulation and analysis. Mathematical models were developed to quantify 

microalgae productivity potential and the associated feed stock costs in commercial scale 

biorefineries. In addition, detailed process modeling of the conversion of algae to multiple 

value-added products and the associated technical and economic feasibility and 

environmental assessment were conducted for the different geospatial locations. Using a 

first principles-based approach, algae growth and productivity were modeled considering 

an open raceway pond reactor and a flat panel photobioreactor to understand the 

implications of reactor geometry on microalgae growth and harvesting. Economic analysis 

was also conducted to determine algae production costs in the two different reactor 

systems, and across several geographic locations, thereby offering direct comparisons to 

facilitate selection of the most productive algae reactor system and the location. Then 

process models were developed for the conversion of microalgae to natural astaxanthin 

and eicosapentanoic acid (EPA) and docosahexanoic acid (DHA). These process models 

were used to assess the cost of production of the above products using different bioreactor 

systems and at various geospatial locations. In addition to value-added products, 

utilization of the residual algae biomass was also included in the overall techno-economic 

analysis to understand the economic competitiveness of microalgae-derived natural 

products and algal biorefinery in a fossil fuel-dominated market. The results obtained here 

suggest that microalgae productivity potential as well as production costs are heavily 
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influenced by geographic location. Predicted yields and corresponding costs for 

astaxanthin and EPA and DHA suggest that the production of these high-value products 

may be more successful in locations characterized by favorable environmental profiles 

that are more conducive to algae growth. While the costs of production in algal 

biorefineries were found to be higher than those of their petroleum-based counterparts, 

with further research and development the commercial production of microalgae-based 

natural products is highly promising for future industrial applications. 
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Chapter 1. Introduction 
 

The global increase in population, accompanied by a mounting demand for energy, 

food, feed and fiber has prompted the need to identify sustainable natural resources, 

resulting in a world-wide transition from a fossil fuel-based economy to a rapidly growing 

bio-based economy. In 2010, bioproducts accounted for an estimated 8.45% of the 

economy in the United States, 6.4% in Canada, and 5% in the European Union (EU) [1–

3]. Biomass-based products and energy harbor the potential not only to meet the growing 

demands for human consumption but also to curtail greenhouse gas (GHG) emissions in 

the atmosphere, thereby helping to mitigate climate change. As part of the  efforts to 

combat climate change, the United States has set a carbon dioxide (CO2) emissions 

reduction goal of 17% by 2020 in comparison to 2005 levels [4]. However, at the current 

rate, emissions will be reduced only by 9% relative to 2005, signaling the immediate need 

for more conscious active efforts and implementation of renewable energy projects across 

different spheres of the economy [4].  

In a bioproducts-based economy, biomass resources are valorized and utilized for 

production of food, feed, energy and fuels in a sustainable manner [5]. However, scientific 

research efforts have generally concentrated on the sole production of biofuels from 

biorenewable resources [6,7]. Despite these efforts, biofuel production from biomass 

remains inadequate. For example, the EU produced only 1.6 million ton of biofuel per year 

which is merely about 0.1% of total fuel consumption [8]. The last several decades have 

seen microalgae researchers focus primarily on its utilization as a renewable fuel source. 

The Aquatic Species Program, an undertaking of the National Renewable Energy 

Laboratory in Colorado, USA was conceived with the goal of assessing the feasibility of 

microalgae of as an energy source [9]. However, the program was discontinued in 1996 
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after finding that fuel prices based on microalgae as a feedstock was more than twice the 

price of fossil fuels despite using aggressive assumptions [9]. High capital costs have 

made it challenging to construct microalgae-based renewable energy plants on industrial 

scales. While there has been significant progress in performing techno-economic and life-

cycle assessment of microalgae-based products taking into consideration various 

assumptions [10,11,20–24,12–19], a lack of detailed comprehensive data regarding 

microalgae cultivation, harvesting, conversion and associated costs presents a major 

hurdle in the commercialization of microalgae products. To realize the full potential of 

biorenewable resources, it is essential to combine and optimize performances of different 

bio-based feedstocks, conversion pathways and production routes in large-scale 

biorefineries [5,25]. 

Biorefineries are essentially similar to fossil-fuel based refineries except for the 

utilization of biorenewable resources as the primary feedstock to produce a plethora of 

products [26]. In a biorefinery, one or more bio-based feedstocks may be subjected to 

different conversion and production routes to manufacture a wide variety of bio-based 

products, thus helping to meet human consumption demands as well as acting as suitable 

fossil fuel substitutes in the market. Generally, biorenewable-based resources can be 

differentiated into three product categories – 1) first generation feedstock, 2) second 

generation feedstock, and 3) third generation feedstock [5]. First generation biorenewable 

feedstocks refer mainly to different types of woods, grasses, starches and oil crops. Bio-

feedstock in the second-generation category commonly includes agricultural residues, as 

well as waste such as sewage and manure. Third generation feedstock include microalgae 

and macroalgae which are emerging biobased feedstock that may be utilized to produce 

various value-added products [22,27,28].   
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Microalgae are a versatile form of feedstock composed primarily of lipids, proteins, 

carbohydrates, and pigments, components which may further yield a diverse range of 

bioproducts [29,30]. Advantages of using microalgae as feedstock include high lipid yields, 

rapid growth rates, utilization of less arable lands and poor quality water, and ease of 

integration of carbon dioxide from point sources (for example, coal fired power plants) [30–

32]. Besides biofuel production, microalgae also have the potential to be utilized as source 

of food, feed, pharmaceuticals and nutraceuticals [33–36]. Different algae components 

and their potential conversions and applications in the market is given in Figure 1.1. 

 

Figure 1. 1. Algae-based biorefinery and product applications [37] 

 

 To determine the feasibility of microalgae-based biorefineries, the entire supply 

chain of microalgae cultivation, harvesting, and conversion to bioproducts needs to be 

considered. In an algae-based biorefinery supply chain, the algal production step is often 

considered to be the most important element [11,27]; however, a more holistic approach 

is needed to realize the full potential of microalgae-based biorefineries. Although 

significant progress has been made in the last decade, the focus has mainly been on 

laboratory or pilot scale projects, where algae cultivation is performed under highly 

controlled conditions thereby generating significant uncertainties regarding commercial 
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scale algae cultivation. Much work still needs to be done to ultimately ascertain the overall 

implications of large-scale microalgae-biorefineries [30,38,39]. 

1.1 Estimating algae productivity on a commercial scale and under ambient 

conditions 

 

Microalgae cultivation on a commercial scale is mainly conducted in two different 

types of reactor systems, namely open raceway ponds and photobioreactors [40]. Open 

raceway ponds are the simplest of the bioreactors used for algae growth. They are often 

uncomplicated in operation and relatively easy to construct. The light path in open raceway 

ponds is generally between 0.2 – 0.3 m for optimal microalgae growth [41]. On the other 

hand, closed bioreactors or photobioreactors are often relatively sophisticated in design 

and operationally more complex. The most common types of photobioreactors used for 

algae cultivation are horizontal tube, vertical tube, and flat panel photobioreactors [37].  

Vertical and horizontal tube photobioreactors are thus named depending on the position 

and layout of microalgae growth tubes, which may have the tubes vertically or horizontally 

stacked. Flat panel photobioreactors are generally rectangular in shape and the path of 

light is generally between 0.02 – 0.10 m [42]. The design and shape of bioreactors heavily 

influence microalgae productivity, and optimal design of growth reactors is critical for 

maximizing algae productivity.  

Studies investigating algae cultivation and productivity in outdoor systems are 

quite limited in literature. Even among these, there is a wide variability in reported 

microalgae productivity, possibly stemming from differences in location, reactor systems, 

and microalgae species. For example, Thomas et al. and Ansell et al. reported productivity 

of Phaeodactylum tricornutum in open raceway ponds to be 59.1 and 10.6 – 27.3 t ha-1 

year-1 in La Jolla, California and Poole, England respectively [43,44]. Similarly, there is a 

huge productivity difference for Spirulina platensis cultivation varying from 20 – 91 t ha-1 
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year-1, for locations in Florence, Italy and Australia [45,46]. Furthermore, choice of species 

plays a critical role in algae productivity as well. For example in Tuscon, Arizona, the 

reported productivity for Nannocholoropsis salina is 12.2 – 12.7 ton ha-1 year-1 [47], 

whereas productivity of Spirulina in western Australia, with similar weather and climate 

patterns as Arizona, is determined to be 91 ton ha-1 year-1 [46]. This wide variability in the 

reported productivity values together with the limited information focusing on algae 

cultivation in outdoor systems, leads to inherent uncertainties and creates difficulties in 

quantifying microalgae productivity in commercial systems and analyzing the implications 

of factors like bioreactor design, choice of species, and geospatial variation. 

Consequently, computational modeling and simulation are indispensable techniques for 

determining and comparing algal productivity and incorporating relevant factors like local 

weather, bioreactor design, design and operating conditions, as well as species 

characteristics.     

 A small number of microalgae productivity models based on different parameters 

and operating conditions have been described previously. For example, Quinn et al. 

developed an algae growth model and experimentally validated it by taking into account 

effects of light intensity, temperature of the culture medium and carbon assimilation in 

algae [48]. However, there is not much information regarding the derivation of light 

intensity in the reactor medium, thereby, rendering it less useful in designing other 

bioreactor systems. Bosma et al. developed a regression based model to determine algal 

volumetric productivity cultivated in bubble column reactors [49]. For algae cultivation in 

photobioreactors, researchers have developed models incorporating average light 

intensity and coupling it with algae growth model based in literature [50–52]. However, 

using average light intensities was ultimately found to underestimate algal growth in Spain 

[53,54]. The different models that currently exist only considered few of the parameters, 
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single algae species, and a single location. Furthermore, these models did not perform 

detailed process modeling of algal carbon or nutrients assimilation during growth phase. 

Thus, currently, there is a significant research gap which may be addressed by developing 

a framework/model capable of predicting algal growth in different reactor systems 

considering geospatial variabilities and other process parameters. The development and 

implementation of such a bottom-up model has been addressed in this work.  

Development of algae productivity models for outdoor cultivation systems is 

important to elucidate the implications on resources at commercial scale. Land, water, 

CO2, and nutrients are essential for microalgae production. Past studies have investigated 

the requirements of land, water, carbon dioxide and nutrients (mainly phosphorus and 

nitrogen) for microalgae processing pathways [10,55–63]. Evaluation of the different 

resource requirements helps to understand the feasibility of scaling up microalgae-based 

biorefineries and can also be compared with the resources that are currently available. 

Results from literature [31,58,63] demonstrate that water availability, CO2 supply, nitrogen 

and phosphorus requirements could be limiting factors in scaling up of microalgae 

production systems to commercially relevant scales, whereas availability of land appears 

to be mostly non-restrictive. One of the biggest advantage of microalgae is the ability to 

grow in marginal lands or less arable lands unfit for agriculture. Several studies have 

investigated the potential limitations of land resources in scaling up microalgae production 

[57–59]. Researchers have also found that land availability for microalgae production is 

significantly higher than the present United States Department of Energy (DOE) goal of 

replacing 30% transportation fuels by 2030 [64]. Thus, availability of land resources does 

not pose a significant challenge to the scale-up of microalgae-based fuels and products. 

However, it is imperative to select suitable locations for microalgae cultivation to maximize 

resource use. Water requirements for microalgae growth are very much dependent on the 
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location, reactor geometry and configuration, and vary significantly among different 

geographic locations due to differences in rate of evaporation [65,66]. Microalgae growth 

in open raceway ponds requires a huge amount of water in comparison to tubular or flat 

plate photobioreactors as there is significant evaporative loss from open ponds [67,68]. 

Thus, water requirement may be an essential limiting factor in algae cultivation. As 

microalgae can grow in saline water or nutrient-rich waste water, the integration of non-

fresh water to microalgae production systems is crucial for their success [31,69–73]. 

Carbon dioxide is another important raw material associated with microalgae growth 

[31,58,63]. Several challenges exist with respect to the capture and economical delivery 

of carbon dioxide and its efficient utilization by microalgae that are often neglected in 

technoeconomic analyses and life cycle assessment studies. Venteris et al. [60] combined 

various resources required for microalgae production to evaluate feasible locations by 

minimizing resource costs and showed that by utilizing 20% of carbon dioxide produced 

in the United States annually, it is possible to produce 21 billion gallons of fuel. A study by 

Quinn et al. [59] showed that it is possible to produce 1.9 billion gallons of fuel annually 

by limiting carbon dioxide transportation distances to 4.8 km.   

An important aspect of microalgae production and commercialization is to 

understand the implications of carbon dioxide, nutrients, and water transport and delivery 

to microalgae production sites, since these are not explicitly quantified in the available 

literature. Studies often underestimate the cost of capture and delivery of carbon dioxide 

as they generally assume co-location of microalgae cultivation with industrial carbon 

dioxide point sources. However, co-location is a vital factor in the assessment of scale-up 

since suitable lands next to industrial facilities may not always be available. Similarly, there 

is a lack of literature regarding transport of water to microalgae biorefinery sites. These 

factors underpin the importance of building system models to quantify microalgae 
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production systems operated under ambient conditions. These models may then help 

make critical decisions regarding feasibility of commercial scale microalgae cultivation, 

harvest and conversion to bioproducts. 

1.2 Microalgae conversion to bioproducts 

 

Traditionally, microalgae have been utilized for production of bioenergy such as 

biofuels, heat and electricity. The scientific community has been pursuing  the algae 

conversion to bioenergy for decades [22,35,74]. Despite some critical breakthroughs, 

most studies suggest that microalgae utilization solely for the purpose of bioenergy 

production is not economically viable  [11,14,75,76]. Consequently, the production of other 

suitable products from microalgae is of utmost importance thereby also making them 

suitable for the generation of fossil fuel-based products in the market. It has been reported 

that algae when cultivated under specific conditions can accumulate significant amounts 

of secondary metabolites [77,78]. The secondary metabolites are extremely highly valued 

compounds having a broad spectrum of industrial applications, thereby providing the 

opportunity to develop a sustainable bio-products based economy [78,79].   

 Pigments are one of the most important components of algal secondary 

metabolites and are often considered to have the biggest potential for industrial and 

commercial applications [80–82]. There are mainly three different types of pigments 

obtained from microalgae – a) carotenoids, b) phycobilins and c) chlorophyll [81,83]. 

Among carotenoids, astaxanthin, the pigment responsible for the pink coloration of fish 

like salmon, trout, shrimp, and lobsters [84], is perhaps the most important. Astaxanthin, 

commonly found in saltwater, is only produced by some plants, microalgae, fungal and 

bacterial consortia. Animals are unable to synthesize astaxanthin naturally, and, it is often 

introduced into animals via microalgae through diet [85]. Thus, astaxanthin plays a huge 

role in the animal feed industry. It is also often considered a powerful natural antioxidant. 



9 
 

Antioxidants are critical for human metabolism and astaxanthin is credited with a crucial 

role in preventing free radical accumulation in the human body [86]. Additionally, 

astaxanthin helps to protect skin from harmful UV radiation and is important for 

applications such as anti-tumor treatment and age-related disorders [87].  

 The commercial potential of astaxanthin is significant. Depending on the purity of 

the product, on an average, the market price for astaxanthin ranges from 2500 – 7000 $ 

kg-1 [28,84]. Under special circumstances, the market price may be as high as 100,000 $ 

kg-1 [86]. The global demand and corresponding market size for astaxanthin was 

estimated at 280 metric tons and $ 447 million, respectively [84,86,88–90]. 95% of the 

astaxanthin demand is met by synthetic astaxanthin derived from fossil fuel-based 

products having a production cost of 1000 $ kg-1 [86,91]. Due to the inherent risk of toxicity, 

sustainability and safety posed by fossil fuel-derived synthetic astaxanthin, there is a 

growing demand for natural astaxanthin  [91–93]. Although market potential for natural 

astaxanthin is significantly lower and only about 1% of the total astaxanthin demand due 

to the higher production costs, it is expected that with further research and optimization of 

natural astaxanthin production pathways, natural astaxanthin will become economically 

more competitive than their synthetic counterparts [28,79].  To date, there is very little 

information regarding commercial scale production of microalgae-based natural 

astaxanthin and studies are mostly based on laboratory or pilot scale facilities [91]. This 

existing knowledge gap in literature with regards to feasibility of commercial microalgae-

based natural astaxanthin production is addressed in the present study.   

 Besides carotenoids, microalgae are a rich source for other value-added products 

in the food and feed industry [79,94,95]. Specifically, there has been significant interest in 

microalgae-based natural synthesis of fish oil having a high content of eicosapentanoic 

acid (EPA) and docosahexanoic acid (DHA). The supply of synthetic fish oils has 



10 
 

plateaued due to the limited availability of pelagic fisheries, thereby leading to an 

increased demand within the aquaculture industry. This is further compounded by an 

increased popularity of omega-3 fatty acids, leading to a surge in demand for natural fish 

oils [96]. Currently, the global fish oil market is estimated to be at 1 million tons annually 

of which about 70% is used as aquaculture feed [97]. The anchoveta fisheries in Chile and 

Peru produce more than 80% of the global fish oil demand [97]. However, due to extreme 

variability in weather and the environment, supply of fish oil from South America has 

become unstable thereby leading to significant price volatilities. This uncertainly in the 

supply of fish oil, coupled with its increasing popularity, has led to a significant increase in 

price to around  2400 $ ton-1 in recent times, an increase of about 3 – 8 times the price in 

2005 [98]. These factors have triggered a need to find suitable alternative sources to fish 

oil. Microalgae is one such viable alternative that can be used to produce EPA- and DHA-

rich fish oil. While previous studies have illustrated the usefulness of microalgae for 

production of valuable products such as feed [99–101], there is deficit of information on 

commercial scale microalgae-based EPA and DHA production, and its economic 

implications. Hence, the present work is essential to bridge this gap in current knowledge.   

1.3 Economics of microalgae-based biorefinery 

 

 In order to develop sustainable, microalgae-based products, they must be 

economically competitive with their fossil fuel counterparts. It is unlikely that these 

bioproducts will be able to penetrate the market if the prices are substantially higher than 

other alternatives [31,102]. Hence, detailed techno-economic analysis (TEA) is an 

important assessment tool to evaluate the economic feasibility of microalgae based 

biorefineries. It not only helps identify the bottlenecks involved, but also reveals areas of 

research still requiring attention to realize the full potential of microalgae-based 

technologies. Generally, TEA studies combine process modeling with financial 
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assessments and estimates to evaluate the selling prices of products. Thus, a sound 

understanding of the technical and engineering details of the processes is essential in 

order to develop capital and operation cost estimates and seamlessly integrate them into 

microalgal technology assessment pathways.  

Prior literature has primarily focused on microalgae-based biofuels with very few 

studies concentrating on development of high-value products from microalgae [79,95]. 

Correspondingly, there are a number of scientific publications that address TEA analyses 

of microalgae-based biofuels based on various assumptions regarding microalgae 

production, harvest and conversion pathways [10,11,64,103–111,12,112,113,13–19]. The 

results show a large variability in the cost of products, ranging between 1.65 $ gal-1 and 

33.16 $ gal-1 as the lowest and highest production cost of biofuels respectively [105,107]. 

Such large variabilities in fuel costs may be attributed to number of sources like differences 

in production and conversion pathways, differences in boundaries, variances in financial 

assumptions as well as modeling of current or future systems, with little technical 

knowledge and experience. Cost variability is significantly influenced by the type and 

geometry of the reactors used for microalgae production as well [76]. Additionally, financial 

assumptions in the process economics, including parameters like lifetime of facility, 

discount rate, depreciation method and other metrics, can influence TEA results. From a 

process engineering standpoint, microalgae productivity is a factor of critical importance 

as it represents a primary input in the economic analysis. It is expected that economic 

analysis of microalgae-based systems will be positively affected by increased productivity. 

With ongoing research and technological breakthroughs, costs will likely decrease, and at 

the present, it may be premature to draw definite conclusions about the economic 

sustainability of microalgal bioproducts. Thus, TEA remains an efficient systems-

engineering tool to assess economic feasibility of microalgae biorefineries. 
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 In general, TEA studies have focused mainly on the production of bioenergy from 

microalgae (biodiesel, biogas, bioethanol and others), and not on specialty chemicals like 

food supplements, aquaculture, animal feed and others. Furthermore, researchers have 

mainly focused on determining breakeven biofuel costs based on the fixed costs for the 

other parameters and not considered the dynamic changes in energy and material prices 

and their impacts on microalgae product costs. Also, the effects of geographical variability 

and different reactor systems on the economics of the process are uncertain. Thus, the 

economic analysis of microalgae-based high value products on commercial scales and 

their feasibility in comparison to fossil-fuel based products is a major research gap yet to 

be fully understood. The development of TEA models to determine economic feasibility of 

microalgae-based high value products biorefinery is an important part of the thesis.  

1.4 Knowledge gaps 

 

Several knowledge gaps in the evaluation of microalgae as a bio-feedstock for 

production of value-added products and chemicals are currently extant. Here are some of 

the focus areas that are investigated in the thesis to assess the feasibility of microalgae 

as a potential biorefinery feedstock: 

a) The design, development and analysis of an integrated biological principles 

and engineering process principles-based modeling to assess microalgae 

productivity incorporating geospatial variabilities 

b) The effects of different reactor systems on algae growth and productivity 

c) Process systems model of microalgae biorefineries with emphasis on portfolio 

of products which includes bioenergy and specialty chemicals, rather than a 

single product.   

d) Detailed economic analysis encompassing the entire supply chain of 

microalgae cultivation, harvest and conversion to bioproducts taking into 
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account different growth systems, geospatial variabilities in climate factors, as 

well as logistics of land, water, CO2 and nutrients. 

e) Sensitivities associated with geographic variabilities as well as microalgae-

based technologies. The changes in different parameters need to be 

incorporated to assess their influence on the product costs. This is important 

to assess the effect of different parameters in the commercialization of 

microalgae based biorefinery.  

 These research gaps call for more robust analyses to provide scientific community, 

industries, and policy makers a holistic assessment to help make informed decisions 

regarding the implementation of microalgae based biorefineries. 

1.5 Research Objectives 

 

 The primary overarching objective of the present study was to create a 

comprehensive platform to evaluate feasibility of utilizing microalgae as a renewable 

biorefinery feedstock. Additionally, the effects of geospatial location on the success of 

such a biorefinery from a systems analysis perspective have been elucidated. These have 

been described below: 

Objective #1: Evaluate microalgae productivity potential 

Hypothesis: Microalgae productivity potential varies among different geospatial locations 

due to variability in local climate conditions.   

Rationale: Biomass growth is heavily influenced by local weather conditions like solar 

irradiance, air temperature, relative humidity and other factors. So, it is anticipated that 

microalgae growth and productivity will vary across latitudes based on the local climate 

factors. Biological growth parameters are integrated with engineering process models to 

determine microalgae productivity potential. Furthermore, sensitivity analysis is also 
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conducted, based on known variabilities in geospatial and microalgae growth kinetic 

parameters, for making quantitative decisions about microalgae productivity potential.   

Approach: To test this hypothesis, a comprehensive microalgae productivity model for an 

open raceway pond bioreactor system from a first principle approach was developed. 

Local climate factors, like solar irradiance, temperature, relative humidity and wind 

velocity, were integrated with a biological growth model to evaluate the variability of 

microalgae productivity based on geospatial locations. Such a fundamental integration of 

process engineering and biological process modeling principles helped determine 

potential microalgae productivity for a location more accurately. Further, a TEA model was 

developed to assess microalgae production costs for the commercial scale system. Also, 

sensitivity analysis was performed to assess influence of key parameters on microalgae 

production costs. The primary research questions that were addressed are: 

a) What is algal productivity potential for different locations? 

b) What is the production cost of microalgae for different locations? 

c) Which parameters influence the production costs the most and the least? 

While performing process systems-based analysis of microalgae conversion to 

bioproducts, traditionally researchers have mostly assumed microalgae productivity 

potential and the corresponding algae cost as the starting point of their analyses 

[11,103,107,114], thereby generating significant uncertainties. Thus, the development of 

the proposed growth model and corresponding economic analysis, under varying climatic 

and environmental conditions, can help to determine microalgae productivity and cost 

more accurately. Also, the geographical variations in productivity and production costs will 

help inform scientists, engineers, policy makers about suitable location for microalgae 

cultivation. 
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Objective #2: Assess implications of different bioreactor on microalgae growth and 

productivity 

 Hypothesis: Microalgae productivity potential is heavily impacted by choice of reactor 

system for cultivation. 

Rationale: Biomass growth is heavily influenced by reactor type and geometry besides 

local weather conditions like solar irradiance, air temperature, relative humidity and other 

factors. Based on the difference in bioreactor design, amount of incident sunlight 

intercepted by biomass, aeration, corresponding temperature profile of the culture medium 

are expected to be different. Hence, it is anticipated that microalgae growth and 

productivity will be different based on the choice of cultivation system as well as across 

different locations. Similar to Aim #1, a microalgae productivity model is developed to 

determine productivity potential. This mathematical approach of determining algae growth 

in outdoor ambient conditions, helped to determine and compare algae productivity across 

different bioreactor systems and locations and throughout the year.  

Approach: To test this hypothesis, a comprehensive microalgae productivity model for a 

flat panel photobioreactor system from a first principle approach was constructed following 

the framework outlined in Aim #1. Geospatial variabilities across locations were 

incorporated in the model to determine potential algal productivity. This fundamental 

approach not only helped to determine productivity potential in a different reactor system 

but also helped to compare the performances when the same algal species is cultivated 

at the same locations. The technical analysis was augmented by an economic analysis 

model to determine algae production costs. Furthermore, a sensitivity analysis was 

conducted to portray the implications of different parameters on microalgae cultivation 

costs. The research questions that were answered are: 
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a) What is microalgae productivity potential based on geospatial locations for a 

different reactor system? 

b) What is microalgae production cost for the new system? 

c) How does microalgae productivity and costs compare for the two different reactor 

system and locations?  

Objective #3: Evaluate feasibility of microalgae-based biorefinery 

Hypothesis: Geospatial effects have an impact on the technical and economic feasibility 

of microalgae-based product portfolio. 

Rationale: Microalgae productivity potential is variable across locations and reactor 

systems resulting in a wide variability in production costs. As microalgae production cost 

(feedstock costs) heavily influences the product costs after downstream processing [11], 

it is anticipated that the economics of product portfolio will be different for different reactor 

systems and geographic locations. 

Approach: To achieve this objective, a comprehensive engineering process model of 

microalgae based biorefinery was developed. Results from Objectives #1 and #2 served 

as inputs to the microalgae conversion process model for the synthesis of high-value 

products from microalgae. This detailed approach encompassing entire supply chain of 

algae growth, harvest and conversion assisted in evaluating the feasibility of the 

hypothetical microalgae biorefinery for a location. The models were further extended to 

different locations to understand implications of spatial variabilities on the economic 

feasibility of microalgae based biorefineries. Sensitivity analysis was also used to assess 

the impacts of different parameters on the type, amount and product costs from the 

hypothetical biorefinery for the different locations. The main research questions that are 

answered are: 

a) What is the economic performance of microalgae based biorefinery for a location? 
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b) How does the economic performance vary across different geospatial locations? 

c) How does microalgae-based bioproducts compete economically with fossil fuel-

based counterparts?  

On the process modeling of microalgae conversion front, researchers have mainly 

focused on the production of biofuels from microalgae [11,31,112,114,115]. Currently, the 

data suggest that microalgae-based fuel price is substantially higher than that of 

conventional fossil fuels, making them economically infeasible. Instead, specialty products 

like animal feed, aquaculture feed, nutraceuticals, food supplements and others may be 

produced from microalgae in a more competitive manner [33,36,116]. The present work 

investigates this crucial gap in literature and can help determine whether a product 

portfolio, consisting of a combination of specialty chemicals and bioenergy, has the 

potential of making microalgae biorefineries economically feasible.  

1.6 Thesis Outline 

 

 The thesis consists of six chapters. It starts with the Introduction (Chapter 1) which 

outlines the literature review and research gaps that are tackled in the thesis. In Chapter 

2, a detailed microalgae growth model is developed from a first principle approach to 

quantify algae productivity potential in commercial scale open raceway ponds. This work 

also incorporates geospatial variabilities to assess productivity variations across the 

different locations. Furthermore, to understand the economic implications of commercial 

scale algae cultivation in ambient conditions, a detailed economic analysis model is 

developed to determine algae production costs for the locations. Chapter 3 essentially 

deals with algae production in commercial scale flat panel photobioreactors and quantifies 

the differences in productivity across different reactor system and reactor geometry. In this 

work, the same mathematical framework is adopted as developed in Chapter 2 and 

corresponding growth models are developed for algae cultivation in commercial scale flat 
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panel photobioreactor systems. Also, an economic analysis model is developed in 

conjunction with the mathematical model to determine algae production costs in 

photobioreactors. The main focus of Chapter 4 and Chapter 5 is on the downstream 

conversion of algae to value-added products. In Chapter 4, process models are developed 

to quantify astaxanthin production from commercial scale algae production, harvesting 

and conversion. This is integrated with a detailed techno-economic analysis to quantify 

astaxanthin production costs. Different scenario analysis regarding utilization of the 

residual biomass is performed to understand the implications and economic 

competitiveness of natural astaxanthin in comparison to synthetic astaxanthin. Similar to 

Chapter 4, Chapter 5 highlights the implications of another algae derived  high-value 

product (EPA and DHA) in the market. Technical process models of EPA and DHA 

production from microalgae are developed taking into account geospatial variabilities as 

well as on the basis of algae cultivation reactor. This is followed by the development of an 

economic analysis to determine natural EPA and DHA production costs and assess their 

competitiveness with fossil fuel derived synthetic products. A set of strategies are also 

developed and implemented to understand economic implications of commercial scale 

EPA and DHA production from microalgae. The different chapters finally culminate to 

Chapter 6 which focuses on the achievements and insights from the present study. 

Additionally, new directions in which the current work may be extended and moved 

forward are also discussed.  
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Chapter 2. Dynamic Process Model and Economic Analysis of 

Microalgae Cultivation in Open Raceway Ponds 
 

 

2.1 Introduction 
 

A rapidly growing population and rising demand for energy, food and feed 

throughout the world has led to an immediate need for suitable sustainable resources. 

Energy derived from biomass is poised to make a substantial contribution to global energy 

supply given its potential to generate significant amounts of renewable fuels, food, fiber 

and feed in addition to helping reduce greenhouse gas emission into the atmosphere [3]. 

While the United States has set a goal of reducing CO2 emissions by 17% by 2020, current 

trends show a decrease closer to 5% relative to 2005, signifying the need for an intensified 

expansion of renewable energy production and use [4]. 

Microalgae are promising source of bioenergy due to several reasons. They are 

capable of growing on non-arable lands, absorbing CO2, utilizing low quality wastewater, 

as well as accumulating large amounts of lipids for biofuel production [30]. Additionally, 

microalgae may be utilized as source of food, feed, pharmaceuticals, and nutraceuticals 

[33–35]. 

An important aspect of the analysis of the current and future potential of microalgae 

as a bioenergy feedstock is the assessment of productivity potential based on 

geographical location. Productivity is heavily dependent on geospatial location and local 

climatic factors such as solar insolation, ambient air temperature, local wind velocity and 

relative humidity. Of the various systems that can be used for the cultivation of microalgae, 

open raceway ponds are the most basic and cost effective for microalgae production 

[76,105]. In comparison with other systems such as photobioreactors, the lower 
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productivity in open raceway ponds is often compensated for by reduced capital and 

operating costs, and higher economic value of the products [18,30,76].  Open raceways 

ponds as a system for microalgae growth and subsequent conversion to biofuels has been 

quite well studied [57,72,75,117–123]. Although in some cases, an algae biomass 

production of greater than 11000 t km-2 year-1 was assumed [119,124–126], the upper 

production limit seems closer to 9100 t km-2 year-1 [127]. A review of existing literature 

suggests a wide variability in microalgae productivity depending on choice of production 

system, location, algae species and local climatic factors. For example, open raceway 

pond productivity of P. tricornitum was found to be 6370 t km-2 year-1 in Algeria and 4150 

t km-2 year-1 in Netherlands, respectively [38]. Such differences in productivity may be 

attributed to differences in solar irradiance and local climate. Similarly, changes in 

productivity for the same location and cultivation system have been observed with the use 

of different species of microalgae [41,42]. Researchers have obtained annual 

productivities as dissimilar as 6.1 kg panel-1 year-1 and 10.6 kg panel-1 year-1 for the 

species T.pseudonana and P.tricornutum respectively in flat panel photobioreactors in 

France, arising primarily from differences in their biological characteristics [42].  Such 

diversity in microalgae productivity can potentially impact systems analysis of commercial 

algae-based systems significantly. Thus, there is a need for a comprehensive 

understanding of the fundamentals of the reaction kinetics and biological process of algal 

growth, and the various factors that influence growth and productivity on a year-round 

basis. 

The current analysis was aimed at assessing the productivity potential of 

microalgae for various locations and conducting economic analysis to evaluate microalgae 

production costs for the locations considered. To achieve these goals, first, a heat and 

mass transfer model for open raceway pond bioreactor system was developed to assess 
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overall yearly temperature of growth ponds based on several climatic parameters. Next, a 

bioreaction kinetics-based growth model was constructed to determine microalgae 

productivities in open raceway ponds while considering geospatial variability. The mass 

and energy balances of the entire process was then used to determine the capital and 

operating expenditure for algae cultivation. The sites considered for the hypothetical 

microalgae plants were Minnesota (Minneapolis), California (San Diego), New Mexico 

(Albuquerque) and Arizona (Phoenix). Previous studies have mostly carried out their 

analyses based on assumed values for microalgae productivity potential and the 

corresponding price of microalgae [11,103,107,114] leading to wide variabilities and 

considerable uncertainties in technoeconomic evaluation. Not only does the present study 

allows for the determination of microalgae costs more accurately, the results can help 

influence the choice of locations for construction of commercial scale microalgae 

production plants in the United States. The mathematical model developed here is 

intended to serve entrepreneurs, scientists, engineers and policy makers as a guideline 

for the effective assessment of the feasibility of microalgae as feedstock for bioproducts. 

2.2 Methods 
 

 In the present study, open raceway ponds, an extensively used microalgae 

cultivation system along with photobioreactors, were considered for modeling microalgae 

production. In such a system, microalgae growth occurs under diurnal light and 

temperature conditions. The growth phase involves the utilization of large amounts of 

carbon dioxide (CO2) and nitrogen and phosphorus-based nutrients accompanied by the 

release of oxygen. While atmospheric CO2 may be sufficient for growth, additional supplied 

CO2 greatly boosts productivity and promotes suitability for biofuel/bioproducts production. 

Therefore, raceway ponds are usually equipped with submerged aerators to supply 

additional CO2 and paddlewheels to facilitate proper mixing of the microalgal cultures 
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[128]. Paddlewheels are mechanical rotating devices operated continually to ensure 

appropriate stirring and prevention of sedimentation as well as alternating microalgae cells 

in dark and light regimes to optimize growth. Although open raceway ponds offer low 

operating costs and capital investments, there are a few drawbacks to the system. The 

volumetric productivity is a few folds lower that of a closed system (0.1 kg m-3 in 

comparison to 1.5 kg m-3) [129], possibly due to the huge loss of water due to evaporation 

from the open surface. Moreover, the risk of contamination limits the productivity potential 

as well as species sustainability [41,130]. 

 In this study, the algal species, Nannochloropsis sp. was selected for the purposes 

of developing a model-based framework relying on variables such as geographical 

location and system design. Nannochloropsis sp. is considered a promising feedstock for 

biofuel production due to their high productivity potential and lipids content, high 

temperature tolerance and ability to utilize saline and brackish water for growth [48,131]. 

Each raceway pond was assumed to have a surface area of be 0.81 hectare or 8100 m2 

with a depth of 0.3 m [128]. The proposed theoretical framework of the model is shown in 

Figure 2.1.  

 Microalgae productivity for a specific  geographic location was determined by first 

developing a combined heat and mass model for microalgal growth in open raceway 

ponds by integrating several factors such as local climate, reactor geometry and species-

specific characteristics and then followed by integrating biological growth kinetics. Next, 

economic analysis was conducted for determining the production cost of microalgal paste. 

This revealed the differences in microalgal cultivation cost for the different geospatial 

locations. An assumption was made that the open raceway ponds were provided with 

algae harvesting and dewatering units that led to the production of microalgal pastes with 
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a solids concentration of 20% (ash free dry weight [AFDW] bases). The entire supply chain 

is depicted in Figure 2.2.  

 
 

Figure 2. 1. Model framework to assess microalgal productivity in open raceway ponds 

 

 
 

Figure 2. 2. Model framework for economic analysis of microalgae production supply 
chain [128] 
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2.3 Model 
 

 The following factors were considered for the development of the model: 

Model input 

• Local weather data- Weather information for a particular geographical location 

including solar irradiation, air temperature, wind velocity, relative humidity was 

obtained from the United States National Climatic Data Center [132]. This data 

was used to the quantify the water temperature of open raceway ponds. 

• Model specific parameters- A list of model parameters is presented in Table 2.1. 

This includes CO2 and nutrients like phosphorous and nitrogen in the form of 

diammonium phosphate (DAP) and urea, which were assumed to be provided in 

surplus to ensure that growth was not limited under any circumstances. 

Model Output 

 The mass production of microalgae was considered as the output of the microalgal 

growth model. A precise estimate of microalgal productivity and raw material 

consumption is deemed essential to be able to assess the lifecycle costs of the 

microalgal growth system. 

Table 2. 1 Parameters used in the microalgal growth model [41,48,133–136] 

 

Symbol Definition Unit Value 

𝜌𝑤𝑎𝑡𝑒𝑟 density of water kg m-3 998 

𝐶𝑝𝑤𝑎𝑡𝑒𝑟 heat capacity of water J kg-1 K-1 4.2x103 

𝐿𝑤𝑎𝑡𝑒𝑟 latent heat of water J kg-1 2.26x106 

ɛ𝒘𝒂𝒕𝒆𝒓 emissivity of water -- 0.97 

𝑀𝑤𝑎𝑡𝑒𝑟 
molecular weight of 

water 
Kg mol-1 0.018 
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𝑘𝑠𝑜𝑖𝑙 
thermal conductivity of 

soil 
W m-1 K-1 1.7 

𝐶𝑝𝑠𝑜𝑖𝑙 
specific heat capacity of 

soil 
J kg-1 K-1 1.25 x103 

𝜌𝑠𝑜𝑖𝑙 soil density kg m-3 1.9 x103 

𝑇𝑠𝑧=𝑧𝑟𝑒𝑓
 soil temperature at 

reference height 
K 281.15 

휀𝑎𝑖𝑟 air emissivity -- 0.8 

ν𝑎𝑖𝑟 air kinematic viscosity m2 s-1 1.5 x10−5 

𝑘𝑎𝑖𝑟 air thermal conductivity W m-1 K-1 2.6 x10−2 

𝑃𝑟𝑎𝑖𝑟 air Prandtl number -- 0.7 

𝜌𝑎𝑖𝑟 density of air kg m-3 1.2 

𝛼𝑎𝑖𝑟 thermal diffusivity of air m2 s-1 2.2 x10−5 

𝐷𝑤𝑎𝑡𝑒𝑟,𝑎𝑖𝑟 
mass diffusion 

coefficient of water 

vapor in air 

m2 s-1 2.4 x10−5 

V volume of pond m3 2430 

S surface area of pond m2 8100 

휀𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 
absorption fraction by 

algae 
% 2.5 

L 
characteristic length of 

pond 
m 10 

𝜎 
Stephen-Boltzmann 

constant 
W m-2 K-4 5.67 x10−8 

𝑅𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑘𝑎𝑙 Universal Gas Constant J K-1 mol-1 8.314 

휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝 gas holdup --- 0.2 

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 gas molar flow mol day-1 48.3 

p partial pressure atm 0.00032 

T temperature of CO2 K 293.15 

H Henry’s constant -- 0.0316 

𝐾𝑂2 
O2 mass transfer 

coefficient 
m s-1 6.67x10−5 

𝐷𝐶𝑂2 CO2 diffusivity in water m2 s-1 1.97x10−9 

𝐷𝑂2 O2 diffusivity in water m2 s-1 2.10x10−9 

z pond depth m 0.3 
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𝑌𝑎𝑙𝑔𝑎𝑒 algae yield 

kg-algae (mol 

carbon consumed)-

1 

0.02016 

𝑀𝑊𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛 molecular weight 
kg-bicarbonate 

(mol)-1 
0.061 

𝑁𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 
N2 max. specific uptake 

rate 
kg kg-1 day-1 0.06 

𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 minimum N2 in cell kg kg-1 0.010 

𝑁𝑚𝑒𝑑𝑖𝑢𝑚,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 initial N2 in medium kg m-3 0.015 

𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 
half saturation constant 

for N2 uptake 
kg m-3 0.005 

𝑅𝑅𝑁 N2 respiration rate per day 0 

𝑃𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 
P max. specific uptake 

rate 
kg kg-1 day-1 0.05 

𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 minimum P in cell kg kg-1 0.004 

𝑃𝑚𝑒𝑑𝑖𝑢𝑚,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 initial P in medium kg m-3 0.015 

𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 
half saturation constant 

for P uptake 
kg m-3 .025 

𝑅𝑅𝑃 P respiration rate day-1 0 

𝐻𝑆𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 
half saturation constant 

for CO2 uptake 
 mol m-3 9x10-4 

𝐾𝑆 
inhibition constant of 

CO2 uptake 
mol m-3 180 

𝐻𝑆𝐶𝑙𝑖𝑔ℎ𝑡 
half saturation constant 

for light 
W m2 43.5 

𝐾𝐼 
inhibition intensity of 

light 
W m2 608.7 

μ𝑚𝑎𝑥 
maximum specific 

growth rate 
day-1 1.15 

𝑘𝑑𝑒𝑐𝑎𝑦 biomass decay rate day-1 0.06 

𝐾𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 absorption coefficient m2 kg-1 75 

𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
constant biomass 

concentration 
kg m-3 0.3 

μ𝑚𝑎𝑥 
maximum specific 

growth rate 
per day 1.15 

𝜑 
land fraction used for 

water 
-- 0.8 

𝐴ℎ𝑎 hectare m2 10000 
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2.3.1 Heat Transfer Model 

 

 An accurate estimation of pond water temperature is of utmost importance in order 

to calculate the productivity of Nannochloropsis sp. correctly. This is due to the influence 

of temperature on photosynthesis as the efficiency of the Rubisco enzyme responsible for 

CO2 capture tends to decrease outside an optimal temperature range [137]. An 

appropriate temperature model also ensures the correct addition and removal of energy 

from open raceway ponds to maintain the optimal temperature range during the day for 

maximizing productivity. Moreover, pond temperature influences evaporation thereby 

directly affecting the water footprint of the process [138]. These factors together dictate 

the need for a robust thermal balance model for microalgae growth ponds. 

 While developing the energy balance model, it was assumed that the 

thermodynamic properties were measured at the appropriate pond water temperature and 

pressure. Assuming thorough mixing and a relatively low pond depth (0.3m), a lumped 

parameter model was employed to predict uniform water temperature. Since light can 

penetrate only two-thirds of the microalgal culture depths [139], air and solar insolation 

were assumed to be fully absorbed before reaching the base of the raceways. On average, 

microalgae are known to utilize 2-5% of solar energy through photosynthesis [140]. 

Accordingly, microalgae conversion efficiency was taken to be 2.5% [133]. The input 

parameters for the heat transfer model considered were solar irradiation, air temperature, 

relative humidity, wind velocity and the temperature of the inflowing make-up water. 

Rainfall associated temperature variations and heat flux accompanying incoming CO2 

required for microalgae growth were assumed to be negligible. A schematic representation 

of the heat transfer model is depicted in Figure 2.3. 
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Figure 2. 3. Thermal energy balance in open raceway ponds [41] 

 

Model description 

 The dynamic water temperature was calculated by the energy balance of raceway 

ponds as illustrated previously [133] by using dimensionless values for heat transfer and 

evaporation. The governing equation of the heat transfer model for microalgal ponds is: 

𝝆𝒘𝒂𝒕𝒆𝒓V𝑪𝒑𝒘𝒂𝒕𝒆𝒓
𝒅𝑻𝒘𝒂𝒕𝒆𝒓

𝒅𝒕
 = 𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒘𝒂𝒕𝒆𝒓 + 𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒔𝒖𝒏+ 𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒂𝒊𝒓+ 𝑸𝒆𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒊𝒐𝒏 + 

                                                  𝑸𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏 + 𝑸𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒐𝒏 + 𝑸𝒊𝒏𝒄𝒐𝒎𝒊𝒏𝒈 𝒘𝒂𝒕𝒆𝒓   (1) 

where 𝑇𝑤𝑎𝑡𝑒𝑟 is open raceway temperature (in K), 𝜌𝑤𝑎𝑡𝑒𝑟 is density of water (in kg m-3), 

𝐶𝑝𝑤𝑎𝑡𝑒𝑟 is specific heat capacity of water (in J kg-1 K-1), V is volume of the pond (in m3), 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑤𝑎𝑡𝑒𝑟 is radiation from the surface of water (in W), 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑠𝑢𝑛 is total solar 

radiation (in W), 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 is radiation from air to open raceways (in W), 𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 is 

evaporation (in W), 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 is convective heat transfer from pond water surface (in W), 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is conductive heat transfer  at the pond bottom with ground (in W), and 

𝑄𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 is energy associated with  the water inflow (in W). Details of the heat 

transfer model are given in Appendix section of the thesis. 
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2.3.2 Mass Transfer Model 

 

 The primary objective of the mass transfer model was to predict microalgae growth 

patterns in open raceway ponds by utilizing engineering principles and biological growth 

characteristics. In order to predict microalgal productivity, data available from literature 

was used to develop a bulk growth model [41,48,130,134–136,141,142]. The factors that 

influence microalgal growth rate include light intensity, photosynthetic rates, respiration 

rate, temperature of the culture medium, and availability and uptake of nutrients and CO2 

[52,143,144]. Light intensity and temperature of water obtained from the thermal energy 

model were used as input and microalgal productivity was the output from the model. 

Modeling of microalgae growth 

 The following equation was used to denote specific microalgal growth rate (μ), a 

function of temperature, light intensity, nitrogen and phosphorous uptake, and bio-uptake 

of carbon, as a Michaelis-Menten type kinetic relationship. 

μ =  μ𝑚𝑎𝑥 ∗

(

 
𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝐻𝑆𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 + 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 +
𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑
2

𝐾𝑆 )

 

∗ (
𝑁𝑚𝑒𝑑𝑖𝑢𝑚

𝑁𝑚𝑒𝑑𝑖𝑢𝑚 +𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒
) ∗ (

𝑃𝑚𝑒𝑑𝑖𝑢𝑚
𝑃𝑚𝑒𝑑𝑖𝑢𝑚 +𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒

)

∗

(

 
𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝐻𝑆𝐶𝑙𝑖𝑔ℎ𝑡 + 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 +
𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒
2

𝐾𝐼 )

 ∗ 1.066(𝑇𝑤𝑎𝑡𝑒𝑟−293.15)  

Biomass Growth Model 

Areal microalgal productivity (t ha-1 year-1, 1 ha= 0.01 km2) was expressed by the following 

equation: 
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𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑃𝑎𝑟𝑒𝑎𝑙) =  𝜑 ∗ 𝐴ℎ𝑎 ∗ ∫ (μ − 𝑘𝑑𝑒𝑐𝑎𝑦)
0.3

0

∗ 𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑑𝑧 

To calculate total microalgal productivity (t ha-1 year-1), areal productivity was integrated 

over the entire year, and was determined by the equation shown below: 

𝑃𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑃𝑎𝑟𝑒𝑎𝑙𝑑𝑡
365

0

 

The areal productivity can also be expressed as t km-2 year-1 instead of t ha-1 year-1 given 

that 1 ha=0.01 km2. The system of differential and algebraic equations described above 

represent the microalgal growth model. The set of differential equations were solved by 

the mathematical software, MATLAB [145]. After assigning approximate initial conditions, 

a finite difference approach was used to solve the set of differential equations. The heat 

and mass transfer model as well as microalgae growth kinetics models are presented in 

further detail in the Appendix section. 

2.3.3 Microalgae Harvesting 

 

 The next step in the process is to harvest the microalgae. This is an energy 

intensive process owing to the small size and low concentration of microalgae in the 

growth medium which needs to be separated out, a process known as dewatering 

[18,78,107]. Different methods of microalgae harvesting and dewatering have been 

described previously  [78,146]. In the present study, it is assumed that microalgae 

harvesting involves the addition of polyacrylamide flocculants, lamella clarifier mediated 

dewatering and a secondary dewatering step by centrifugation which resulted in a 

microalgal with a concentration of 200 kg m-3 (20% solids) AFDW [128]. Furthermore, it is 

assumed in this study, that microalgal paste with a solids concentration of 20% would be 

used for hydrothermal liquefaction and biofuel production after further upgrading and no 

additional drying steps were deemed necessary [103]. 
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2.3.4 Economic Analysis 

 

 For the economic analysis of the microalgae productivity system, the full value 

chain including microalgal growth, dewatering and harvest was taken into consideration. 

Such a comprehensive approach was vital for determining the production cost of 

microalgal paste which could then be channeled through different conversion routes to 

produce value-added products. Economic analysis performed previously 

[10,11,13,18,108,121,122,128,147]  was used as a guideline for the evaluation of capital 

and operating expenditures in the current study. Large scale microalgae productivity of 

1000 t day-1 was estimated from industry and literature for the development of the baseline 

model. A harvesting rate of 10% and an extraction rate of 80% were also assumed  [128]. 

A pond size of 8100 m-2 was chosen to ensure optimum paddlewheel capacities  [128], 

wages and salaries were estimated to be 12% of the total operating expenditure  [10], and 

maintenance cost was assumed to be 3% of the equipment and reactor costs  [128]. Land 

prices and electricity charges for the different locations studied were obtained from the 

United States database [148,149]. 

 The capital and operating costs of the microalgae production were approximated 

assuming a 1000 t day-1 microalgae cultivation facility. To calculate mixing energy 

requirements, energy requirements for microalgae harvesting, and on-site water 

recirculation, available literature sources were utilized [108,128]. It was assumed that 

pond liners such as High-Density Polyethylene (HDPE) liners would be used to prevent 

soil erosion and contamination. A transparent cover was assumed to be used to minimize 

evaporation and reduce bacterial contamination. For the subsequent steps of microalgae 

harvesting and dewatering, it was assumed that three static mixers would be required for 

flocculant addition and three lamella clarifiers would facilitate the primary dewatering. The 

concentration of slurry derived from the primary dewatering process was assumed to be 
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30 kg m-3 [10]. A centrifugation step requiring 18 centrifuges was included to further reduce 

the water content, increasing the microalgal paste concentration to 200 kg m-3 [128]. 

Additional infrastructure costs associated with the microalgae cultivation plant included 

the necessary roads, railways, pipes, building and construction. For pumping and piping 

estimation, a volumetric flow rate of 0.3 m s-1 was assumed to be maintained [128]. This 

was chosen because lower rates lead to decreased productivity owing to increased 

residence times of microalgae in dark zones, and a rate higher than 0.3 m s-1 translates 

into a significant rise in microalgae costs arising from cubically increasing power 

requirements to attain the flow rate [150]. 

 A few assumptions were made to simplify the present analysis. The cost of 

nutrients, water, CO2, operation and maintenance were assumed to be consistent between 

the different locations. Water was assumed to be easily accessible, and pumping being 

the only cost allotted for it. Industrial pumps served as the basis of computing the capital 

expenditure associated with pumps through the production plant.  

2.4 Results  
 

2.4.1 Results from Heat and Mass Transfer model 

 

 The water temperature of open raceway ponds was calculated with the help of 

hourly solar irradiance, air temperature, relative humidity and wind velocity for each 

location over an entire year. The entire year of operation is represented by 8760 data 

points. The results for New Mexico are discussed in greater detail. The water temperature 

profile of a theoretical microalgae open raceway open is presented below in Figure 2.4. 
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Figure 2. 4. Temperature profile of a hypothetical open raceway pond in New Mexico 

 

From this figure, we observe that water temperature corresponds well with daily and 

seasonal variations in temperature. Our analysis suggests that as pond water temperature 

and air temperature differed by 5-10 οC, the radiation fluxes from pond water and air, which 

are functions of pond water and air temperatures raised to the power of 4, roughly cancel 

each other. Thus, it can be inferred that solar irradiance is the driving factor behind the 

rise in temperature during the day, and evaporation and convection are the primary factors 

contributing to cooling during the dark periods. In the energy balance model, the effects 

of conduction heat flux to the soil and the flux due to incoming water are considered 

negligible. 

 As discussed previously, it is imperative to develop a thermal energy balance 

model to determine the temperature of the raceway ponds because microalgal productivity 

and the resulting economic and environmental success of microalgae cultivation depends 

on the accurate prediction of water temperature. It has been reported that there is an 

increase in productivity of Spirulina by 20% when the culture is heated in the morning 
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[151]. Moreover, a 50% increase in productivity of Chlorella sorokiniana was achieved 

when the temperature of the culture medium was maintained within an optimal range 

without allowing it to be affected by ambient conditions  [152]. Given that the growth rate 

of microalgae has been shown to double with a temperature increase of 10°C  [153], an 

error in temperature prediction by even 5°C could translate into large inaccuracies in 

microalgae productivity of ~40% [133]. 

2.4.2 Results from Algae Growth Bioreactor Kinetics and Mass Transfer Model 

 

 To determine areal productivity of a hypothetical microalgal pond in New Mexico, 

several parameters such as pond water temperature, climatic conditions, and rate of 

nutrients and CO2 uptake were considered. Like the previously described energy balance 

model, the microalgal growth model also encompasses 8760 data points representing an 

entire year of operations. The hourly areal microalgae productivity for a 0.3 m deep pond 

is shown in Figure 2.5.  

 

Figure 2. 5. Yearly microalgae productivity profile in open raceway ponds in New Mexico 

From the figure, it is evident that areal productivity correlates well with daily and 

seasonal changes in temperature. A bell-shaped curve is observed for New Mexico 

signifying growth in the summer months and an almost complete lack of growth in winter. 

While the present results reflect raceway temperature and microalgae productivity in a 
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plant operated for the whole year, in practical or commercial use, microalgae cultivation 

systems would only be operated when net productivity is positive.  

As stated before, annual productivity patterns rely on various local meteorological 

conditions such as solar irradiance, latitude, relative humidity, wind velocity, and varying 

raceway water temperatures. These variations lead to differences in productivity for 

different regions considered in the study as depicted in Figure 2.6.  

 

Figure 2. 6. Geospatial variation of microalgal productivity 

2.4.3 Economic Analysis Results 

 

 To proceed with the study, a hypothetical microalgae cultivation plant with a 

capacity of 1000 t day -1 was assumed as the baseline case. For the mass and energy 

balance of the system, demand for nutrients like nitrogen and phosphorous, CO2 as well 

as consumption of electricity were taken into consideration. The minimum CO2 uptake 

required for microalgae growth is 1.83 kg CO2 per kg of algal biomass produced  [129]. In 

reality, this number is often higher due to the use of a technique known as degassing 

[13,154,155].  A degassing unit [18], along with thorough mixing, is often included within 

open raceway ponds to ensure the removal of oxygen which is a byproduct of microalgae 
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cultivation and is often detrimental to microalgae growth at higher concentrations [129]. 

To meet the demand for nutrients like nitrogen and phosphorous, fertilizers are proposed 

as demonstrated previously [13,107,108,128]. Other micronutrients required for 

microalgae growth were left out in the present study. As per previous studies, CO2, 

nitrogen and phosphorous recovery were assumed to be 50%, 76% and 50% [128]. 

 The production cost of microalgal paste was now determined based on the 

mathematical growth model, and assumptions for growth, dewatering and harvesting 

outlined previously. Results were obtained for the hypothetical production plant in New 

Mexico and are discussed in detail here. The annual productivity was taken as 365,000 t 

corresponding to 365 days of operation.  The production cost was founded on yearly 

operation costs and a 20-year return of the net capital investment. The net capital 

investment was 959 M$ and the net cost of yearly operation and maintenance was 149 

M$. The breakdown of the capital and operation costs estimates are provided in detail in 

Table 2.2 and Table 2.3. The capital costs estimates were dominated by the price of 

paddlewheels, pond liners and pond covers (88%) and the cost of nutrients, maintenance 

and harvesting dictated most of the operation costs.  

Table 2. 2. Capital cost estimates for 1000 t day-1 microalgae production plant in New 
Mexico 

Equipment Cost Cost ($ ha-1) 
Cost ($ year-

1) 

Cost ($ 

t-1) 

Percentage 

Contribution 

CO2 Absorber 

(static mixer) 
257,634 43 12,882 0 0.03% 

Paddlewheels (1 

per pond) 
148,718,576 24,691 7,435,929 20 15.51% 

Flocculant addition 

(static mixer) 
171,756 29 8,588 0 0.02% 

Lamella 

separators 
3,743,590 622 187,179 1 0.39% 
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Centrifuges 9,972,923 1,656 498,646 1 1.04% 

Pumps 977,499 162 48,875 0 0.10% 

Land 21,683,168 3,600 1,084,158 3 2.26% 

Liners 304,710,733 50,590 15,235,537 42 31.78% 

Landscaping 64,832,071 10,764 3,241,604 9 6.76% 

Cover 388,992,426 64,583 19,449,621 53 40.57% 

Railways 1,250,000 208 62,500 0 0.13% 

Roads 600,000 100 30,000 0 0.06% 

Operating 

buildings 
450,000 75 22,500 0 0.05% 

Construction costs 2,500,000 415 125,000 0 0.26% 

Pipes 9,929,700 1,649 496,485 1 1.04% 

Total 958,790,076 159,185 47,939,504 131 100% 

 

 

Table 2. 3. Operation cost estimates for 1000 t day-1 microalgae production plant in New 
Mexico 

Equipment 
Operating cost 

($ year-1) 

Operating cost 

($ t-1) 

Percentage 

contribution 

Paddlewheels 6,970,496.15 19.10 4.60% 

Lamella separator 9,616.21 0.03 0.01% 

Centrifuge 533,352.60 1.46 0.36% 

On-site pumping 

circulation 
3,965,207.26 10.86 2.62% 

    

Material input    

DAP 8,916,246.83 24.43 6.02% 

Urea 33,401,355.06 91.51 22.55% 

Pumping 

replacement water 
1,423,731.13 3.90 0.94% 
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Absorber CO2 15,331,960.23 42.01 10.35% 

Flocculent 36,499,487.25 100.00 24.65% 

    

Operations    

Maintenance 26,024,245.11 71.30 17.19% 

Wages 15,969,083.75 43.75 10.71% 

    

Total 149,044,781.70 408.34 100.00% 

 

2.4.3.1 Economic Sensitivity Analysis 

 

 The various parameters and assumptions used in this study have an inherent 

degree of uncertainty and are subject to change. To assess the impact of these 

parameters on the production cost of microalgae, a sensitivity analysis was conducted. 

The objective of the sensitivity analysis was to quantify the effect of these variations in the 

production costs and determine the most important parameters for microalgae cultivation. 

The results are shown in Figure 2.7 and it is evident that microalgae cultivation costs are 

affected most profoundly by annual productivity, nutrient and harvest costs, and design of 

the open raceway ponds.  
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Figure 2. 7. Economic sensitivity analysis for New Mexico based on price variation of 
several parameters. The baseline microalgae production cost in New Mexico was 

considered to be 540 $ t-1. Microalgae production costs are provided based on AFDWs. 

 The sensitivity analysis demonstrates that an increase in annual areal productivity 

leads to a decrease in microalgae production price. When microalgal productivity in New 

Mexico increases to 7400 t km-2 -year-1 (20% higher than the baseline scenario of 6200 t 

km-2 -year-1), the price falls to 500 $ t-1. Correspondingly, when the productivity drops to 

4950 t km-2 year-1 (20% reduction from baseline), the production cost jumps to 600 $ t-1. 

As discussed before, pond liners and covers have a significant impact on the capital 

expenditure and this is evident from the sensitivity study as well. It is seen that prices for 

microalgae produced in raceway ponds with and without liners can fluctuate by ± 40 t-1 in 

the present scenario. Similarly, the presence or absence of covers can impact microalgae 

price by ± 50 $ t-1 in the 20-year scenario considered. The most dominating factor affecting 

harvesting costs of microalgal biomass is the price of flocculants, which was found to have 

a substantial influence on the cost of production. Changing the price of flocculants by ± 

$475 $500 $525 $550 $575 $600

Annual productivity (t per km2 per year)
(7400:6200:4940)

Cover (no cover: cover: replaces liner once)

Pond Liner (no liner: liner: replaces liner
once)

Flocculant ($ per t) ($50 :$100 :$150)

Urea ($ per t) ($303 :$379 :$455)

CO2 ($ per t) ($20 :$40: $60)

Paddlewheel ($ per paddlewheel)
(16000:20000:24000)

DAP ($ per t) ($354: $442 :$531)

Microalgae price ($  t-1)
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50% amounts to a microalgae production price variation of about ± 55 $ t-1. The price of 

nutrients and CO2 are also major contributors to microalgae price as seen in Figure 2.7. 

2.4.4 Comparative Analysis of the Effect of Geographic Locations on Microalgae 

Productivity and Cost  

 

 It was observed that microalgae productivity was variable based on geospatial 

locations due to changes in climatic conditions as presented in Figure 2.6. Other than 

the productivity differences, land and electricity prices are also dependent on location as 

shown in Table 2.4.  

Table 2. 4. Variations between different geospatial locations 

 Areal Productivity 
(t km-2 year-1) 

Electricity 
Price ($ kWh-1) 

Land Price 
($ ha-1) 

Microalgae 
Price ($ t-1) 

Minneapolis 2100 0.072 11875 $1,074 

Albuquerque 6200 0.0615 3600 $540 

Phoenix 7200 0.0611 4350 $502 

San Diego 6640 0.1377 26750 $581 

 

Microalgae production costs based on the variations outlined above were ascertained 

and presented in Figure 2.8. For simplicity, it was assumed that operating costs like cost 

of nutrients, CO2, maintenance and labor were constant among the different locations 

studied.  
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     Figure 2. 8. Microalgae production price for various geospatial locations 

 

The capital and operating costs for the four different locations are given in Table 

2.5. Production costs ranged between 1074 $ t-1 for Minnesota (Minneapolis) to 502 $ t-1 

for the Phoenix in Arizona (Table 2.4) on an AFDW basis. This is explained by the three 

times higher productivity potential in Arizona (Phoenix) compared to Minnesota 

(Minneapolis). The comparable microalgae prices ranging between 500 $ t-1 to 580 $ t-1 

for Arizona (Phoenix), New Mexico (Albuquerque) and California (San Diego) may be 

ascribed to the similar weather patterns for the three locations which are more favorable 

for microalgae growth. These results highlight the importance of choice of location in 

determining microalgae production price, a factor that may have far-reaching 

consequences on the economics of microalgae conversion [156]. 

Table 2. 5. Capital costs, operating costs and land requirement for 1000 t day-1 
microalgae production plant 

 Capital Costs 
(M$) 

Operating Costs (M$) 
Land area 

(ha) 

Minneapolis 3001 242 17381 

Albuquerque 959 149 6023 

Phoenix 815 142 5069 

San Diego 1005 162 5497 

$1,074 
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$581 
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2.5 Discussion 
 

 The primary goal of this study was to assess the feasibility of large-scale 

microalgae cultivation while considering geospatial variability. The results obtained here 

are comparable to that of other research groups. Microalgae productivity was found to be 

approximately 6000 t km-2 year-1 in California [157]. Areal productivity in open pond 

systems in Netherlands and Algeria were reported to be 4150 and 6370 t km-2 year-1 

respectively [41]. Similarly, productivity of microalgae plants located in Bissau (Guinea 

Bissau), Huelva (Spain) and Uppsala (Sweden) were found to be 5400, 4700 and 1700 t 

km-2 year-1 [13]. Therefore, results from the present study ranging between 2000 – 7200 t 

km-2 year-1 are in accordance with reported literature. The microalgae productivity model 

described here was based on a mathematical growth model and augmented by assessing 

the effect of climate-related variability and rates of nutrient and CO2 uptake. This model 

was then used for economic analysis to determine the cost and economic practicality of 

microalgae cultivation on an industrial scale. 

 While several studies have been published on the economics of microalgae biofuel 

production in open raceway ponds and photobioreactors [105,121,122,156,158,159], 

there does not exist much information on microalgae feedstock production cost based on 

different geospatial locations and considering yearly production. Often, researchers who 

conduct techno-economic and lifecycle assessment studies simply assume microalgae 

productivity costs and feedstock selling price thereby creating and propagating significant 

uncertainties [11,103,107,114]. The present analysis will be useful for addressing the 

existing gaps and contributing to the accuracy of future studies on this subject.  

 Recently, an economic analysis of microalgae production in open raceway ponds 

after assuming microalgae productivity by Davis et al. [160] evaluated microalgae 

production cost to be $491 t-1  for a hypothetical plant based in California. Correspondingly, 
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after using actual geospatial climatic data and other growth data for determining 

microalgae productivity, the present study found that algae production costs ranges 

between $502 - $1074 t-1 ($581 t-1 for San Diego, California) for the various locations 

considered. While the subtle difference in projected price between the two studies may be 

attributed to the locations considered and dissimilarities in design specifications, the 

similarities in results underscores the robustness of the present study. 

2.6 Conclusion 
 

 The purpose of the study was to evaluate the technical and economic feasibility of 

large-scale microalgae production at different geographical locations within the United 

States. For the practical implementation of microalgae based biorefineries, it is imperative 

that the associated risks and uncertainties be minimized. In order to achieve that, a 

thorough and clear understanding of the variabilities and their effect on the process for 

each location is needed. Consequently, rather than annual averages, actual hourly climate 

data was utilized to obtain more robust values for annual microalgae productivity potential. 

This ensured a more realistic assessment of production capability across the lifespan of 

the facility. Technical feasibility was determined by developing mathematical growth 

models for microalgae and factoring in geospatial variability. Economic feasibility was then 

elucidated by establishing the capital and operation costs of such a facility and determining 

the corresponding microalgae production cost. A sensitivity analysis provided further 

insight into the economic implications of the various design factors such as pond liners, 

pond covers and paddlewheels. These factors were found to contribute significantly to the 

cost of algae production but were deemed necessary to facilitate proper mixing and protect 

the ponds from predators. The results obtained here also point to certain challenges to 

the execution of large-scale open pond microalgae cultivation systems, such as nutrient 

demands, CO2, water and energy requirements; however, these may be addressed by 
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technical breakthroughs in the near-future. Overall, this work provides a more precise 

prognosis of microalgae productivity potential and serves to underline the importance of 

design specifications and choice of location for the determination of microalgae cultivation 

costs. Further research into the different systems and parameters of microalgae 

production will be useful to inform policy makers and navigate the commercialization of 

such systems.  
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Chapter 3. Dynamic Process Model and Economic Analysis of 

Microalgae Cultivation in Flat Panel Photobioreactors 
 

 

3.1 Introduction 
 

 Microalgae are widely considered to be a valuable bio-renewable resource for 

food, feed and energy production. High photosynthetic efficiency, superior productivity, 

and flexible land and water requirements are a few of the factors that makes this diverse 

group of ubiquitous microorganisms an attractive candidate for commercial biofuel and 

bioproduct applications in the near future [64,161]. Two types of reactor systems are 

generally utilized for microalgae cultivation, namely open raceway ponds and 

photobioreactors [162]. As discussed in Chapter 2, the open raceway configuration is 

cheaper and relatively simple compared to the more sophisticated and complex 

photobioreactor systems. This complexity is often reflected both in the quality and quantity 

of the resultant microalgae output from the photobioreactor systems  [18,76]. 

 Accurate assessment of microalgae productivity is a key factor behind ensuring 

the success of microalgae based biorefineries. Apart from the cultivation system, 

microalgae productivity is dependent on various environmental factors such as solar 

irradiance, temperature, rainfall, local wind velocity and relative humidity [41,163]. A lack 

of available data for industrial systems means that researchers often have to extrapolate 

productivity potential from laboratory settings [64]. Moreover, the feasibility of such 

biorefineries is heavily dependent on upstream microalgae cultivation costs [11]. 

Therefore, developing comprehensive computational models to quantify microalgae 

productivity potential based on local climatic factors, and performing downstream techno-

economic analyses to assess cultivation costs is of the utmost importance. These results 

may then be utilized in further processing to value-added products or specialty chemicals. 
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 The goal of this analysis was to assess microalgae productivity potential cultivated 

in flat panel photobioreactors, as an alternate to open raceway ponds, for several locations 

within the United States. An economic analysis was also conducted to determine 

microalgae costs for the various locations. Finally, a sensitivity analysis demonstrated the 

economic implications of various parameters on microalgae costs.  Only a few previous 

studies have modeled microalgae cultivation in flat panel photobioreactors on a 

commercial scale [42,164]These were limited in scope because either the influence of 

reactor temperature was neglected or the only factors considered were reactor 

temperature and light intensity. To the best of our knowledge, this study is novel in its 

approach to determine commercial scale microalgae cultivation costs by integrating a 

combined heat and mass transfer model, algae growth model with detailed techno-

economic analysis. Such an integrated, quantitative and comprehensive approach will 

help minimize the assumptions and uncertainties associated with microalgae production 

in flat panel photobioreactors and is a significant step forward towards realizing the full 

potential of microalgae-based biorefineries. The results obtained here are intended to act 

as a guide to help the scientific community and policy makers pave the way for the 

commercialization and widespread utilization of microalgae in future production scenarios. 

3.2 Methods 
 

 Photobioreactors are regarded as more effective systems for microalgae 

cultivation than open pond systems due to the higher productivity and low risk of 

contamination and culture crashes [39,165]. We have previously shown the feasibility and 

the effect of geospatial locations on open raceway ponds microalgae cultivation systems 

[5]. In this section, we examine the utility of flat panel photobioreactors for microalgae 

cultivation.  
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Microalgal growth is enabled by several factors such as sunlight, temperature of 

the growth culture medium, carbon dioxide (CO2) and essential nitrogen and phosphorus 

-based nutrients. To facilitate growth, bioreactors are generally supplied with an external 

supply of CO2 as atmospheric CO2 levels are often not sufficient for robust microalgae 

growth. To determine reactor water temperature, a combined heat and mass transfer 

model was developed as described in Chapter 2. A bioreaction kinetics-based model was 

employed for determining annual productivity potential. The capital and operating costs of 

the projected commercial scale microalgae plant was established by quantifying the mass 

and energy balances of the entire supply chain. The microalgae production costs thus 

determined revealed the geospatial variation associated with microalgae cultivation 

[64,156]. Four locations within the United States were chosen: Minneapolis (Minnesota), 

San Diego (California), Albuquerque (New Mexico) and Phoenix (Arizona). 

Nannochloropsis sp. was chosen as the suitable algal species for reasons explained in 

Chapter 2 [48,131]. The results obtained from the heat and mass transfer model were 

combined with the microalgal growth kinetics model to determine microalgal productivity 

for a given location. Additionally, an economic analysis was undertaken to compute 

microalgae production costs for a hypothetical 1 hectare (ha) plant (1ha= 0.01 km2). The 

theoretical framework of the microalgal productivity model and the supply chain of 

microalgae cultivation are demonstrated in Figures 3.1 and 3.2 respectively. The 

comprehensive computational model developed here will help minimize the need for 

assumptions and thereby reduce risks and uncertainties associated with techno-economic 

and environmental assessment of microalgae growth, harvest and conversion 

[103,114,156]. 
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Figure 3. 1. Theoretical framework for assessing algae productivity in flat panel 
photobioreactors 

 

Figure 3. 2. Supply chain model of microalgae cultivation in an array of flat panel 
photobioreactors 
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3.3 Model 
 

The model was developed following the approach described in Chapter 2 and in 

our previous work [163,166] 

Model input 

 

 Local weather and climatic data were collected from the National Renewable 

Energy Laboratory’s National Solar Radiation Database (NSRDB) including solar 

insolation, ambient air temperature, wind velocity and relative humidity [167]. Factors 

required for microalgae growth such as CO2, nitrogen in the form of urea and phosphorus 

as Diammonium phosphate (DAP) were assumed to be available in excess to not prevent 

hindrance to growth.  

Model output 

 

 The primary output of this model were microalgae productivity and cultivation costs 

for a particular geographic location. Assuming that the plant would be operated throughout 

the year, microalgae productivity for each panel was determined and total areal 

productivity was determined on the basis of total number of flat panel bioreactors in a 

hypothetical 1 hectare plant.  

3.3.1 Combined heat and mass transfer model 

 

 The reactor temperature is a key factor governing microalgal productivity for 

reasons described in Chapter 2 and in literature [137]. The input to the thermal balance 

model included direct and diffuse solar irradiance, air temperature, relative humidity and 

wind velocity. Variations in temperature as a result of rainfall and associated heat flux for 

CO2 were omitted from the process model.  
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Model Description 

 

 The combined heat and mass transfer model relevant for microalgae growth was 

developed based on previous work [42,168,169]. The various heat fluxes considered in 

the model included direct and diffuse solar irradiance, radiation from air, ground and 

reactor surface, reflections between adjacent panel and from ground, convective heat 

transfer between reactor surface and adjacent air, as well as heat transfer due to aeration 

of the panels. The governing equation describing the energy balance for microalgae 

growth in photobioreactors is: 

𝜌𝑤𝑎𝑡𝑒𝑟V𝐶𝑝𝑤𝑎𝑡𝑒𝑟
𝑑𝑇𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
 = ∑𝑄     (1) 

where, 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of the growth medium or water (in kg m-3), V is the volume of 

the reactor (in m3), 𝐶𝑝𝑤𝑎𝑡𝑒𝑟  is the specific heat capacity of water (in J kg-1 K-1), 𝑇𝑤𝑎𝑡𝑒𝑟  ( in 

K) is the dynamic reactor temperature and Q (in W) signifies respective heat flux. Detailed 

model equations, description of the assumptions and more information about the various 

components of heat flux may be found in Appendix section. 

3.3.2 Microalgae growth kinetics model 

 

 Microalgal growth in photobioreactors are determined by different factors such as 

light distribution within the culture medium, rates of photosynthesis and respiration, 

temperature profile of the growth medium and utilization of nutrients and CO2 by 

microalgae [39,143,165]. In addition to temperature, light is one of the main requirements 

for photosynthesis.  To address this, parameters such as local hourly solar irradiance, the 

incidence and transmission of light through the reaction, and the influence of reactor 

geometry were considered, as described in greater detail in the Appendix section. The 

reactor temperature obtained from the heat and mass transfer model, and the light 
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intensity were integrated into a biological growth kinetics model following previous studies 

[42,134,136,163].  

 

Microalgae growth modeling 

 

 As shown in Chapter 2, a Michaelis-Menten type reaction kinetics equation was 

formulated to reveal specific growth of microalgae (μ) (day-1)  for the microalgal species, 

Nannochloropsis sp. [48,131].  

μ =  μ𝑚𝑎𝑥 ∗

(

 
𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝐻𝑆𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 + 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 +
𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑
2

𝐾𝑆 )

 ∗ (
𝑁𝑚𝑒𝑑𝑖𝑢𝑚

𝑁𝑚𝑒𝑑𝑖𝑢𝑚 + 𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒
)

∗ (
𝑃𝑚𝑒𝑑𝑖𝑢𝑚

𝑃𝑚𝑒𝑑𝑖𝑢𝑚 +𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒
)

∗

(

 
𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑚𝑒𝑑𝑖𝑢𝑚

𝐻𝑆𝐶𝑙𝑖𝑔ℎ𝑡 + 𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 +
𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑚𝑒𝑑𝑖𝑢𝑚
2

𝐾𝐼 )

 ∗ 𝑓(𝑇) 

where, 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 was the concentration of the dissolved CO2 in the culture media (kg 

m-3), 𝐻𝑆𝐶𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 was the concentration of carbon in the medium (kg m-3), 𝑁𝑚𝑒𝑑𝑖𝑢𝑚 

was the concentration of nitrogen in the medium (kg m-3), 𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 was the half-

saturation constant of uptake of nitrogen (kg m-3), ), 𝑃𝑚𝑒𝑑𝑖𝑢𝑚 was the concentration of 

phosphorus in the medium (kg m-3), 𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 was the half-saturation constant 

of uptake of phosphorus (kg m-3), 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 was the average light intensity within the culture 

medium, 𝐻𝑆𝐶𝑙𝑖𝑔ℎ𝑡 is half saturation constant for light and f(T) is a function of culture media 

temperature. This model with the appropriate kinetic parameters may be adapted for 

predicting the growth and productivity potential for other algal species as well. 
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Biomass growth model 

 

 The specific growth rate, and concentration (Cbiomass) of microalgae (kg m-3), was 

used to determine instantaneous microalgae areal productivity per panel as denoted by 

the following equation: 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑃𝑎𝑟𝑒𝑎𝑙,𝑝𝑎𝑛𝑒𝑙) = ∫ ∫ (𝜇
𝑑

0

𝑧

0
− 𝑘𝑑𝑒𝑐𝑎𝑦) ∗ 𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑑𝑧 𝑑𝑦 (2) 

where, d (m) and z (m) are the depth and height of each flat panel, respectively. 

The above equation was then applied to the number of panels (N) that may be installed 

on a 1 km2 land area to give the total annual productivity in flat panel photobioreactors as 

follows: 

𝑃𝑡𝑜𝑡𝑎𝑙 =  𝑁 ∗ ∫ 𝑃𝑎𝑟𝑒𝑎𝑙𝑑𝑡
365

0
  (3) 

The mathematical software MATLAB was used to solve the set of algebraic and differential 

equations outlined above. Further details regarding the biomass growth model may be 

found in Appendix. 

3.3.3 Microalgae harvesting 

 

 The following step in the process is to harvest the microalgae, a highly energy 

intensive process owing to the minute size of algal cells and their low in the growth medium 

[18,147]. The harvesting process was modeled as done previously [170]. Centrifuges with 

an efficiency of >95% were assumed to be used, yielding a microalgal paste of 

concentration of 200 kg m-3 (or a 20% solids concentration). This algal paste could then 

be utilized in numerous downstream applications  [39]. The paste may also be directly 

utilized for hydrothermal liquefaction and transformation of bio-oils to biofuels without the 

need for additional drying steps [103]. 
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3.3.4 Techno-Economic analysis 

 

 Techno-economic analysis was performed as described in Chapter 2. A 

comprehensive approach was taken to quantify production price when subjected to 

geospatial variation, a step important for the downstream processing of microalgae to 

value-added chemicals and bioproducts. Available literature was consulted to execute the 

economic analysis [18,121,122,128,147,156,163,170]. Microalgae cultivation in flat panel 

photobioreactors in a 1 ha facility was used as baseline for this model. Land and electricity 

prices relevant for construction and operation of the biorefineries were acquired from 

appropriate databases  [171,172].  

 The capital costs for microalgae cultivation were intended to include purchase and 

installation of equipment, piping and sensors and controls. For capital costs estimation, 

initial cost of equipment was divided by the total lifespan assuming linear depreciation  

[173]. The lifespan of the plant was estimated to be 20 years [128,163]. Infrastructure 

needs such as electricity, water, and transportation were assumed to be readily available. 

Capital costs were split into direct and indirect capital costs. Direct capital costs consisted 

of machinery and equipment costs, and indirect costs entailed involved installation fees, 

taxes, and engineering and supervision fees. The fees associated with taxes and 

insurance were assumed to be 1% of direct capital costs as demonstrated previously 

[170,173]. Equipment installation costs were set at 10% and engineering and supervision 

fees at 5% of total direct costs [173]. The lifespan of equipment and machinery beyond 

which they would need to be replaced were also derived from literature [170]. 

 Operating costs for microalgae cultivation included labor and accompanying 

salaries, fertilizer, CO2, electricity and consumables costs. For optimal plant performance,  

maintenance and overhead fees were expected to be 5% of direct capital costs and 10% 

of direct operating costs, respectively [170]. The cost of raw materials and water for the 
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different locations were assumed to be identical. Industrial sized centrifugal pumps were 

assumed to be used with pumping taken as the only cost for water transport and delivery. 

3.4. Results  
 

3.4.1 Results from combined heat and mass transfer model 

 

 It has been demonstrated previously that the microalgae strain, Spirulina 

responded to the application of additional energy to the culture medium by showing a 20% 

jump in productivity [151]. Similarly, a temperature control strategy where the culture was 

maintained at an optimum range increased the productivity of the species Chlorella by 

50% [152]. These examples emphasize the importance of accurate determination of yearly 

temperature to accurately model microalgae productivity.  The temperature profile model 

for flat panel photobioreactors was built on local climatic parameters such as direct and 

indirect solar insolation, ambient temperature, wind velocity and relative humidity. 

Illustrative results from Albuquerque, New Mexico (USA) are presented in more details 

here. The annual reactor temperature profile for the flat panel photobioreactors is given in 

Figure 3.3. Of the various heat fluxes incident on the photobioreactor surface, the most 

influential were found to be radiation from the atmosphere, radiation from the ground 

surface, and radiation from surface of the reactor. Reflection from the ground and the 

reactor surface were found to be negligible in their contribution to the temperature profile.  
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Figure 3. 3. Predicted yearly temperature profile in flat panel photobioreactors in the 
model algae cultivation plant in Albuquerque, New Mexico (U.S.A.) 

3.4.2 Microalgae bioreactor growth kinetics model 

 

 Next, the productivity potential for a given location was determined by applying the 

photobioreactor temperature profile obtained above to the microalgae growth kinetics 

model. Each photobioreactor was assumed to be 1m x 1m x 0.05m (length x height x width 

(thickness)) [166,174]. An important contributor to the success of the photobioreactors is 

the spacing between adjacent rows of reactor panels to ensure that the optimal amount of 

sunlight is intercepted by the panels  [42]. In this case, the reactor panels were assumed 

to be positioned 1 m away from its neighboring panel configuration [170]. Figure 3.4 shows 

the effect of geospatial location and related climatic factors on microalgae productivity. It 

is observed that microalgae productivity in Minneapolis at 3800 t km-2 year-1, a relatively 

colder region in the northern part of the United States is significantly lower compared to 

the relatively warmer southern regions. The highest performance for microalgae was 

found to be in Phoenix was at approximately 13000 t km-2 year-1 which is about 3.42 times 

than the productivity in Minneapolis. Microalgae productivity in Albuquerque and San 
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Diego are 10800 and 11500 t km-2 year-1, respectively. Thus, it appears that climatic 

factors play an important role in determining microalgae productivity potential alongside 

characteristic factors such as uptake of CO2 and nutrients. 

 

Figure 3. 4. Microalgae productivity potential for the different locations 

3.4.3 Economic Analysis 

 

 For this section, the mass and energy balance of the entire microalgal supply chain 

was taken into consideration as described in Chapter 2. For the microalgal species 

Nannochloropsis sp., the consumption of raw materials such as CO2, and nitrogen and 

phosphorus-based fertilizers used for agriculture [128,163] were quantitated.  

 The results for a hypothetical microalgae cultivation plant located in Albuquerque, 

New Mexico are analyzed here. The yearly microalgae production for this model 

manufacturing facility was found to be 10800 t km-2 year-1, assuming 365 days of 

operation. For a 20 year projection, the annual capital and operating costs were 

determined to be $94,350 and $278,000, respectively. The corresponding total cost of 

microalgal production was seen to be 3450 $ t-1. The complete list of capital and operating 
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costs is provided in Tables 3.1 and 3.2 respectively. Direct costs included the cost of the 

photobioreactors, piping, fittings, pumps and other equipment and amounted ~76% of the 

total capital expenditure. Operating costs were dominated by annual wages and salaries 

of personnel constituting 69% of the total amount.  

Table 3. 1. Capital cost estimates for a 1 ha microalgae production plant in Albuquerque, 
New Mexico 

Direct Capital Costs Cost ($) Cost per annum ($ year-1) 

PBR cost 540,698 32,557 

Piping and fitting 148,969 7,448 

Pumps and other equipment 49,7023 24,851 

Electrical equipment 29,1819 14,591 

Field laboratory 50,000 2,500 

Total Direct Cap. Costs (TDC) 1,528,508 81,948 

   

Indirect Capital Costs   

Engineering & Supervision (5% of TDC) 76,425 3,821 

Installation (10% of TDC) 152,851 7,643 

Tax & insurance (1% TDC + Land) 18,885 944 

Total indirect capital costs 248,161 12408 

Fixed capital investment (FCI) 1,776,670 94,356 

Land 3600  

   

Total Fixed Capital (TFC) 1,780,270 94,356 
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Table 3. 2. Operating cost estimates for a 1 ha microalgae production plant in 
Albuquerque, New Mexico 

Direct Operating Costs  Costs per annum ($ year-1) 

Employee expenditure 191,958 

Raw materials 15,711 

Electricity 13,188 

Consumables 7,000 

Total Direct Operating Costs (TDO)  227,856 
   

Indirect Operating Costs ($/y)   

Maintenance (5% of TFC) 4,718  

Overhead (10% of TDO) 22,786 

Administration (10% of TDO) 22,786 

Total Indirect Operating Costs 50,289  
   

Total Operating Costs  278,146  

 

3.4.3.1 Economic sensitivity analysis 

 

 An important facet of the economic analysis is to gauge the effect of diverse 

parameters on microalgae costs. Economic sensitivity analysis helps provide insights into 

this process by estimating the influence of changeable parameters such as prices of raw 

material and equipment that are susceptible to market uncertainties on commercial 

microalgae prices. The effect of several parameters for the hypothetical plant located in 

Albuquerque, New Mexico on total microalgae costs is shown in Figure 3.5. As expected, 

microalgae cost is highly sensitive to productivity potential for that location. For 

Albuquerque, New Mexico, a variation of 20% in microalgae productivity led to a change 

in the corresponding price from 2903 $ t-1 and 4267 $ t-1 compared to the baseline cost of 

3450 $ t-1. Labor costs were also seen to heavily influence microalgae costs. Changing 

the number of workers and thereby labor costs by ± 50% caused the microalgae cost to 

vary by more than ± 16% from the baseline scenario. It is also evident that capital cost of 

equipment, piping, fitting and reactor costs, as well as nutrients and raw materials costs 
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are major determinants of microalgae price. In general, it was shown that an increase of 

microalgae productivity and decrease in the costs of the various associated elements can 

potentially reduce microalgae price by 35% to 2230 $ t-1 from the baseline of 3450 $ t-1.    

 

Figure 3. 5. Economic sensitivity analysis of commercial microalgae cultivation in flat 
panel photobioreactors. Baseline microalgae cost in a hypothetical plant in Albuquerque, 

New Mexico is 3450 $ t-1 

3.4.4 Geospatial effects on microalgae productivity and production costs 

 

 Based on the changes in microalgae productivity arising from geospatial variation 

described in Figure 3.4, and differences in land and electricity costs, the variability in 

microalgae costs based on location was investigated next. This is an essential step in the 

commercialization of microalgae as upstream feedstock production may have complex 

consequences on the downstream processing of microalgae and ensuing prices of value-

added chemicals and bioproducts [115]. For this analysis, land and electricity prices for 
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the locations studied were adopted from Chapter 2 [163]. For purposes of simplification, 

costs of raw material, nutrient and employee wages were assumed to be constant 

between different locations. The results of the analysis are outlined in Figure 3.6. A broad 

range was observed in the cost of microalgae production in flat panel bioreactors for the 

separate locations, from about 9564 $ t-1 (~9.5 $ kg-1) in the Twin Cities (Minnesota) area 

to approximately 2895 $ t-1 (~3 $ kg-1) in the Phoenix (Arizona) region. The higher cost in 

Twin Cities compared to Phoenix may be attributed to the three times lower productivity 

in this region. Predictably, microalgae prices were comparable between Phoenix 

(Arizona), San Diego (California) and Albuquerque (New Mexico), ranging between about 

2895 $ t-1 (~3 $ kg-1) to about 3450 $ t-1 (~3.5 $ kg-1), presumably owing to the similar 

climatic conditions among the locations. Thus, geographical location was found to play a 

crucial role and must be carefully considered when designing such outdoor 

photobioreactors to ensure the commercial and economic fruitfulness of such facilities. 

 

Figure 3. 6. Cost of microalgae cultivation for the different locations 
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3.5 Discussion 
 

The aims of the present study were to model microalgae productivity in outdoor 

commercial scale flat panel photobioreactors and carry out the corresponding economic 

analysis to determine microalgae costs from commercial scale production systems. The 

mathematical microalgae growth model constructed here was based on a solid foundation 

of detailed heat and mass transfer integrated with biological growth kinetics. The model 

was enhanced by the incorporation of geographical factors to elucidate impacts of 

geospatial variabilities on microalgae productivity and cultivation costs. While direct 

validation through experimental data from commercial year-round microalgae cultivation 

systems is not practical due to a lack of availability of information, comparison with existing 

experimental data in the literature supports the validity of the model proposed here. For 

example, reports suggest that the productivity of flat panel bioreactors based in 

Netherlands, France and Algeria are 12000 t km-2 year-1, 12900 t km-2 year-1 and 15900 t 

km-2 year-1, respectively [42]. For the Tuscan coast in Italy, productivity of T. suecica was 

found to be 3600 t km-2 year-1 for 8 months of operation [174]. The results from the present 

study ranging from 3800 – 13000 t km-2 year-1 are well within the reported range, although 

it is worth mentioning that a different algal strain was considered here.  

Techno-economic analyses for microalgae cultivation utilization are generally 

focused on the downstream processing of microalgae to bioproducts and tend to assume 

values for microalgae productivity or feedstock costs [103,114,121,122,156], thereby 

generating considerable uncertainties. In the present study, mathematically determined 

microalgae productivities were utilized for in-depth economic and sensitivity analyses to 

ultimately determine the economic feasibility of large-scale microalgae cultivation in flat 

panel bioreactors. This methodology together with the incorporation of geospatial factors 
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is well-suited for the determination of microalgae production costs. The results obtained 

here ranged between approximately 3 – 10 $ kg-1 for the different locations. In comparison, 

a recent study carried out by Tredici et al. where detailed economic analysis of T. suecica 

cultivated in flat panel photobioreactors in a 1 ha plant located in Italy and Tunisia were 

performed, the corresponding prices were found to be 14.5 $ kg-1 and 7.3 $ kg-1 

respectively [170]. Other researchers have reported production costs in large scale 

photobioreactors in the range of approximately 0.50 – 29 $ kg-1 [18,112,158,175]. These 

results from published articles are reasonably comparable to those obtained from the 

current analysis and reinforce the suitability of the novel methodology employed here. 

3.6 Conclusion 
 

 Microalgae-based biorefineries, currently in the nascent stages of commercial 

development, are often viewed as financially precarious due to the many economic and 

technical uncertainties they are associated with. To circumvent these difficulties and 

ensure their commercial success, there is need for a clear understanding of microalgae 

growth, harvest, and the influence of process parameters on these processes. The first 

principles-based microalgae growth model for a given microalgal species developed in 

this study is a significant step forward in predicting algae productivity for a particular 

geographical location. The economic analysis in the study demonstrated the total capital 

and operating costs of microalgae cultivation in flat panel photobioreactors operated on 

an industrial scale. Correspondingly, the microalgae production cost was determined 

based on the capital and operating expenditures for four different locations. A sensitivity 

analysis helped to quantify the influence of biological and process engineering parameters 

on total production costs. The multifaceted approach presented here may be applied to 

other geographic locations in the world and other microalgal species provided that the 

relevant climatic variables and biological growth kinetic parameters are available. The 
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present techno-economic analysis confirms that microalgae-based technologies have 

substantial potential for generation of food, feed, pharmaceuticals and nutraceuticals. 

However, the challenges that commercial biorefineries continue to face include the 

availability of raw materials, nutrients, and competition over land and water resources. 

Further research is thus essential to provide the technological knowhow to overcome such 

challenges and implement economically robust and environmentally sustainable 

approaches to microalgae cultivation and utilization. 
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Chapter 4. Process model and techno-economic analysis of 

natural astaxanthin production from microalgae incorporating 

geospatial variabilities 
 

4.1 Introduction 
 

An increase in global population, the corresponding rise in demand for energy, 

food, feed and fiber, and the need to curtail atmospheric greenhouse gas emissions to 

limit climate change, has sparked much interest in the pursuit of renewable resources. 

Microalgae is one such option with enormous potential to meet some of these growing 

demands in a sustainable manner [35,88]. Microalgae are a versatile bio-based feedstock 

capable of producing multiple compounds including lipids, proteins, carbohydrates, and 

carotenoids [35,36,84]. Although microalgae have often been touted as an attractive 

feedstock for biofuels and bioenergy production, its economic feasibility is yet to be 

established [11,158,175]. Hence, investigation of the synthesis of high-value bioproducts 

and chemicals from microalgae is critical to understand the economic implications of 

commercial scale microalgae-based biorefineries. Microalgae, when cultivated under 

specific conditions can accumulate secondary metabolites such as carotenoids besides 

lipids, carbohydrates and proteins. These secondary metabolites are valuable compounds 

with a variety of industrial applications and the potential to significantly impact the 

transition towards a bioproduct-based economy [77,88].  

Among the different metabolites synthesized by microalgae, astaxanthin is often 

considered as one of the most valuable with applications ranging from feed to the cosmetic 

and pharmaceutical industry, due to its anti-aging, anti-inflammatory properties 

[28,86,88,90,176,177].  The market potential for the carotenoid industry has been 

estimated at about $1.21 billion in 2015 and has been on the rise due to the growing 

interest in the use of these compounds in the food and feed sector [88]. Among the 



65 
 

different carotenoids, commercial market price of astaxanthin is about $2000 - $7000 kg-

1, with a global market potential estimated at $447M in 2014 [84,86,88–90]. The production 

cost of synthetic astaxanthin, which dominates more than 95% of the commercial 

astaxanthin market [86], is significantly lower in comparison and is estimated at about 

$1000 kg-1 [91]. Since synthetic astaxanthin is primarily produced from fossil fuel-based 

resources, and poses risks of toxicity, food safety, as well as sustainability, it is unfit for 

direct human consumption and is only used in aquaculture [91]. Because of this 

shortcoming pertaining to food safety coupled with a growing interest in natural products, 

algae-based astaxanthin has emerged as a viable alternative to synthetic astaxanthin 

[91,92].  

Among the different algal strains, the freshwater algae, Haematococcus pluvialis 

has the highest concentration of astaxanthin and is considered a viable source of natural 

astaxanthin [88,178]. Information regarding astaxanthin production on a commercial scale 

is limited as most studies have been executed at laboratory and pilot scales. Moreover, 

information about the economic implications of commercial scale cultivation of natural 

astaxanthin and its cost competitiveness with synthetic astaxanthin is scarce in literature 

[79,86,91]. One of the primary aims of this part of the study is to address this gap in current 

knowledge. To do so, process models to quantify productivity potential of natural 

astaxanthin from Haematococcus pluvialis considering geospatial variabilities were 

constructed. Detailed economic analyses were also performed to evaluate the production 

cost of natural astaxanthin and to assess the economic feasibility in comparison to 

synthetic astaxanthin for the different locations. The current work is intended to provide 

researchers, entrepreneurs and policymakers information about the economic 

competitiveness of natural astaxanthin production from microalgae.  
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4.2 Methods 
 

 In order to quantify the productivity potential of natural astaxanthin from 

microalgae, detailed process models for algal growth, harvesting and extraction, were 

developed.  Haematococcus pluvialis is a unique species that may be cultivated in two 

stages, the ‘green stage’ and ‘red stage’ respectively, to optimize production efficiency 

and maximize astaxanthin productivity [79,179–181]. In the ‘green stage’, microalgae cells 

replicate by cell division and proliferation, thereby synthesizing chlorophyll, whereas in the 

‘red stage’ due to the absence of growth nutrients, cell division is impeded and chlorophyll 

levels remain constant leading to accumulation of astaxanthin [182,183]. Consequently, 

in order to maximize astaxanthin production, a hybrid set of reactor systems combing the 

‘green stage’ and ‘red stage’ have been proposed [179,181]. Although a single stage 

strategy for astaxanthin production from Haematococcus pluvialis has been reported in 

literature resulting in decreased complexity of the cultivation system and making it more 

economical, astaxanthin productivity is significantly less efficient in a one-step cultivation 

process compared to the two-step strategy [181]. Thus, to achieve maximal astaxanthin 

productivity, a two-stage hybrid cultivation system was utilized in the current study [91]. 

To facilitate microalgae cell proliferation and growth under ambient conditions (‘green 

stage’), a flat panel photobioreactor system is used, followed by open raceway ponds 

where microalgae are cultivated in stressful conditions to impede growth and elicit the 

accumulation of astaxanthin (‘red stage’). Open raceway ponds are used for the ‘red stage’ 

to offset the higher costs of algae cultivation in photobioreactors. Also, existing literature 

suggests that it is comparatively easier to induce stress conditions in open raceways for 

greater astaxanthin accumulation during the ‘red stage’ [91]. The hybrid reactor system is 

considered to have equally sized reactors, each comprising an area of 1 hectare as 

suggested previously [86]. Microalgae cultivation stage is followed by the harvesting 
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phase and extraction of astaxanthin. In the harvesting phase, microalgae slurry is 

subjected to dewatering to obtain a paste with a desired moisture content which is followed 

by suitable extraction steps for recovery of astaxanthin. The details of algae cultivation, 

harvesting and extraction phases are discussed in greater details in the Models (Section 

4.3) part of the study.  

 To understand the implications of geospatial variabilities on astaxanthin 

productivity, hypothetical commercial scale astaxanthin models developed here were 

extended to four locations in the United States – Minnesota (Minneapolis), California (San 

Diego), New Mexico (Albuquerque) and Arizona (Phoenix). As microalgae growth and 

productivity are heavily influenced by local climatic parameters, the extension of the 

models to the different locations assisted in the quantification of commercial scale 

astaxanthin production by incorporating geospatial effects [163,166].  

 Based on annual astaxanthin productivity, detailed mass and energy balances 

were quantified for the entire supply chain of algae cultivation, harvesting and astaxanthin 

extraction. The capital and operating costs were further estimated to determine the 

commercial cost of astaxanthin production ($ kg-1) for the different locations. Furthermore, 

a Profit and Loss (P&L) analysis was executed to interpret the economic implications of 

astaxanthin cultivation for the chosen locations. The P&L analysis is a financial model that 

incorporates profits as determined by commercial price of astaxanthin and astaxanthin 

extracted biomass to determine the return on investment (ROI) for the hypothetical 

locations [86].  The system boundary considered for the value-chain of astaxanthin 

production which includes algae cultivation, harvesting, pigment extraction, and 

subsequent economic analysis is provided in Figure 4.1. Since, combined process 

modeling and economic analysis of microalgae-based high-value products are scarce in 

literature, the detailed process modeling and corresponding economic analysis presented 
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in this study are significant steps forward and are designed to inform policy makers and 

researchers of location suitability and economic implications of microalgae-based natural 

astaxanthin production.  

 

Figure 4. 1. Process flow diagram of natural astaxanthin production and corresponding 
economic analysis 

 

4.3 Models 
 

4.3.1 Algae cultivation  

 

To model Haematococcus pluvialis growth and productivity, a hybrid system of flat 

panel photobioreactor and open raceway pond system was considered in the study. The 

‘green stage’ for microalgae growth and cell proliferation was modeled based on algae 

growth in flat panel photobioreactors whereas the ‘red stage’ for astaxanthin accumulation 

under stress growth conditions was modeled considering open raceway ponds cultivation. 

To quantify algae productivity in flat panel photobioreactors, the methodology described 

in Chapter 3 and applied in our previous work was adopted here [166] . The first step in 
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determining algae productivity for a location constitutes the development of a quantitative 

model to delineate culture temperature profile of algae growth in flat panel 

photobioreactors. The main inputs to the quantitative model were hourly values of direct 

and diffuse solar radiation, ambient air temperature, wind velocity and relative humidity for 

the location as obtained from national database [167]. The results from the heat and mass 

transfer model were further coupled with a detailed microalgae growth kinetics model to 

determine algae productivity in the reactor. Microalgae require copious amounts of carbon 

dioxide (CO2) and nitrogen and phosphorus based nutrients for growth [11]. In the present 

study it was assumed that the growth reactors are supplied with the necessary CO2, and 

urea and Diammonium phosphate (DAP) as sources of nitrogen and phosphorus 

respectively as described in Chapter 3. To determine algae productivity potential, a 

detailed biological growth kinetics model was developed which took into account light 

intensity and temperature profile in the growth reactor, rates of photosynthesis and 

respiration of Haematococcus pluvialis, and uptake rates of CO2, nitrogen and 

phosphorus-based nutrients. Oxygen is a by-product of microalgae photosynthesis and its 

presence in the culture medium often impedes algal growth [162]. Oxygen level in the 

solution beyond a concentration of 25 – 40 mg litre-1 of solution is detrimental to algal 

heath [13]. To circumvent this issue, flat panel photobioreactors are provided with 

degassers to vent off the oxygen to facilitate algae growth. In the present study, it was 

assumed that the microalgae growth reactors were facilitated with flue gases as the source 

of CO2 with a concentration of 10% (v/v) [32,184]. Previously, researchers have 

determined algae productivity based on empirical correlations [86] or on pilot scale which 

was further scaled up to determine astaxanthin production in Kunming, China [91]. 

Although this is an excellent starting point for the analysis of commercial scale natural 

astaxanthin production, scaling up pilot scale data inherently leads to uncertainties since 

pilot studies are performed in highly regulated environments. Hence, development of the 
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microalgae productivity model is highly beneficial to the assessment of the implications of 

industrial scale natural astaxanthin production.  

Following growth in flat panel photobioreactors, microalgae are transferred to open 

raceway ponds via conveyer belts where they are cultivated in stress conditions to induce 

astaxanthin accumulation [185]. This is known as the ‘red stage’ in Haematococcus 

pluvialis in hybrid reactor system. In this study, microalgae are considered to be cultivated 

in 1-hectare ponds 0.3 m deep, facilitated by paddlewheels for efficient mixing. Details of 

raceway pond construction and operation are described in greater detail in literature [163], 

and have also been addressed in Chapter 2. The same approach was adopted in the 

current study for Haematococcus pluvialis cultivation in open raceway ponds. In the ‘red 

stage’, microalgae are cultivated under stress conditions in the absence of nutrients to 

inhibit cell proliferation and promote astaxanthin accumulation. Thus, in the absence of 

nitrogen and phosphorus-based nutrients supply, the required CO2 is supplied in the open 

raceway ponds by submerged aerators.  

4.3.2 Microalgae harvesting 

 

Microalgae harvesting is an important step following microalgae growth and often 

constitutes a significant fraction of microalgae production costs [35,94,121,128].  The high 

harvesting costs of microalgal biomass are mainly attributed to the low cellular 

concentration of microalgae in the growth medium, ranging from 0.3-5 kg m-3 as well as 

the very small cell size of microalgae which ranges from 2 – 40 µm [86]. Also, faster growth 

rates and higher productivity of microalgae in comparison to terrestrial biomass 

necessitates frequent and robust harvesting methods [35,186,187]. For microalgae 

harvesting, generally a two-step methodology is prevalent in literature [187,188]. First in 

the two-step method, microalgae solution is harvested by organic or bioflocculants 

followed by a primary dewatering step that transforms the solution into a slurry with 2-7% 
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solids concentration. In the second step, a secondary dewatering step is often applied to 

produce a microalgal paste with about 15-25% solids concentration after drying. Currently 

in algae cultivation, mechanical, chemical and biological harvesting techniques are widely 

implemented for harvesting [186,187]. 

In the present study, a two-step dewatering technique involving the addition of an 

organic flocculants to facilitate primary dewatering followed by centrifugation as the 

secondary dewatering step was applied, as described in chapters 2 and 3. It has been 

established in literature that a two-step algae harvesting method by bio-flocculation or 

mechanical harvesting followed by centrifugation is ideal for astaxanthin extraction from 

Haematococcus pluvialis [91,92,176,189]. Microalgae dewatering by centrifugation is an 

extremely energy intensive process and well suited for extraction of high-value products 

from microalgae like polyunsaturated fatty acids, as well as nutraceuticals and 

pharmaceuticals [186]. Additionally, due to its short operational time and applicability 

towards different algal strains without the risk of contamination, it is often considered as a 

very reliable process and applied for commercial scale cultivation [190–192]. For 

microalgae harvesting in the present study, it was assumed that first a polyacrylamide 

flocculent was added in order to partially separate and harvest the algal cells in the 

solution, followed by primary dewatering facilitated by lamella clarifiers which results in 

algal slurry of 30 kg m-3 concentration [10,128]. In the secondary dewatering step, 

centrifugation was applied to produce an algal paste with 20% suspended solids 

concentration. Thus, the resulting final microalgae concentration in the solution was 200 

kg m-3.  

4.3.3 Astaxanthin extraction 

 

Following algae harvesting, extraction of astaxanthin is the most critical step in the 

value-chain of natural astaxanthin production. Commercial production, economic 
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feasibility and successful marketing of natural astaxanthin in comparison to synthetic fossil 

fuel-derived astaxanthin depends heavily on a successful and efficient extraction phase. 

Haematococcus pluvialis are often characterized by having a tough exterior wall 

composed of spores and pollen grains. Due to the presence of this tough exterior wall or 

sporopollenin, astaxanthin extraction from the intracellular part may be inefficient 

[189,193]. Consequently, astaxanthin extraction occurs in three primary steps – 1) cell 

disruption, 2) cell dehydration and 3) recovery of the desired carotenoid [92,194]. For algal 

cell disruption, bead milling, an efficient process to disrupt algal cells in a solution with a 

concentration of 100 – 200 kg m-3 was considered [195].  This is followed by dehydration 

of the disrupted cells rapidly to minimize the risk of cell degradation. For the dehydration 

step, spray drying, a process that has been successfully implemented previously to extend 

shelf-life of high-value products from microalgal biomass was considered in the current 

study [35,79,193]. It was also assumed that the efficiency of this method for the recovery 

of dry biomass is 95% [196,197]. After cell disruption by bead milling and cell dehydration 

by spray drying, recovery of the desired carotenoid becomes easier since intracellular 

materials are now only encapsulated by the thin walls of the cell [86]. An efficient and 

widely accepted way of extracting desired metabolites from microalgae is by supercritical 

fluid extraction [198,199]. Supercritical CO2 extraction is an attractive option for carotenoid 

production from microalgae due to its critical temperature and pressure (31.1 oC and 7.4 

Mpa, respectively). Furthermore, since it remains in the gaseous state at ambient 

conditions, it can be recovered easily [200–202]. In the present study, it was assumed that 

astaxanthin extraction from microalgae was performed by super critical CO2 extraction. 

Supercritical CO2 at a temperature and pressure of 60 oC and 30 Mpa, respectively, mixed 

with 9.4% ethanol as a co-solvent was utilized for astaxanthin extraction as described in 

literature [86,203]. The resulting spent algal biomass after supercritical CO2 extraction is 

often rich in protein and other chemical compounds and may be marketed as bio-fertilizer 
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[93]. In this case, it was assumed that the hypothetical biorefinery produces two main 

products – 1) astaxanthin, which has been fully extracted from Haematococcus pluvialis 

and 2) spent algal biomass after the carotenoid extraction. It was further assumed that 

both these products have a commercial demand and are sold in the market as substitutes 

for fossil fuels-based products. The value chain of natural astaxanthin production 

comprising the different stages of algae cultivation, harvesting and astaxanthin extraction 

is provided in Figure 4.2. 

 

Figure 4. 2. Supply chain of natural astaxanthin production model 
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4.4 Results 
 

4.4.1 Microalgae productivity and astaxanthin yield 

 

Based on the combined heat and mass transfer model coupled with a biological 

growth kinetics model, microalgae productivity and corresponding astaxanthin yields were 

determined for the different locations. The model was first run separately to simulate 

microalgal growth and cell proliferation in the ‘green stage’ where cultivation takes place 

in the flat panel photobioreactors. Following the ‘green stage’, the model was used to 

simulate algae growth in the ‘red stage’ where the cells are subjected to nutrient starvation, 

thereby limiting cell division and growth, eventually resulting in astaxanthin production in 

the cells. The annual biomass productivities for the ‘green’ and ‘red stages’ for the four 

locations are provided in Table 4.1. Here, it is seen that under ambient conditions, when 

optimal amount of nutrients are supplied, the ‘green stage’ algal productivity ranges 

between 29 – 98 t ha-1 year-1 for the different locations. The significant difference in 

productivity among the locations can mainly be attributed to local geographical 

variabilities. The results are similar to those obtained in our previous study that dealt with 

the productivity of Nannochloropsis in open raceways and flat panel photobioreactors 

[163,166] (described in chapters 2 and 3).  Algal productivity in ‘red stage’ in considerably 

lower for all the locations due to growth inhibition leading to cell death and astaxanthin 

accumulation [91,181]. In this case, ‘red stage’ algal biomass productivity ranges from 15 

– 54 t ha-1 year-1 for the different locations which corresponds to about 45-48% decrease 

from the ‘green stage’. Finally, based on the various harvesting and extracting strategies 

applied in the study, annual astaxanthin productivity was determined for the different 

locations.  
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Table 4. 1. Productivity of Haematococcus pluvialis cultivated in a hypothetical hybrid 
reactor system for different locations 

Locations 
‘Green stage’ productivity 

(t ha-1 year-1) 

‘Red stage’ productivity (t 

ha-1 year-1) 

Minneapolis 29 15 

Albuquerque 85 46 

Phoenix 98 54 

San Diego 89 49 

 

For the different locations studied, astaxanthin productivity from the hypothetical 

commercial scale cultivation model is depicted in Figure 4.3. Astaxanthin production in 

Phoenix is the highest at 1258 kg year-1, and lowest in Minneapolis at 349 kg year-1 which 

is only about 28% of the productivity potential in Phoenix, assuming the concentration of 

astaxanthin in the algae was identical among all the locations. This is primarily due to the 

corresponding lower microalgae productivity potential in Minneapolis that is about 73% 

less than that in Phoenix. This difference may be attributed to the different geospatial 

conditions and climate factors. Astaxanthin productivity potential for Albuquerque, 

Phoenix and San Diego are similar at 1071 kg year-1, 1258 kg year-1, 1141 kg year-1, 

respectively primarily due to the similar microalgae productivity potential for the locations 

characterized by similar geospatial variable and climate patterns. Thus, for Phoenix, San 

Diego and Albuquerque, astaxanthin production are 3.6 times, 3.27 times and 3 times than 

astaxanthin productivity potential in Minneapolis. Thus, it is evident that the choice of 

location plays a critical role in establishing commercial scale microalgae-based refineries 

to achieve optimal performance. 
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Figure 4. 3. Astaxanthin productivities incorporating geospatial variabilities 

4.4.2 Economic analysis 

 

To elucidate the financial implications and feasibility of commercial scale natural 

astaxanthin production, a detailed economic assessment was conducted to determine 

astaxanthin production costs, and extended to the different locations to highlight the 

effects of geospatial variabilities on production costs. Such a combined engineering and 

economic analysis is a significant step forward to understanding commercial implications 

of natural astaxanthin production from microalgae.  

Natural astaxanthin cultivation in a hybrid system of photobioreactor and open 

raceways for the location of Albuquerque, New Mexico was considered as the baseline 

scenario. For algal cultivation and corresponding astaxanthin production, detailed capital 

costs estimate for the photobioreactor and open raceways, pumps, airlift systems, CO2 

storage tanks, sedimentation tanks and centrifuges were either obtained from literature or 

scaled accordingly [86,91,163,166]. Based on the total capital expenditure for the 

biorefinery, Lang factors were used to determine the direct, indirect and other costs for the 
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biorefinery. Lang factors are often used to determine the installed costs of a plant based 

on purchased equipment costs and have been well studied in literature [204,205]. The 

different Lang factors adopted in the study were obtained from previous literature [94] and 

presented in Table 4.2. Based on the Lang factors, total capital and operating 

expenditures for the natural astaxanthin plant were computed. The installation costs for 

the biorefinery is significant and was determined to be 47% of the major equipment costs. 

Instrumentation, control and piping infrastructure in a biorefinery are substantial 

investments and assumed to be 47% and 35% respectively, of the major equipment costs 

in this study [94]. Construction and engineering and supervision expenses were accounted 

for at 15% and 10% of the direct costs. Also, contingency and contractors’ fees were 

considered as well in order to determine the other costs for the biorefinery. Major 

equipment cost is assumed to depreciate over 10 years with a 8% interest rate [94]. 

Purchase tax of the equipment are disregarded in the present study on the assumption 

that this may be recovered. The land and electricity prices for the hypothetical biorefinery 

for the different locations were obtained from our previous work (as provided in chapters 

2 and 3). The total fixed capital investment of the biorefinery considering the different Lang 

factors in the study was estimated to be about 462% of the major equipment cost.   

In determining the operating expenditure of the natural astaxanthin biorefinery, the 

amount of nitrogen and phosphorus-based nutrients and CO2 required to facilitate algal 

growth in the hybrid system were computed through the mass and energy balances of 

each step of the supply chain. Utility requirements were determined similarly and adjusted 

from power requirement calculation in microalgae productivity in flat panel 

photobioreactors and open raceways. In order to ensure proper mixing of the culture 

medium to facilitate growth, flat panel photobioreactors and open raceway ponds were 

assumed to be facilitated by an airlift system and paddlewheels respectively. Power 



78 
 

consumption for mixing and circulation for airlifts and paddlewheels were quantified based 

on our previous work (explained in Chapters 2 and 3). Power requirements utilized for 

capture and compression of CO2 from flue gas for the hybrid reactor system was taken as 

0.2 kWh/kgCO2 [206]. Oxygen, a major byproduct of microalgae photosynthesis, is toxic to 

algal growth and needs to be removed. Flat panel photobioreactors were facilitated by 

degassers to remove oxygen from the culture medium. For open raceways, oxygen 

removal takes place by evaporation from the reactor through exposure to the atmosphere. 

Annual energy consumption for degassing used in the study is 47 MWh/hectare [13]. 

Power consumption for cooling the system is obtained and calculated based on available 

data [86,91]. For microalgae harvesting, the secondary step comprising algae dewatering 

and harvesting by centrifugation is an extremely energy intensive step. Power 

consumption by centrifuges is calculated to be 55kW on the basis of 10 hours of operation 

daily in the course of a year. Astaxanthin extraction by bead milling, spray drying, and 

supercritical CO2 extraction consumes a significant amount of energy. The respective 

values used for the three extraction steps are 6.4 kWh/kgalgae, 103.4 kWh/kgastaxanthin, 

and 158 kWh/kgastaxanthin, respectively after being adjusted to the current scale of the 

system [86,93].  Based on these different factors and assumptions, capital and operating 

expenditures of natural astaxanthin production plant were quantified.   

Using the natural astaxanthin production model, detailed economic analysis was 

conducted to determine astaxanthin production costs for the different locations. First, the 

results of the economic analysis for the hypothetical plant in Albuquerque, New Mexico is 

discussed.  Based on annual productivity of 1071 kg year-1, astaxanthin production cost 

at a hypothetical plant in New Mexico is 1595 $ kg-1. Contribution of capital and operating 

estimates are almost equal at 50% each. For the commercial scale production, the capital 

expenditure and operating expenditure are $ 862,650 year-1 and $ 846,384 year-1, 
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respectively. The breakdown of the capital and operating expenditure of the plant is 

provided in Tables 4.3 and 4.4 respectively. Also, contributions of the different capital and 

operating costs are provided in Figures 4.4 and 4.5 respectively. From these figures, it is 

seen that the cost of the dual photobioreactor and open raceway system as well as the 

cost of pumps and other equipment incur the major expenditure. Together, they contribute 

about 70% of the total capital expenditure. For operating costs, overheads and wages of 

workers, supervisors, and biologists have the greatest impact on the expenditure. 

Together, they are responsible for 75% of the total capital expenditure for the hypothetical 

plant in Albuquerque, New Mexico.  

Table 4. 2. Capital costs estimates for biorefinery [94] 

Direct Costs (DC) 
Major Equipment Costs 

(MEC) 
 

 Installation costs 47% MEC 

 Instrumentation and control 35% MEC 

 Piping 40% MEC 

 Insulation 8% MEC 

 Electrical 10% MEC 

 Buildings 18% MEC 

 Land improvements 10% MEC 

 Service facilities 40% MEC 

Indirect costs (IC) Construction expenses 15% DC 

 
Engineering and 

Supervision 
10% DC 

Other costs (OC) Contractor’s fee 5% (DC+IC) 

 
Contingency (Major 

equipment) 
15% (DC+IC) 

   

Fixed Capital Investment  DC+IC+OC 
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 Depreciation (DC+IC+OC)/10 

 Interest 8% Depreciation 

 Property tax 
1% (Depreciation + 

interest) 

 Insurance 
0.6% (Depreciation + 

interest) 

Total Capital Expenditure  
Depreciation + Interest + 

Property tax + Insurance 

 

Table 4. 3. Capital costs estimate of astaxanthin production in hypothetical plant in 
Albuquerque, New Mexico 

 

   

Capital 

expenditure 

($) 

Capital 

expenditure ($ kg 

astaxanthin-1) 

  
Photobioreactor 

cost 
540,697 505 

  
Open raceway 

ponds 
139,908 131 

  Airlift system 41140 38 

  

Pumps and 

other 

equipment 

497,022 464 

  
CO2 storage 

tank 
38720 36 

  
Sedimentation 

tank 
22000 21 

  Centrifuge 63800 60 

  
Centrifuge feed 

pump 
12529 12 

  
Biomass 

conveyer belt 
13750 13 

  
Biomass 

storage tank 
19360 18 
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  Bead miller 66000 62 

  Spray dryer 29040 27 

  
Supercritical 

CO2 extractor 
93500 87 

  Packaging line 22000 21 

  
Laboratory 

equipment 
88000 82 

 

Major 

Equipment 

Cost (MEC) 

 1,687,466 1575 

 Installation costs 47% MEC 793109 740 

 
Instrumentation 

and control 
35% MEC 590613 551 

 Piping 40% MEC 674989 630 

 Insulation 8% MEC 134997 126 

 Electrical 10% MEC 168747 158 

 Buildings 18% MEC 303744 284 

 
Land 

improvements 
10% MEC 168747 158 

 Service facilities 40% MEC 674989 630 

Total Direct 

Costs (DC) 
  5,197,395 4851 

 
Construction 

expenses 
15% DC 779609 728 

 
Engineering and 

Supervision 
10% DC 519739 485 

Indirect 

costs (IC) 
  1,299,349 1213 

 Contractor’s fee 5% (DC+IC) 324837 303 

 

Contingency 

(Major 

equipment) 

15% (DC+IC) 974512 910 
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Other 

Costs (OC) 
  1,299,349 1213 

Fixed 

capital 

investment 

(FCI) 

 DC+IC+OC 7,796,092 7277 

 Depreciation (DC+IC+OC)/10 779609 728 

 Interest 
8% 

Depreciation 
62369 58 

 Property tax 

1% 

(Depreciation + 

interest) 

8420 8 

 Insurance 

0.6% 

(Depreciation + 

interest) 

5052 5 

 Land 2 hectares 7200 7 

Total 

capital 

expenditure 

($ year-1) 

  862650 805 

 

 

Table 4. 4. Operating costs estimate of astaxanthin production in hypothetical plant in 
Albuquerque, New Mexico 

 
Operating expenditure 

($) 

Operating expenditure ($ 

kg astaxanthin -1) 

Raw materials 25282 24 

CO2 distribution 5500 5 

Water (including recycling) 14168 13 

Power – mixing/circulation 15094 14 

Power – flue gas supply 32223 3 

Power – oxygen removal 2890 3 

Power – water pumping 4102 4 
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Power - cooling 19680 18 

Power - centrifuge 12346 12 

Power – bead milling 18106 17 

Power – spray drying 6946 6 

Power – supercritical CO2 

extraction 
13291 12 

Worker salary (8 workers) 197736 185 

Supervisor salary (2 

supervisors) 
111280 104 

Biologist salary (2 

biologists) 
74900 70 

Maintenance 67499 63 

Operating supply 541 1 

Contingency 5918 6 

Overhead 248278 232 

Total operating 

expenditure ($ year-1) 
846777 790 
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Figure 4. 4. Capital cost contribution for natural astaxanthin production plant in 
Albuquerque, New Mexico 
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Figure 4. 5. Operating cost contribution for natural astaxanthin production plant in 
Albuquerque, New Mexico 

 

4.4.3 Comparative analysis of the effect of geospatial variabilities on natural 

astaxanthin production cost 

 

To understand the influence of geospatial variabilities on the economic implications 

of commercial scale natural astaxanthin cultivation, the economic analysis model was 

extended to the different locations. Such an approach helped to determine natural 

astaxanthin production costs for the locations considering spatial variabilities. In order to 

simplify the economic analysis model, it was assumed that the only differences among the 

locations are land prices and electricity prices besides astaxanthin productivity potential. 

Capital costs of the cultivation systems, harvesting and extraction systems as well as other 
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operating costs like costs of nutrients and CO2, flocculants, wages of supervisors, 

biologists and workers were assumed to be same for the studied locations. Such an 

assumption has been used in our previous work [163,166] and is explained in Chapter 2 

and 3. This is indeed a simplification and the incorporation of these factors may help 

determine natural astaxanthin production costs even more accurately.  

Natural astaxanthin production costs for the different locations are shown in Figure 

4.6. Production costs vary greatly among the different locations and range from 1365 – 

4884 $ kg-1. Natural astaxanthin production cost is lowest in Phoenix at 1365 $ kg-1 and 

highest in Minneapolis at 4884 $ kg-1. For Albuquerque and San Diego, Astaxanthin 

production costs are 1595 and 1626 $ kg-1, respectively. Such significant differences may 

be attributed to the differences in astaxanthin productivity among the locations. Since 

astaxanthin productivity in Minneapolis is only about 28% than that in Phoenix, which is a 

location characterized by highest astaxanthin productivity, corresponding production cost 

in Minneapolis is 3.6 times than production cost in Phoenix. Similarly, astaxanthin 

production costs in Albuquerque and San Diego are about 33% of natural astaxanthin 

production costs in Minneapolis. It is interesting to note that although yearly productivity 

in Albuquerque is less than that in San Diego by about 6%, astaxanthin cost in San Diego 

is about 2% higher than in Albuquerque. This higher production cost despite higher 

astaxanthin productivity in San Diego is mainly due to the differences in the land and 

electricity prices of the two locations. The yearly capital and operating expenditure of 

hypothetical astaxanthin production plants for the different locations are provided in Table 

4.5. From the detailed economic analysis, it can be inferred that location choice for natural 

astaxanthin production is extremely important for its economic feasibility.  Hence, the 

commercial success of natural astaxanthin is very much location dependent as geospatial 
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variability plays a crucial role in determining productivity thereby impacting production 

costs significantly.   

 

Figure 4. 6. Astaxanthin production costs incorporating geospatial variabilities 

Table 4. 5. Capital and operating expenditures of hypothetical natural astaxanthin 
production plants 

 
Capital 

expenditure ($ 
year-1) 

Operating 
expenditure ($ year-1) 

Minneapolis 879200 827000 

Albuquerque 862650 846384 

Phoenix 864150 853444 

San Diego 908950 947927 

 

4.4.4 Profit and loss (P&L) analysis 

 

In order to understand the economic implications of commercial scale natural 

astaxanthin production plant, a P&L analysis was conducted. This is a financial statement 

that helps determine the total revenues and total expenditure of the plant and on the basis 

of which the Return on Investment (ROI) for the plants are determined. ROI is a valuable 

economic metric which is often used in business to determine the financial attractiveness 
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of the company and industry [207–209]. ROI for the commercial scale natural astaxanthin 

plant is calculated by the following equation: 

𝑅𝑂𝐼 =  
𝐶𝐴𝐷

𝐶𝐴𝑃𝐸𝑋
∗ 100% 

where, CAPEX is the total capital expenditure for the plant, CAD is the available cash that 

it distributed to the different stakeholders. CAD is computed by subtracting corporate taxes 

from Earnings before interest, tax, depreciation and amortization (EBITDA). EBITDA is an 

important metric often used in industry to compare and analyze profitability between 

organizations and industries [208,209]. In the present study, amortization and interests 

are not considered under the assumption that no financing has been obtained for the 

construction and operations of the plant. Apart from ROI, the payback period for the 

hypothetical facilities are also computed to understand the time required for the initial 

capital investment to be recovered.  

 To conduct the P&L analysis and assess economic feasibility for natural 

astaxanthin production plants for the different locations, several scenarios were 

considered by varying astaxanthin market prices to 1500, 2000, 2500, 3000, 4000, 5000, 

and 6000 $ kg-1. Since the residual biomass after astaxanthin extraction can be utilized as 

a bio-fertilizer, it is assumed to be sold in the market to gain financial returns. In this study, 

market price of bio-fertilizer was assumed to be 33.5 $ kg-1 [86]. Based on the analysis, 

ROI for New Mexico (Albuquerque), Minnesota (Minneapolis), Arizona (Phoenix) and 

California (San Diego) are calculated at 16.92 – 50.25%, -0.58 – 14.94%, 20.6 – 59.73%, 

and 17.42 – 52.92%, respectively. Correspondingly, the payback period for the 

hypothetical plants at the locations are calculated at 14.5 – 2.5 years, -9.4 – 20.2 years, 

9.4 – 2 years, and 13.5 – 2.3 years, respectively, with the different astaxanthin market 

prices. P&L analysis for Arizona and Minnesota are provided in Table 4.6 and 4.7, 
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respectively. Results of the P&L analysis indicate that economic feasibility of natural 

astaxanthin production is highly dependent on location. For New Mexico (Phoenix), 

Arizona (Phoenix) and California (San Diego), the high ROI indicates microalgae-based 

commercial scale astaxanthin production is indeed feasible in these locations with proper 

exploitation of the astaxanthin derived residual biomass. It may also be inferred that 

commercial natural astaxanthin production is not favorable in Minnesota primarily due to 

the very low astaxanthin productivity which resulted in significant higher astaxanthin 

production costs in comparison to other locations.  

Table 4. 6. P&L analysis for natural astaxanthin production plant in Arizona (Phoenix) 

 

  

Market Price 

($/kg)
Astaxanthin 1500 2000 2500 3000 3500 4000 5000 6000

Market Price 

($/kg)
Astaxanthin 

extracted algae
33.5 33.5 33.5 33.5 33.5 33.5 33.5 33.5

Quantity (kg)
Axtaxanthin 1258 1257.6438 1257.6438 1257.6438 1257.6438 1257.6438 1257.6438 1257.6438

Quantity (kg)
Astaxanthin 

extracted algae
52742 52742.356 52742.356 52742.356 52742.356 52742.356 52742.356 52742.356

Gross revenue 

($)
 3,653,335   4,282,157   4,910,978   5,539,800   6,168,622   6,797,444   8,055,088   9,312,732 

VAT (23%) ($)
    840,267      984,896   1,129,525   1,274,154   1,418,783   1,563,412   1,852,670   2,141,928 

Total revenue 

($)
Gross revenue - 

VAT
 2,813,068   3,297,261   3,781,453   4,265,646   4,749,839   5,234,032   6,202,418   7,170,803 

OPEX ($)
    852,985      852,985      852,985      852,985      852,985      852,985      852,985      852,985 

EBITDA ($)
Total revenue - 

OPEX
 1,960,082   2,444,275   2,928,468   3,412,661   3,896,854   4,381,047   5,349,432   6,317,818 

Depreciation 

($)
10%     779,609      779,609      779,609      779,609      779,609      779,609      779,609      779,609 

EBIT or EBT 

($)
 1,180,473   1,664,666   2,148,859   2,633,052   3,117,245   3,601,438   4,569,823   5,538,209 

Tax ($)
30%     354,142      499,400      644,658      789,916      935,173   1,080,431   1,370,947   1,661,463 

EAT ($)
    826,331   1,165,266   1,504,201   1,843,136   2,182,071   2,521,006   3,198,876   3,876,746 

CAD ($)
 1,605,940   1,944,875   2,283,810   2,622,745   2,961,680   3,300,615   3,978,485   4,656,356 

FCI/CAPEX ($)
 7,796,092   7,796,092   7,796,092   7,796,092   7,796,092   7,796,092   7,796,092   7,796,092 

ROI
20.60% 24.95% 29.29% 33.64% 37.99% 42.34% 51.03% 59.73%

Payback 

period (years)
9.4 6.7 5.2 4.2 3.6 3.1 2.4 2.0
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Table 4. 7. P&L analysis for natural astaxanthin production plant in Minnesota 
(Minneapolis) 

 

4.5 Discussion  

 The primary objective of this study was to assess commercial-scale natural 

astaxanthin production from the algal species, Haematococcus pluvialis, while considering 

geospatial variabilities. A detailed economic analysis model was developed to determine 

astaxanthin production costs and to assess economic feasibility of microalgae-based 

natural astaxanthin biorefinery. Commercial-scale natural astaxanthin production is not 

very prevalent, as reflected by a lack of information in the literature about this process. 

Market Price 

($/kg)
Astaxanthin 1500 2000 2500 3000 3500 4000 5000 6000

Market Price 

($/kg)

Astaxanthin 

extracted algae
33.5 33.5 33.5 33.5 33.5 33.5 33.5 33.5

Quantity (kg) Axtaxanthin 349 349.3455 349.3455 349.3455 349.3455 349.3455 349.3455 349.3455

Quantity (kg)
Astaxanthin 

extracted algae
14651 14650.6545 14650.6545 14650.6545 14650.6545 14650.6545 14650.6545 14650.6545

Gross 

revenue ($)
1,014,815 1,189,488   1,364,161   1,538,833   1,713,506   1,888,179   2,237,524   2,586,870   

VAT (23%) 

($)
233,407    273,582      313,757      353,932      394,106      434,281      514,631      594,980      

Total 

revenue ($)

Gross revenue - 

VAT
781,408    915,906      1,050,404   1,184,902   1,319,400   1,453,898   1,722,894   1,991,890   

OPEX ($) 826,850    826,850      826,850      826,850      826,850      826,850      826,850      826,850      

EBITDA ($)
Total revenue - 

OPEX
(45,442)     89,056        223,554      358,052      492,550      627,048      896,044      1,165,040   

Depreciation 

($)
10% 779,609    779,609      779,609      779,609      779,609      779,609      779,609      779,609      

EBIT or EBT 

($)
(825,051)   (690,553)    (556,055)    (421,557)    (287,059)    (152,561)    116,435      385,431      

Tax ($) 0% -            -             -             -             -             -             -             -             

EAT ($) (825,051)   (690,553)    (556,055)    (421,557)    (287,059)    (152,561)    116,435      385,431      

CAD ($) (45,442)     89,056        223,554      358,052      492,550      627,048      896,044      1,165,040   

FCI/CAPEX 

($)
7,796,092 7,796,092   7,796,092   7,796,092   7,796,092   7,796,092   7,796,092   7,796,092   

ROI -0.58% 1.14% 2.87% 4.59% 6.32% 8.04% 11.49% 14.94%

Payback 

period(yrs)
-9.4 -11.3 -14.0 -18.5 -27.2 -51.1 67.0 20.2
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Furthermore, this data is often proprietary and thus not easily accessible. The current 

analysis attempts to address this research gap to provide a more comprehensive overview 

of commercial scale astaxanthin production from microalgae. 

 Annual astaxanthin productivities in Livadeia, Greece and Amsterdam, 

Netherlands have been reported to be 426 and 143 kg year-1 respectively [86]. In a pilot 

facility involving a hybrid cultivation system in Shenzhen, China, Li et al. reported 

astaxanthin productivity from Haematococcus pluvialis to be 900 kg year-1 [91].  While the 

work of Li et al. [91] was conducted in a pilot scale facility, Panis et al. [86] determined 

astaxanthin productivity through computational modeling efforts comparable to the current 

study. Upon comparison, it may be claimed that astaxanthin productivities for the various 

locations obtained from the present model, ranging between 350 – 1250 kg year-1, are in 

reasonable agreement with previous studies [86,91]. At the same time, it is essential to 

note that there are significant divergences in methodology between the present study and 

existing literature, primarily with regard to the choice of reactor system and determination 

of theoretical astaxanthin productivity for a location. The model developed by Panis et al. 

[86] was based on theoretical algae yield and astaxanthin productivity on the basis of 

annual incident sunlight interception, and different process efficiencies and loss 

mechanisms. The approach of the current study was more focused on the development 

of a mathematical model based on first principles modeling to determine algae growth and 

corresponding astaxanthin productivity. The present effort accounts for multiple factors 

such as determination of the temperature profile of the algal growth medium, and uptake 

rates of different nutrients and CO2, making the resulting dynamic model more robust.  

 Based on astaxanthin productivity for the different locations, a detailed techno-

economic analysis was also conducted to determine astaxanthin production costs. Due to 

limited information regarding commercial scale astaxanthin production costs in the 
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literature along with wide variabilities, direct comparison or validation of the results was 

not practical. However, similar studies conducted for Livadeia, Amsterdam [86] and in 

Shenzhen [91] provide a baseline for comparison. 

For Livadeia and Amsterdam, astaxanthin costs were reported to be 1925 $ kg-1 

and 7295 $ kg-1, respectively [86]. Similarly, astaxanthin cost was found to be 718 $ kg-1 

for the pilot scale production in Shenzhen, China [91]. Economic analysis results in the 

present study, ranging from 1365 – 4885 $ kg-1 of natural astaxanthin, reasonably concur 

with the reported values. The widespread variability in the production costs in the reported 

studies may mainly be attributed to differences in astaxanthin productivity among different 

locations. Additionally, the lower astaxanthin costs in Shenzen of 718 $ kg-1 may be 

ascribed to the significantly lower wages of laborers and workers in Shenzhen, China than 

in the United States. The results obtained here suggest that natural astaxanthin production 

may be more viable in places characterized by favorable environmental profiles of high 

solar irradiation and optimal temperature profile that are more conducive to algae growth. 

This is evidenced by the fact that commercial plants for the two biggest producers of 

natural microalgae-based astaxanthin, Cyanotech Corporation and Algatech are based in 

Hawaii and Israel, respectively [210,211], locations characterized by weather patterns 

favorable  for commercial scale microalgae cultivation. It has been reported that 

production costs of synthetic astaxanthin is 1000 $ kg-1 with a market price often greater 

than 2000 kg-1 [91]. The current study suggests that although the obtained astaxanthin 

costs for the different locations are higher than those for synthetic astaxanthin, commercial 

production of microalgae-based natural astaxanthin is highly feasible and may be 

successfully utilized to meet the increasing demand for healthy and natural products. 
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4.6  Conclusion 
 

The present study focused on the techno-economic analysis of natural astaxanthin 

production from Haematococcus pluvialis for four different locations in the United States.  

First an astaxanthin productivity model was developed based on first-principles approach 

to quantify annual astaxanthin yield incorporating geospatial variabilities. Subsequently, 

the process model was integrated with a detailed economic analysis to determine natural 

astaxanthin products costs. Resulting astaxanthin costs obtained ranged from 1365 – 

4885 $ kg-1 for the locations studied. Although natural astaxanthin costs obtained here are 

higher than synthetic astaxanthin by about 35-40%, results indicate that there does exist 

significant opportunity for microalgae-based astaxanthin production especially in the 

natural and bio-based products market. With an increase in demand for natural products 

and continued research on microalgae utilization, commercial produced natural 

astaxanthin may soon act as a viable alternative to synthetic astaxanthin in the global 

market.  
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Chapter 5. Process model and techno-economic analysis of EPA 

and DHA production from microalgae incorporating geospatial 

variabilities 
 

5.1 Introduction 
 

 Fish oil is an important component of aquafeed that adds functionality and health 

benefits to fish, specifically, salmon and tuna [212]. These fish are often regarded as 

healthy food products due to the high concentration of long chain omega three fatty acids 

like eicosapentanoic acid (EPA) and docosahexanoic acid (DHA) [213,214]. Synthesis of 

long chain fatty acids in salmon is enabled through their feed that is abundant in fish oils 

[215]. Traditionally, fish oils are obtained from pelagic feed fisheries with a global annual 

supply estimated at around 1,000,000 metric tons [216]. Of this, around 70% is utilized in 

fish feed and salmonids production [97,214]. In the last decade, global supply of fish oil 

has remained more or less constant; however, there are wide irregularities among yearly 

fish landings and oil yields [216]. On the other hand, the global demand for fish oils has 

been increasing steadily, primarily driven by the growth in the aquaculture industry, and 

intensified by the rapidly emerging omega-3 market. The anchoveta fishery stock in South 

America (Peru and Chile) has been the most important source of fish oil for decades and 

supplies about 70% of the global demand [97]. However, due to extreme climate and 

environmental conditions and occasional upwelling events, there has been significant 

volatility in fish oil production and supply over the last decade [217,218]. The difference 

between the demand and supply has made the current market very competitive in terms 

of fish oil prices. The price was reported to be between 300 – 800 $ ton-1 in 2005 with an 

increase to around 2000 $ ton-1 in 2012 – 2014 [219]. More recently reported prices of fish 

oil have escalated to about 2400 $ ton-1 and is predicted to further increase by more than 

25% in the next 5 years [219].  
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 This disproportionate supply and demand of fish oil globally has necessitated the 

implementation of feasible alternatives. One viable option is microalgae-derived EPA and 

DHA that may act as substitutes for fish oil from pelagic fisheries [220–222]. Microalgae 

are very productive photosynthetic organisms capable of synthesizing omega-3 fatty acids 

and hence regarded as promising alternatives to EPA and DHA in fish oil [220]. Primarily 

composed of proteins, lipids, carbohydrates and pigments, microalgae may be converted 

to a plethora of products for the food, feed, and energy industry [28,94,112]. Industrial 

utilization of microalgae for feed is an active area of research in conjunction with 

microalgae-based biofuels production [99,100,223]. The main difference between the two 

applications is the type and quantity of fatty acids synthetized by the algae. While short 

chain fatty acids are ideal for biofuels production, long-chain polyunsaturated fatty acids 

play a bigger role in feed applications. Another important distinction is the level of 

microalgal biomass processing for the two applications. In algae-based biofuels 

production, there are several processing steps including lipids extraction and 

transesterification to biodiesel. On the other hand, microalgae reportedly may be directly 

utilized as feed [223]. This part of the study focuses on the detailed techno-economic 

analysis of commercial scale production of EPA and DHA-based fish oil. For the base 

case scenario, a detailed microalgae growth kinetics model was used to determine EPA 

and DHA productivity and then combined with a detailed economic analysis to determine 

production costs of the system. The model was extended to different locations to highlight 

the implications of geospatial variability for the production and cost of EPA and DHA. 

Furthermore, scenario analysis was used to find optimal plant sizes and to elucidate the 

effect of different parameters on the productivity and production cost. The present study 

is first of its kind to incorporate the entire supply chain of microalgae cultivation, harvest 

and conversion to feed and provides valuable insights about commercial scale natural 

EPA and DHA production in different regions in the United States.  
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5.2 Methods 
 

 To quantify EPA and DHA production from microalgae, detailed process models 

encompassing the entire value chain of microalgae growth, harvesting and EPA and DHA 

extraction were developed. Following our previous studies evaluating commercial scale 

microalgae cultivation in open raceways and flat panel photobioreactors (described in 

Chapter 2 and Chapter 3 of the thesis), Nannochloropsis sp. was utilized as the algal strain 

for EPA and DHA synthesis and production following previous studies [94,224,225]. 

Although the concentration of EPA and DHA in microalgae is low, often less than 5% of 

the total dry weight of algae, research is underway to increase the percentage of these 

compounds [98,216,221] and enable greater productivity. 

 The supply chain of natural EPA and DHA production begins with microalgae 

cultivation on a commercial scale. In this study, algal growth was modeled in open raceway 

ponds as well as flat panel photobioreactors, facilitated by incident sunlight, carbon dioxide 

(CO2), and nutrients. Microalgae cultivation in bioreactors is generally followed by algal 

harvesting when the slurry is essentially dewatered to obtain a paste of 20% solids 

concentration (that is, concentration of 200 kg m-3). Finally, EPA and DHA are extracted 

from the harvested microalgae. This arrangement was modeled here exactly as described 

in the previous chapters. Again, the techno-economic analysis was extended to four 

locations within the United States, namely Minnesota (Minneapolis), California (San 

Diego), New Mexico (Albuquerque) and Arizona (Phoenix), to assess the implications of 

locations and corresponding variabilities on algae and EPA and DHA productivity.  

 The detailed process model for natural EPA and DHA production from microalgae 

together with meticulous economic analysis was used to determine production costs. This 

was accomplished by performing a mass and energy balances of the entire EPA and DHA 

supply chain. The economic analysis was also applied to the different locations to quantify 
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EPA and DHA production cost ($ kg-1) and to elucidate the implications on spatial 

variabilities.  Similar to the process modeling of natural astaxanthin production described 

in Chapter 4, a Profit & Loss (P&L) analysis was performed to determine the financial 

attractiveness of commercial scale natural EPA and DHA production. The supply chain of 

natural microalgae-based EPA and DHA production is provided in Figure 5.1. This is one 

of the first studies detailing process modeling and techno-economic analysis of 

microalgae-based EPA and DHA production and is a significant step forward in assessing 

feasibility of natural EPA and DHA production and their competitiveness with the synthetic 

products in the market.  

Figure 5. 1. Framework of natural EPA and DHA and economic analysis 

5.3 Models 
 

5.3.1. Algae cultivation 

 

 In order to model microalgae growth and cultivation on commercial scales, the 

same approach described in Chapter 2 and Chapter 3 was adopted [163,166]. As 

described previously, first a detailed heat and mass transfer model was developed 
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combining local weather data to determine temperature profile of the microalgae growth 

reactors. This result was further used to develop a microalgae biological growth kinetics 

model to compute productivity for a location. It was again assumed that phosphorus and 

nitrogen-based nutrients, as well as CO2 essential for microalgae growth were provided 

adequately. The reactor configuration and operating procedure were the same as 

described in Chapters 3. In the baseline scenario, hypothetical flat panel photobioreactor 

was assumed to be 1 hectare in area facilitating microalgae cultivation.  

5.3.2 Microalgae harvesting   

 

 One of the most important steps in biorefinery supply chain is microalgae 

harvesting. Microalgae being unicellular organisms and due to presence of enormous 

quantity of water in the suspension, harvesting algae is a challenging and energy intensive 

process. Correspondingly, harvesting costs are quite high and is a significant percentage 

of total microalgae production costs [35,94,121,128]. The microalgae harvesting 

technique used in astaxanthin production described in Chapter 4 was adopted in the 

current study. The two-step harvesting step involved bio-flocculation, which is the addition 

of organic polyacrylamide flocculants to separate the algae phase from the solution and 

to facilitate primary dewatering by lamella clarifiers. The second step or mechanical 

harvesting consisted of the use of centrifuges to further dewater microalgae solution. 

Although centrifuge usage is an extremely energy intensive step, previous researchers 

have demonstrated its utility in extracting high value products with omega-3 fatty acids  

[186,226]. Hence, the centrifugation step for secondary dewatering was considered an 

ideal method for mechanical harvesting. The concentration of resulting microalgae 

solution after primary dewatering was 30 kg m-3. After centrifugation, the concentration of 

the microalgal paste was taken as 200 kg m-3 (20% solids content). The two stage 
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microalgae harvesting technique has often been regarded as an ideal harvesting method 

to derive high-value products from microalgae [186,187,227].  

5.3.3 EPA and DHA extraction 

 

 The final step in the microalgae-based biorefinery process model was the 

extraction of EPA and DHA from the harvested microalgae. In order to facilitate extraction, 

two major steps were utilized in this study: 1) cell disruption and 2) lipids extraction. 

Microalgal cells may be disrupted by several methods including mechanical processes 

such as bead milling and high pressure homogenization or by chemical or enzymatic 

procedures [228–230]. In this study, microalgae cells were disrupted by high pressure 

homogenization which is considered an efficient cell lysis method when algae 

concentration is between 100 – 200 kg m-3 [195]. After cell lysis, extraction of the lipids 

was facilitated by organic solvents like acetone, hexane, methyl ethyl ketone, as well as 

by supercritical CO2 extraction [231,232]. In this study, it was assumed that algal oils were 

extracted by hexane and isopropanol which are often regarded as suitable organic 

solvents that have been used extensively [232–234]. The resulting solution was further 

processed through a flash evaporator in order to recover the costly solvents which were 

recycled back to the oil extraction phase. To avoid contamination and degradation, the 

polyunsaturated fatty acids (PUFA) enriched oil was refrigerated before being sold in the 

market as natural EPA and DHA. Since, PUFAs are often utilized as food supplements or 

for direct human consumption, it is desirable for their purity to be >95%. In order to achieve 

this purity level, extra refining steps may be necessary that are beyond the scope of the 

present work [222,235,236]. The microalgae after oil extraction is essentially a protein rich 

compound and was assumed to be directly sold in the market as a bio-fertilizer. The supply 

chain of PUFA enriched microalgal oil production comprising of algae cultivation, 

harvesting and extraction of the desired products is provided in Figure 5.2.  
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Figure 5. 2. Supply chain of microalgae-based EPA and DHA production model 

5.4 Results  
 

5.4.1 EPA and DHA productivity potential 

 

 The combined heat and mass transfer model for determining the temperature 

profile of microalgae cultivation reactor, and the microalgae biological growth model with 

its corresponding PUFA concentration, were employed to ascertain annual EPA and DHA 

productivity potential. Extending the framework helped to determine EPA and DHA 

productivity potential for the different locations, provided in Figure 5.3.  Among the different 

locations studied, EPA and DHA productivity for the hypothetical biorefinery in Minneapolis 

was the lowest at 2525 kg year-1, and the highest in Phoenix at 8645 kg year-1. EPA and 

DHA concentration in the microalgae species was assumed to be identical across all the 

locations. This huge difference in omega-3 fatty acids productivity between the two 

locations may be primarily attributed to the different algae productivities arising from the 

geospatial variability. Microalgae productivity in Phoenix is about 70% more than in 
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Minneapolis, thereby explaining the significantly lower EPA and DHA productivity in 

Minneapolis compared to Phoenix. The productivity results for Albuquerque and San 

Diego were found to be 7182 kg year-1 and 7647 kg year-1 respectively. Thus, 

Albuquerque, San Diego and Phoenix were found to have similar EPA and DHA 

productivity potential due to similar weather patterns resulting in similar microalgae 

productivity ranging between 108 – 130 t ha-1 year-1. These results demonstrate that the 

correct choice of location is imperative for microalgae biorefinery siting, given the heavy 

dependence of performance on local geospatial factors.  

 

Figure 5. 3. EPA and DHA annual productivities for different locations incorporating 
geospatial variabilities 

5.4.2 Economic analysis 

 

The process modeling framework developed in the present study was combined with 

detailed economic analysis to elucidate the financial implications of microalgae-based 

EPA and DHA production. Following the approach used in comparing the productivity 

model, the economic analysis was performed for different locations to assess the 

influences of geospatial variability on EPA and DHA production costs. This combined 
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techno-economic analysis is a valuable tool for studying the production of natural PUFA 

from microalgae on a commercial scale.  

 In the baseline scenario, EPA and DHA were cultivated in a commercial scale flat 

panel photobioreactor biorefinery with an area of 1 hectare. The cost of the reactor 

systems, equipment and piping were obtained from literature and previous work on algae 

cultivation and natural astaxanthin production (described in Chapters 3 and 4) 

[86,91,163,166]. Based on capital cost estimates, various Lang factors were applied in 

order to quantify the direct, indirect and other costs, which were then used to derive the 

fixed capital investment for the biorefinery [94]. A linear depreciation of 10% was assumed 

in order to compute the interest, property tax and insurance, and determine the annual 

total capital expenditure of the biorefinery [94]. The breakdown of the total capital 

expenditure and the corresponding Lang factors used were similar to those described for 

Astaxanthin production in Chapter 4, and also mined from literature [94].  

 To establish the operating expenditure of the microalgae biorefinery, mass and 

energy balances were calculated to determine the total amount of nutrients, CO2, and 

utilities required. In order to facilitate proper mixing in a microalgae growth reactor, an 

airlift system was used. Power consumption for airlift systems was determined based on 

our previous work on algae cultivation in photobioreactors (Chapter 3). Oxygen, a 

byproduct of photosynthesis is detrimental to algae growth. To remove it from the system, 

reactors were facilitated with degassers and the power consumption for the process was 

determined from literature [13]. Power requirements for microalgae harvesting were 

identical to those described in Chapters 3 and 4. The next step in the process is cell 

disruption, an energy intensive process. Energy requirement for high pressure 

homogenization was obtained from literature at 2 MJ kg-1 of algae which causes a 100% 

disruption of algal cells followed by hexane extraction [237]. To extract long chain fatty 
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acids from disrupted algal cells, the organic solvents hexane and isopropanol were used. 

Total requirement of the organic solvents necessary was obtained from literature and 

scaled up according to the present mass flow in the biorefinery [234]. It was also assumed 

that 1 biologist, 1 plant supervisor and 4 workers would be necessary for the functioning 

of the plant and their wages and salaries were incorporated in the economic analysis. 

Plant maintenance, contingencies and overheads were also considered to determine the 

total annual operating expenditure of the plant.  

 Based on the capital and operating expenditure thus obtained, production costs of 

microalgae-based EPA and DHA were determined. In the base case scenario, the results 

of the 1-hectare hypothetical biorefinery in Albuquerque, New Mexico is discussed in 

greater detail first. The annual production cost of EPA and DHA was 168 $ kg-1 based on 

yearly productivity of 7182 kg. Of the total production cost, contributions of capital costs 

and operating costs expenditures were 94 $ kg-1
 and 74 $ kg-1, respectively. The resulting 

total annual capital and operating expenditures were calculated to be 674,713 $ year-1 and 

531,735 $ year-1, respectively. Detailed capital and operating costs expenditure for the 

base case scenario is provided in Table 5.1 and Table 5.2, respectively. Furthermore, 

contributions of different capital and operating costs components and parameters are 

provided in Figure 5.4 and Figure 5.5, respectively. The cost of photobioreactors, pumps 

and equipment are the most dominant factors and constitute about 80% of the total capital 

expenditure. Of the operating expenditures, overheads, maintenance and total wages of 

personnel are the most impactful and comprise about 75% of the total costs. 
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Table 5. 1. Capital costs estimate of EPA and DHA production in hypothetical plant in 
Albuquerque, New Mexico 

 
 
 

  
Capital 

expenditure 
($) 

Capital 
expenditure 
($ kg EPA 

and DHA -1) 

  
Photobioreactor 

cost 
540,697 75 

  Airlift system 41140 6 

  
Pumps and other 

equipment 
497,022 69 

  CO2 storage tank 38720 5 

  
Sedimentation 

tank 
11000 1.5 

  Centrifuge 63800 9 

  
Centrifuge feed 

pump 
6600 1 

  
Biomass 

conveyer belt 
13750 2 

  
Biomass storage 

tank 
19360 2.7 

  
High pressure 
homogenizer 

9000 1 

  Solvent extractor 8056 1 

  Packaging line 22000 3 

  
Laboratory 
equipment 

88000 12 

 
Major 

Equipment 
Cost (MEC) 

 1,359,145 189 

 Installation costs 47% MEC 638798 89 

 
Instrumentation 

and control 
35% MEC 475701 66 

 Piping 40% MEC 543658 76 

 Electrical 10% MEC 135915 19 

 Buildings 18% MEC 244646 34 

 
Land 

improvements 
10% MEC 135915 19 

 Service facilities 40% MEC 543658 76 

Total Direct 
Costs (DC) 

  4,077,435 568 

 
Construction 

expenses 
15% DC 611615 85 

 
Engineering and 

Supervision 
10% DC 407744 57 



105 
 

Indirect 
costs (IC) 

  1,019,359 142 

 Contractor’s fee 5% (DC+IC) 254840 35 

 
Contingency 

(Major 
equipment) 

15% (DC+IC) 764519 106 

Other 
Costs (OC) 

  1,019,359 142 

Fixed 
capital 

investment 
(FCI) 

 DC+IC+OC 6,116154 852 

 Depreciation (DC+IC+OC)/10 611615 85 

 Interest 8% Depreciation 48929 7 

 Property tax 
1% (Depreciation 

+ interest) 
6605 1 

 Insurance 
0.6% 

(Depreciation + 
interest) 

3963 0.6 

 Land 1 hectare 3600 0.5 

Total 
capital 

expenditure 
($ year-1) 

  674,713 94 

 

Table 5. 2. Operating costs estimate of EPA and DHA production in hypothetical plant in 
Albuquerque, New Mexico 

 Operating expenditure 

($) 

Operating expenditure ($ 

kg astaxanthin -1) 

Raw materials 15711 2 

CO2 distribution 5500 1 

Water (including recycling) 14168 2 

Power – mixing/circulation 13187 2 

Power – CO2 supply 3113 - 

Power – oxygen removal 6110 1 

Power - centrifuge 12346 2 

Power – high pressure 

homogenization 

3690 1 

Hexane 30530 4 
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Isopropanol 40210 6 

Worker salary (4 workers) 98868 14 

Supervisor salary (1 

supervisor) 

55640 8 

Biologist salary (1 biologist) 37450 5 

Maintenance  54366 8 

Operating supply 276 - 

Contingency 4482 1 

Overhead 135478 19 

Total operating 

expenditure ($ year-1) 

846777 74 

 

 

Figure 5. 4. Capital cost contribution for natural EPA and DHA production plant in 
Albuquerque, New Mexico 
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Figure 5. 5. Operating cost contribution for natural EPA and DHA production plant in 
Albuquerque, New Mexico 

 

 

5.4.2.1 Comparative analysis of the effect of geospatial variabilities on microalgae-

based EPA and DHA production cost 

 

 To elucidate the ramifications of geospatial variabilities on natural EPA and DHA 

production costs, the economic framework developed in the study was extended to other 

locations. It is essential to account for the variations of the different cost parameters across 

locations in order to determine natural EPA and DHA cost more accurately. For 

simplification, it was assumed that electricity and land prices were the only varying factors 
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between the locations. The cost of the cultivation systems and operating expenditures like 

wages of personnel and price of raw materials were assumed to be identical for the 

locations. The reasoning behind the assumptions may be found in the previous chapters 

(2, 3, and 4).  

 Microalgae-based EPA and DHA production costs for the studied locations in 1-

hectare plant are provided in Figure 5.6. From the analysis, it can be inferred that 

production costs vary significantly across the locations with costs ranging from 141 – 461 

$ kg-1. The cost of production of EPA and DHA is the lowest in Phoenix at 141 $ kg-1 and 

the most expensive in Minneapolis at 461 $ kg-1. Production costs were found to be very 

similar for Albuquerque and San Diego at 168 $ kg-1 and 162 $ kg-1, respectively. The 

huge difference in production costs between Minneapolis and Phoenix may be mainly 

attributed to the difference in EPA and DHA annual productivity. The productivity of EPA 

and DHA in Minneapolis was only about 30% than the productivity in Phoenix, thereby 

driving down the production costs by about 70% in Phoenix in comparison to Minneapolis. 

It is interesting to note EPA and DHA production costs in Albuquerque and San Diego are 

almost identical, despite a slightly higher productivity in San Diego than Albuquerque. This 

is mainly due to the higher land and electricity prices in San Diego in comparison to 

Albuquerque. From the economic analysis, it is concluded that economic feasibility of 

large-scale natural EPA and DHA production from microalgae is heavily dependent on 

location as location-specific climate factors influence productivity thereby resulting in a 

highly variable production costs.   
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Figure 5. 6. EPA and DHA production costs for different locations incorporating 
geospatial variabilities 

5.4.2.2 Profit and Loss (P&L) analysis 

 

 To further assess the feasibility of commercial scale natural EPA and DHA 

production from microalgae, a P&L analysis was conducted (performed previously to 

assess implications of natural astaxanthin production, described in Chapter 4 of the 

thesis). The P&L analysis was developed to calculate the Return on Investment (ROI) by 

quantifying the net revenues and expenditure of a plant [207–209]. For the P&L analysis, 

different scenarios were considered by varying EPA and DHA prices to 20, 40, 80, 160 

and 320 $ kg-1. It was assumed that the protein-rich oil-extracted microalgae was sold in 

the market at a price of 33.5 $ kg-1 [86]. ROIs for New Mexico (Albuquerque), Arizona 

(Phoenix) and California (San Diego) were determined to be 26 – 42%, 31 – 51%, and 27 

– 45%, respectively. For the hypothetical plant in Minnesota (Minneapolis), the resulting 

ROI was found to be 12% for a market price of EPA and DHA over 160 $ kg-1, indicating 

the plant would not be economically as competitive as the other locations in that scenario. 

The detailed P&L analysis for the hypothetical plants in Arizona and Minnesota are 
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provided in Table 5.3 and Table 5.4, respectively. P&L analysis highlighted the economic 

implications of commercial scale microalgae-based natural EPA and DHA production. 

Results suggest that locations like New Mexico (Phoenix), Arizona (Phoenix) and 

California (San Diego) may indeed be conducive to natural EPA and DHA production with 

an available market of microalgae-based protein as biofertilizer, thereby resulting in very 

high ROI. From the location point of view, it can further be stated that cultivation in 

Minnesota is not economical due to the very low productivity potential of natural EPA and 

DHA production which culminates to a very high production costs in comparison to other 

places.  

Table 5. 3. P&L analysis for natural EPA and DHA production plant in Minnesota 
(Minneapolis) 

Market Price 

($/kg) 

EPA and 

DHA 

Market 

price 

20 40 80 160 320 

Market Price 

($/kg) 

Protein-

rich algae 

33.5 33.5 33.5 33.5 33.5 

Quantity 

(kg) 

EPA and 

DHA 

2527 2527 2527 2527 2527 

Quantity 

(kg) 

Protein-

rich algae 

35473 35473 35473 35473 35473 

       

Gross 

revenue ($) 

 
 

1,238,886  

 

1,289,426  

 

1,390,506  

 

1,592,666  

 

1,996,986  

VAT (23%) 

($) 

 
    

284,944  

    

296,568  

    

319,816  

    

366,313  

    

459,307  

Total 

revenue ($) 

Gross 

revenue - 

VAT 

    

953,942  

    

992,858  

 

1,070,689  

 

1,226,352  

 

1,537,679  

OPEX ($) 
 

    

483,383  

    

483,383  

    

483,383  

    

483,383  

    

483,383  

EBITDA ($) Total 

revenue - 

OPEX 

    

470,559  

    

509,475  

    

587,307  

    

742,970  

 

1,054,296  
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Depreciation 

($) 

10%     

609,266  

    

609,266  

    

609,266  

    

609,266  

    

609,266  

EBIT or EBT 

($) 

 
   

(138,706) 

     

(99,791) 

     

(21,959) 

    

133,704  

    

445,031  

Tax ($) 0%               -                  -                  -                  -                  -    

EAT ($) 
 

   

(138,706) 

     

(99,791) 

     

(21,959) 

    

133,704  

    

445,031  

CAD ($) 
 

    

470,559  

    

509,475  

    

587,307  

    

742,970  

 

1,054,296  

FCI/CAPEX 

($) 

 
 

6,092,656  

 

6,092,656  

 

6,092,656  

 

6,092,656  

 

6,092,656  

ROI 
 

8% 8% 10% 12% 17% 

Payback 

period 

(years) 

 
-43.9 -61.1 -277.5 45.6 13.7 

 

Table 5. 4. P&L analysis for natural EPA and DHA production plant in Arizona (Phoenix) 

Market Price 

($/kg) 

EPA and 

DHA 

Market 

price 

20 40 80 160 320 

Market Price 

($/kg) 

Protein-

rich algae 

33.5 33.5 33.5 33.5 33.5 

Quantity 

(kg) 

EPA and 

DHA 

8645 8645 8645 8645 8645 

Quantity 

(kg) 

Protein-

rich algae 

121355 121355 121355 121355 121355 

       

Gross 

revenue ($) 

 
  

4,238,293  

  

4,411,193  

  

4,756,993  

  

5,448,593  

  

6,831,793  

VAT (23%) 

($) 

 
     

974,807  

  

1,014,574  

  

1,094,108  

  

1,253,176  

  

1,571,312  

Total 

revenue ($) 

Gross 

revenue - 

VAT 

  

3,263,485  

  

3,396,618  

  

3,662,884  

  

4,195,416  

  

5,260,480  

OPEX ($) 
 

     

546,973  

     

546,973  

     

546,973  

     

546,973  

     

546,973  
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EBITDA ($) Total 

revenue - 

OPEX 

  

2,716,513  

  

2,849,646  

  

3,115,912  

  

3,648,444  

  

4,713,508  

Depreciation 

($) 

10%      

612,354  

     

612,354  

     

612,354  

     

612,354  

     

612,354  

EBIT or EBT 

($) 

 
  

2,104,159  

  

2,237,292  

  

2,503,558  

  

3,036,090  

  

4,101,154  

Tax ($) 39%      

820,622  

     

872,544  

     

976,388  

  

1,184,075  

  

1,599,450  

EAT ($) 
 

  

1,283,537  

  

1,364,748  

  

1,527,170  

  

1,852,015  

  

2,501,704  

CAD ($) 
 

  

1,895,891  

  

1,977,102  

  

2,139,524  

  

2,464,369  

  

3,114,058  

FCI/CAPEX 

($) 

 
  

6,123,538  

  

6,123,538  

  

6,123,538  

  

6,123,538  

  

6,123,538  

ROI 
 

31% 32% 35% 40% 51% 

Payback 

period 

(years) 

 
4.8 4.5 4.0 3.3 2.4 

 

5.4.3 Production scale 

 

 Scale is an important consideration for understanding the economic implications 

of commercial level microalgae based biorefineries. Previous literature has illustrated that 

the economics of scale can heavily influence microalgae production costs in different 

reactors systems [18,147]. In order to interpret the effects of scale-up on product costs, 

the hypothetical biorefinery scale was extended from its baseline case of 1 hectare to 

larger sizes of 5, 10, 25, 50 and 100 hectare. The results of plant size on EPA and DHA 

production costs are provided in Figure 5.7. This analysis shows that production costs 

drop significantly with the increase in scale and this trend is consistent for all the locations. 

When size of the refinery is expanded from the base case scenario of 1 hectare to 100 

hectares, the corresponding production costs decrease by about 55-60% for the different 

locations. At the 100-hectare scale, EPA and DHA production costs in Minneapolis, 

Albuquerque, Phoenix and San Diego were obtained to be 189, 72, 63 and 75 $ kg-1, 
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respectively. From the results it is evident that the scale of microalgae biorefineries is a 

key factor driving production costs, and an increase in size to about 50-100 hectare 

diminishes microalgae-based products cost significantly, consistent with literature [18]. 

 

Figure 5. 7. Variation in EPA and DHA production costs with increase in microalgae 
biorefinery scale 

5.5 Conclusion 
 

 In the present study, techno-economic analysis of microalgae-based natural EPA 

and DHA was carried out for four different locations in the United States. To facilitate the 

analysis, first a quantitative model was developed from a first-principles approach to 

determine EPA and DHA yield annually. The model considered geospatial variabilities to 

help understand the impact of local parameters on the annual productivity. This 

engineering model was further integrated with an economic analysis model to determine 

EPA and DHA production costs. At the baseline scenario, the resulting production costs 

ranged from 141 – 461 $ kg-1 for the different regions. A 50-100 times increase in scale, 

lowered EPA and DHA production costs by around 60% making it economically attractive. 

Although the calculated costs were higher than the market price of synthetic fish oils, 
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natural microalgae-based EPA and DHA may be an attractive prospect in the natural and 

bio-based products market globally. The rising demand for fish oil for aquaculture and the 

current expansion of the omega-3 fatty acid market may result in microalgae-based natural 

fish oil becoming a viable product in the global market very soon.  
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Chapter 6. Conclusion 
 

 The primary goal of this study was to assess the feasibility of microalgae 

production on a large scale for the generation of bioproducts while considering geospatial 

variability. Temperature profiling, microalgae productivity modeling, and economic 

analysis to determine production costs were executed for both open raceway ponds and 

flat panel photobioreactors considering the algae species Nannochloropsis sp. for four 

separate locations- Minneapolis, Albuquerque, Phoenix, and San Diego. The present work 

is first of its kind that combines first principles-based engineering analysis and economic 

analysis of commercial scale microalgae cultivation in two different reactor systems 

incorporating geographic location specific climatic factors and year round production.  

 For open raceway ponds, microalgae productivity was found to be well corelated 

with daily and seasonal changes in temperature. The differences in weather patterns were 

found to contribute to differences in productivity observed for different geographic 

locations. The lowest productivity was seen in Minneapolis corresponding to the colder 

weather patterns of 2000 t km-2 year-1. In comparison, microalgae productivity for the 

warmer locations were found to lie between 6000-7000 t km-2 year-1.  To better understand 

the effect of different parameters on microalgae price, an economic sensitivity analysis 

was performed. As expected, an increase in annual areal productivity leads to a decrease 

in microalgae production price (+-20%). Additionally, pond liners and covers were seen to 

have a significant effect on price in the case of open race way ponds. Upon evaluation of 

production costs, based on estimated areal productivity, electricity price and land price, a 

range between 502 - 1074 $ t-1 was observed. The estimated productivity and microalgae 

costs from the present study are in accordance with those reported in the literature. 
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 Next, microalgae productivity modeling and economic analysis were carried out 

considering flat panel bioreactors for the four locations. The highest performance for 

microalgae was found to be in Phoenix was at approximately 13000 t km-2 year-1 which is 

about 3.42 times than the productivity in Minneapolis. Microalgae productivity in 

Albuquerque and Phoenix were found to be 10800 and 11500 t km-2 year-1, respectively. 

These results reinforce the importance of location for microalgae cultivation. Economic 

sensitivity analysis confirmed the sensitivity of microalgae costs to productivity potential 

for that location. Labor costs were also seen to heavily influence microalgae costs. 

Changing the number of workers and thereby labor costs by ± 50% caused the microalgae 

cost to vary by more than ± 16% from the baseline scenario. The microalgae productivity 

results from the present study ranging between 3800 – 13000 t km-2 year-1 productivity are 

well within the reported range. A broad range was observed in the cost of microalgae 

production in flat panel bioreactors for the separate locations, from about 9564 $ t-1 in the 

Twin Cities (Minnesota) area to approximately 2895 $ t-1 in the Phoenix (Arizona) region. 

Results from published articles are reasonably comparable to those obtained from the 

current analysis and reinforce the suitability of the novel methodology employed here. The 

results demonstrate the importance of reactor choice and locations for commercial scale 

microalgae cultivation. Microalgae productivity trends are consistent across all the 

locations for both the open raceway and flat panel photobioreactor systems. Although 

algal productivity is much higher in photobioreactors than in open raceways for the 

locations, algae production costs in flat panels are considerably higher than corresponding 

costs in open raceways primarily due to the sophisticated design specification and 

operation complexity of the closed photo bioreactor system in comparison to open 

raceways. The mathematical framework developed in the study is essential for comparing 

productivities and cultivation costs across systems and can further be utilized to validate 

experimental data regarding microalgae productivity in outdoor scenarios.  
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To ensure the commercial success of microalgae based biorefineries, it is critical 

to effectively utilize the secondary metabolites that may be extracted from microalgae. 

One of the most valuable secondary metabolites of microalgae is a carotenoid named 

astaxanthin with wide applications in the cosmetic and pharmaceutical industry. A 

combined heat and mass transfer model together with a biological growth kinetics model 

were utilized to determine microalgae productivity and corresponding astaxanthin output 

for a selected algal species, namely Haematococcus pluvialis, cultured in a hybrid 

bioreactor system for the four locations. Astaxanthin production in Phoenix was the 

highest at 1258 kg year-1, and lowest in Minneapolis at 349 kg year-1 which is only about 

28% of the productivity potential in Phoenix. Once again, the choice of location is seen to 

influence microalgae productivity potential and consequently downstream applications 

such as astaxanthin production. Natural astaxanthin production costs for the different 

locations were found to vary greatly among the different locations ranging between 1365 

– 4884 $ kg-1, was found to be the lowest in Phoenix at 1365 $ kg-1 and highest in 

Minneapolis at 4884 $ kg-1. Moreover, a profit and loss analysis was conducted, whereby 

ROI for New Mexico (Albuquerque), Minnesota (Minneapolis), Arizona (Phoenix) and 

California (San Diego) were calculated at 16.92 – 50.25%, -0.58 – 14.94%, 20.6 – 59.73%, 

and 17.42 – 52.92%, respectively. The higher ROIs for New Mexico (Phoenix), Arizona 

(Phoenix) and California (San Diego), indicate the feasibility of microalgae-based 

commercial scale astaxanthin production in these locations with the proper exploitation of 

the astaxanthin derived residual biomass. Production costs of synthetic astaxanthin are 

reported to be approximately 1000 $ kg-1 with a market price often greater than 2000 kg-1 

[91]. The current study suggests that although the obtained astaxanthin costs for the 

climatically favorable locations are still higher than those for synthetic astaxanthin, 

commercial production of microalgae-based natural astaxanthin is highly feasible and may 
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be successfully utilized to replace fossil fuel-based products in the market and meet the 

growing demand for natural products. 

Microalgae-based natural EPA and DHA production is an attractive option to meet 

the demands of an expanding omega-3 market and aquaculture industry. Yet, there is a 

lack of detailed modeling and analysis of commercial scale natural PUFA production in 

literature. To bridge this gap, process models were developed to quantify annual 

microalgae-based EPA and DHA production for four locations. Among the locations 

examined, EPA and DHA productivity in Phoenix is highest at 8645 kg year-1 and lowest 

in Minneapolis at 2525 kg year-1. The economic analysis model further helped to quantify 

EPA and DHA production costs for the locations. Cost varied greatly among the locations, 

ranging from 141 – 461 $ kg-1 for the locations. Interestingly, the scale of operations had 

a strong influence on the production costs as well. The results demonstrated that EPA and 

DHA production costs could be decreased by about 60% to 63 – 189 $ kg-1 by considering 

the economies of scale. Results indicate that although current production costs of 

microalgae-based fish oils are higher than their synthetic counterparts, these natural 

products may be competitively placed in the global market, especially with continued 

research and optimization efforts. 

Path forward 

 The scenario analysis developed for microalgae-based biorefineries presented in 

the thesis may be extended in various ways. An important next step is the validation and 

calibration of the microalgae growth model with experimental data. Microalgae cultivation 

experiments under outdoor ambient conditions is necessary to calibrate the models 

developed. This will also help standardize performance of the models for different 

bioreactor systems, diverse locations, and various microalgae strains. Other directions to 

be considered are expanding the models to integrate different combination of bioreactor 
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systems or other innovative reactor configuration for example, reactors facilitated with 

removable covers to minimize evaporative losses, utilization of solar energy to meet 

energy demands of cultivation, to predict microalgae productivity, as well as analyzing the 

environmental impacts of commercial scale microalgae cultivation while incorporating 

different variabilities. Furthermore, it will also be interesting to understand the implications 

of temperature control strategy on the optimal algal productivity and corresponding 

economic and environmental implications of such a thermal management strategy on 

large scale microalgae cultivation.   

 For microalgae-based multiproduct biorefinery, the present work mainly focused 

on value-added products with a high market price, like astaxanthin and natural EPA and 

DHA production, while treating the remaining extracted microalgae as bio-fertilizer. A 

possible extension of the models will be to incorporate other products in the mix including 

biofuels and assessing the economic and environmental implications of such scenarios. 

Besides biodiesel production via microalgae transesterification, hydrothermal liquefaction 

is one pathway which has been established as a promising pathway for biofuels production 

from microalgae [238,239]. Hence, this pathway needs to be incorporated in further 

analysis to determine microalgae-based high-value products and biofuels potential in 

comparison to fossil-fuel counterparts. Finally, an optimization framework may also be 

developed to elucidate the optimal product portfolio from microalgae-based biorefineries 

and to understand how the product portfolio is influenced by geospatial variability, choice 

of algae growth reactors and microalgal species strains.  

Final remarks 

 Microalgae-based commercial scale biorefineries are in the nascent stages of 

development with the potential to play a pivotal role in the bio-products based economy. 

Process systems analysis will play an important part in designing and determining 
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sustainable microalgae-based biorefinery supply chains. In this thesis, process systems 

models are combined with economic analysis to understand feasibility of microalgae 

biorefinery at commercial scales considering geospatial factors. It is expected that the 

robust mathematical framework and scenario analyses developed in this thesis will be 

beneficial for related studies and adapted to alternate biomass feedstock-based 

processes and biorefinery configurations.  
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Appendix 
 

Chapter 2. Dynamic Process Model and Economic Analysis of Microalgae 

Cultivation in Open Raceway Ponds  

 

A1. Details of heat and mass transfer model in microalgae growth ponds 

Radiation from pond water  

Radiative heat flux transfer  from the pond water surface was computed by Stefan-

Boltzmann power law [240] according to the following equation: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑤𝑎𝑡𝑒𝑟 = −ɛ𝑤𝑎𝑡𝑒𝑟𝜎𝑆𝑇𝑤𝑎𝑡𝑒𝑟
4       (1) 

where  ɛ𝑤𝑎𝑡𝑒𝑟 was the water emissivity, 𝜎 was the Stefan-Boltzmann constant (W m-2 K-4) 

and S was the surface area of the raceway pond (m2).  

Radiation from Sun 

Flux received by the raceway pond from solar radiation was computed on the basis 

of the total solar irradiance at the ground I (W m-2) and was given by the following equation: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑠𝑢𝑛 = 𝐼𝑆(1 − 휀𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠)      (2) 

where 휀𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 was the efficiency of photosynthesis i.e the fraction of solar 

energy converted by algae during photosynthesis. It was assumed that conversion 

efficiency of microalgae was 2.5% [133]. It is important to note that it was assumed that 

the raceway ponds were not located in the shade of external elements (like trees or 

buildings) and thus a ‘shadow function’ was not included in the above equation. Amount 

of solar irradiance that was reflected was assumed to be negligible in the present study. 
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Radiation from air 

Radiative heat flux from air was computed by Stefan-Boltzmann power law [240] 

according to the following equation: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 휀𝑤𝑎𝑡𝑒𝑟휀𝑎𝑖𝑟𝜎𝑆𝑇𝑎𝑖𝑟
4      (3) 

where 휀𝑎𝑖𝑟 was the emissivity of air with a value of 0.8 [133], 𝑇𝑎𝑖𝑟 was the air temperature. 

Reflection from water was assumed to be negligible in the present study. 

Evaporation from pond 

The evaporative heat transfer from the pond water surface was given by the 

following equation:  

𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 = −𝑚𝑤𝑎𝑡𝑒𝑟,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑𝐿𝑤𝑎𝑡𝑒𝑟𝑆    (4) 

where 𝑚𝑤𝑎𝑡𝑒𝑟,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 was the rate of water evaporation from the raceway pond (kg s-1 

m-2), 𝐿𝑤𝑎𝑡𝑒𝑟 was the latent heat of water (J kg-1). By the Buckingham theorem and heat 

transfer correlations, the rate of evaporation was determined from the following correlation  

(based on turbulent flow) which involved three dimensionless numbers [241] 

𝑆ℎ𝐿 = 0.035𝑅𝑒𝐿
0.8𝑆𝑐ℎ𝐿

0.33     (5) 

𝑖) 𝑆ℎ𝐿 = 𝑆ℎ𝑒𝑟𝑤𝑜𝑜𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 =
𝐾𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝐿

𝐷𝑤𝑎𝑡𝑒𝑟,𝑎𝑖𝑟
    (6) 

𝑖𝑖) 𝑅𝑒𝐿 = 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝐿𝑣𝑎𝑖𝑟/ν𝑎𝑖𝑟     (7) 

𝑖𝑖𝑖) 𝑆𝑐ℎ𝐿 = 𝑆𝑐ℎ𝑚𝑖𝑑𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 =  ν𝑎𝑖𝑟/𝐷𝑤𝑎𝑡𝑒𝑟,𝑎𝑖𝑟    (8) 

where 𝐾𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 was the mass transfer coefficient (m s-1), 𝐿 was the characteristic 

pond length (m) (that is, the length of the pond), 𝐷𝑤𝑎𝑡𝑒𝑟,𝑎𝑖𝑟 was the diffusion coefficient of 

water vapor in air (m2 s-1),  𝑣𝑎𝑖𝑟 was the velocity of wind (m s-1), and ν𝑎𝑖𝑟 was the kinematic 

viscosity of air (m2 s-1). 
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The mass transfer coefficient (𝐾𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) was determined using the above equations 

and the rate of water evaporation was then given by the following equation:  

𝑚𝑤𝑎𝑡𝑒𝑟,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 = 𝐾𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟(
𝑃𝑤𝑎𝑡𝑒𝑟

𝑇𝑤𝑎𝑡𝑒𝑟
 – RH*

𝑃𝑎𝑖𝑟

𝑇𝑎𝑖𝑟
)
𝑀𝑤𝑎𝑡𝑒𝑟

𝑅𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙
    (9) 

where 𝑃𝑤𝑎𝑡𝑒𝑟 and 𝑃𝑎𝑖𝑟 were the saturated vapor pressures at 𝑇𝑤𝑎𝑡𝑒𝑟 and 𝑇𝑎𝑖𝑟 respectively, 

RH was air relative humidity over raceway pond, 𝑀𝑤𝑎𝑡𝑒𝑟 was the molecular weight of water 

(kg mol-1) and 𝑅𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙 was the Universal Gas Constant. The saturated vapor pressures 

were computed using the following equations [242] 

𝑃𝑤𝑎𝑡𝑒𝑟 = 3385.5exp [−8.0929 + 0.97608(𝑇𝑤𝑎𝑡𝑒𝑟 + 42.607 − 273.15)
0.5]    (10) 

𝑃𝑎𝑖𝑟 = 3385.5exp [−8.0929 + 0.97608(𝑇𝑎𝑖𝑟 + 42.607 − 273.15)
0.5]    (11) 

As there is no clear consensus as to which elevation is most appropriate to quantify the 

velocity of wind, the wind velocity data obtained from [132] was directly used in the model.  

Convection from pond water surface 

The heat flux, due to convection from the pond water surface, was computed using 

the following equation: 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = −ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛(𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑆    (12) 

where ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 was the convective heat transfer coefficient (W m-2 K-1). By applying the 

Buckingam theorem and convective heat transfer correlations, the convective heat 

transfer coefficient was determined by the following equations (based on turbulent flow) 

and it involved three dimensionless numbers [241]  

𝑁𝑢𝐿 = 0.035𝑅𝑒𝐿
0.8𝑃𝑟0.33    (13) 

𝑁𝑢𝐿 = 𝑁𝑢𝑠𝑠𝑒𝑙𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 =  ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐿/𝑘𝑎𝑖𝑟    (14) 

Pr = 𝑃𝑟𝑎𝑛𝑑𝑡𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 = ν𝑎𝑖𝑟/𝛼𝑎𝑖𝑟     (15) 
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where 𝑘𝑎𝑖𝑟 was the thermal conductivity of air (W m-1 K-1) and 𝛼𝑎𝑖𝑟 was the thermal 

diffusivity of air (m2 s-1).  

Conduction 

The conductive heat flux between the bottom surface of the pond and the soil 

underneath was derived by Fourier’s law 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑘𝑠𝑜𝑖𝑙𝑆
𝑑𝑇𝑠𝑜𝑖𝑙

𝑑𝑧
(𝑎𝑡 𝑧 = 0)    (16) 

where 𝑘𝑠𝑜𝑖𝑙 was the thermal conductivity of soil (W m-1 K-1), 𝑇𝑠𝑜𝑖𝑙 was the temperature of 

soil (K) and 𝑧 was the depth of soil (m). In order to determine the soil temperature gradient, 

the soil temperature profile was quantified by solving the following conductive heat transfer 

equation in the soil underneath the raceway pond. It was assumed that the soil 

temperature was a function of time t and depth z.  

𝐶𝑝𝑠𝑜𝑖𝑙𝜌𝑠𝑜𝑖𝑙
𝑑𝑇𝑠𝑜𝑖𝑙

𝑑𝑡
= 𝑘𝑠𝑜𝑖𝑙

𝑑2𝑇𝑠𝑜𝑖𝑙

𝑑𝑧2
    (17) 

where 𝐶𝑝𝑠𝑜𝑖𝑙 was the specific heat capacity of soil (J kg-1 K-1) and 𝜌𝑠𝑜𝑖𝑙 was the density of 

soil (kg m-3).  

The boundary conditions required to solve the above heat transfer equation were as 

follows: 

Boundary Conditions:                   𝑇𝑠𝑜𝑖𝑙(𝑡, 𝑧 = 0) = 𝑇𝑤𝑎𝑡𝑒𝑟    (18) 

𝑇𝑠𝑜𝑖𝑙(𝑡, 𝑧 = 𝑧𝑟𝑒𝑓) =  𝑇𝑠𝑜𝑖𝑙𝑧=𝑧𝑟𝑒𝑓
    (19) 

Initial condition:                   
𝑑2𝑇𝑠𝑜𝑖𝑙

𝑑𝑧2
 (𝑡 = 0) = 0    (20) 
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where 𝑇𝑠𝑜𝑖𝑙𝑧=𝑧𝑟𝑒𝑓
 was the temperature of soil at a reference depth (𝑧𝑟𝑒𝑓) such that 𝑇𝑠𝑜𝑖𝑙𝑧=𝑧𝑟𝑒𝑓

 

remained constant throughout the year at depth 𝑧𝑟𝑒𝑓. The reference depth was computed 

using the following equation: 

𝑧𝑟𝑒𝑓 = 4400 (𝛼𝑠𝑜𝑖𝑙)
0.5    (21) 

where 𝛼𝑠𝑜𝑖𝑙 was the thermal diffusivity of soil (m2 s-1). Thus, the soil temperature gradient 

was quantified and henceforth the conductive heat exchange between pond bottom 

surface and soil was determined.  

Incoming water 

Water loss due to evaporation was replenished by pumping in water so as to 

maintain constant raceway volume. Energy input from this inflow water was computed 

using the following equation: 

𝑄𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 = 𝑞𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ 𝐶𝑝𝑤𝑎𝑡𝑒𝑟 ∗ (𝑇𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑤𝑎𝑡𝑒𝑟)    

(22) 

where 𝑄𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 was the volumetric inflow of water (m3 s-1) and 𝑇𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 was 

the temperature of the inflow water. 𝑄𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 was essentially calculated from the 

rate of water evaporation from the growth pond. 

S2. Details of growth kinetics model 

Modeling of distribution of light 

 The Beer-Lambert law was used in the model to estimate the average light 

intensity in the pond and bulk culture, according to the following equation [52]: 

𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  𝐼(1 − exp(−𝑋𝐷𝐾𝑎))/𝑋𝐷𝐾𝑎    (23) 



159 
 

where  𝐼 was the intensity of the incident light, 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 was the average light intensity 

within the culture medium, D was the depth of the culture (m), X was the biomass 

concentration ( kg m-3) and 𝐾𝑎 was the extinction coefficient of the biomass due to light 

(m2 kg-1). 𝐾𝑎 was estimated by the following empirical relation where 𝑋𝑝 was the fraction 

of pigment in microalgae. 𝑋𝑝 generally ranges from 2% to 3% for dry microagal biomass 

[52]. In this particular study, 𝑋𝑝 was assumed to be 2.5%  

𝐾𝑎 = 1.7356𝑋𝑝 + 0.0199    (24) 

 

Nitrogen Uptake Modeling 

 The uptake of nitrogen by the microalgae was computed by solving the following 

set of equations [48,135]: 

𝑑𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑑𝑡
= (

𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒

𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠
− 𝑅𝑅𝑁)𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑅𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒    (25) 

where 𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠 was the cell quota of nitrogen in algal biomass (kg kg-1), 

𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was the calculated specific uptake rate of nitrogen (kg kg-1 

day-1), 𝑅𝑅𝑁 was respiration constant of nitrogen (day-1) and 𝑅𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 was the 

specific uptake rate of nitrogen (day-1). The 𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was related to the 

maximum specific uptake 𝑁𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 (kg kg-1 day-1), uptake of internal nitrogen 

concentration efficiency (η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) and uptake of external nitrogen concentration 

efficiency ( η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙) by the following equation: 

𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 = 𝑁𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 ∗  η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 ∗

 η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙   (26) 
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The η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 was defined by the following equation where 𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 was 

the minimum level of nitrogen present internally below which the cells do not grow (kg/kg). 

η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 1 − 
𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚

𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠
    (27) 

The  η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was treated as a Michaelis-Menten kinetic function and was 

computed according to the following equation [143,243,244]: 

 η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑁𝑚𝑒𝑑𝑖𝑢𝑚/(𝑁𝑚𝑒𝑑𝑖𝑢𝑚 +𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒)    (28) 

where  𝑁𝑚𝑒𝑑𝑖𝑢𝑚 was the concentration of nitrogen in the medium (kg m-3) and 

𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 was the half-saturation constant of uptake of nitrogen (kg m-3).  

Phosphorus Uptake Modeling 

 The uptake of phosphorus by the microalgae was evaluated similarly to the 

nitrogen uptake. The governing equations are as follows: 

𝑑𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑑𝑡
= (

𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒

𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠
− 𝑅𝑅𝑃)𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑅𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒    

(29) 

where 𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠 was the cell quota of nitrogen in algal biomass (kg kg-1), 

𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was the calculated specific uptake rate of nitrogen (kg kg-1 day-

1), 𝑅𝑅𝑃 was respiration constant of nitrogen (day-1) and 𝑅𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 was the specific 

uptake rate of nitrogen (day-1). The 𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was related to the 

maximum specific uptake 𝑃𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 (kg kg-1 day-1), uptake of internal nitrogen 

concentration efficiency (η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) and uptake of external nitrogen concentration 

efficiency ( η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙) by the following equation: 
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𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 = 𝑃𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 ∗  η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 ∗

 η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,   𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙    (30)  

The η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 was defined by the following equation where 𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 was 

the minimum level of nitrogen present internally below which the cells do not grow (kg kg-

1). 

η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 1 − 
𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚

𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠
    (31) 

The  η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was treated as a Michaelis-Menten kinetics function and was 

computed according to the following equation:  

 η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,   𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑃𝑚𝑒𝑑𝑖𝑢𝑚/(𝑃𝑚𝑒𝑑𝑖𝑢𝑚 +𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒)    (32) 

where  𝑃𝑚𝑒𝑑𝑖𝑢𝑚 was the concentration of phosphorous  in the medium (kg m-3) and 

𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 was the half-saturation constant of uptake of phosphorous (kg m-3).  

Carbon dioxide uptake modeling 

 The transfer and uptake of CO2 by microalgae is a complex process and was 

modeled by coupling of three separate phenomena which are transfer of atmospheric CO2 

to the growth media, modeling of CO2 transfer by sparging from gas phase to liquid phase 

(bulk culture medium) and uptake by microalgae during the growth phase. The following 

set of equations describing carbon dioxide uptake was based on literature and were used 

in the model [130,134,135,141]. 

CO2 transfer from atmosphere across free surface  

 Across the free surface of the pond water, there was mass transfer of CO2 from 

atmosphere to the growth medium. The transfer of CO2 was modeled by the following 

equation: 
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𝑀𝑎𝑖𝑟 = 𝐾(𝐶𝐶𝑂2,𝑎𝑖𝑟 − 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)𝑉    (33) 

where 𝑀𝑎𝑖𝑟 was the mass of CO2 transferred (mol s-1), 𝐾 was the surface mass transfer 

coefficient (day-1), 𝐶𝐶𝑂2,𝑎𝑖𝑟 was the concentration of CO2 in the air (mol m-3) and 

𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 was the concentration of the dissolved CO2 in the culture media. However, 

the transfer of CO2 from the atmosphere to the culture media across the free surface was 

assumed insignificant and CO2 required for microalgae growth was supplied from an 

external source. 

CO2 transfer from gas phase to bulk culture medium 

 The mass transfer of CO2 from the sparging gas phase to the bulk culture medium 

was obtained by solving the following equations as obtained in literature [134–136]. 

 An elemental height 𝑑𝑧 of the pond depth was assumed and transfer of CO2 within 

the element was expressed by the following equation: 

𝑑

𝑑𝑡
[(
𝑝𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝𝐴𝑐𝑠𝑑𝑧

𝑅𝑇𝑤𝑎𝑡𝑒𝑟
) 𝑦] =  𝑀𝑖𝑛 − 𝑀𝑜𝑢𝑡 − 𝑑𝑀𝑡 = 𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑦 − 𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦 + 𝑑𝑦) −

 𝑑𝑀𝑡              (34)    

The rate of transfer of CO2 from the gas phase to the bulk culture medium (𝑑𝑀𝑡) was 

estimated by the following equation: 

𝑑𝑀𝑡 = 𝐾𝐶𝑂2(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠(𝐶𝐶𝑂2
∗ − 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)𝑑𝑧      (35) 

where, 𝐾𝐶𝑂2 was the mass transfer coefficient from the gas phase to the liquid phase, and 

𝐶𝐶𝑂2
∗ was the concentration of dissolved CO2 in the liquid phase which was in equilibrium 

with the concentration of CO2 in the gas phase. 𝐾𝐶𝑂2 was estimated by the following 

equation: 
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𝐾𝐶𝑂2
𝐾𝑂2

= √
𝐷𝐶𝑂2
𝐷𝑂2

               (36) 

As the residence times of the gas in the culture medium was small, pseudo steady state 

conditions were assumed. Thus, the following equation was obtained by combining 

equation 34 and 35: 

𝑑𝑦

𝑑𝑧
=  −(

𝐾𝐶𝑂2(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤
) (𝐶𝐶𝑂2

∗ − 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)    (37) 

The saturation concentration of CO2 (𝐶𝐶𝑂2
∗) was computed using Henry’s Law according 

to the following: 

𝐶𝐶𝑂2
∗ = 

𝑝𝑦

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
                (38) 

where, H is the Henry’s constant and p is the partial pressure of CO2 in the sparging gas 

phase (atmosphere). 

Combining equations 37 and 38 and then integrating within the proper limits, the following 

equation was obtained: 

𝑦𝑜𝑢𝑡 = 
𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻

𝑝
(𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 + (

𝑦𝑖𝑛𝑝

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
−

 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)exp (
−𝐾𝐶𝑂2(1− 𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠𝑧∗𝑝∗1000

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
))       (39) 

Thus, the moles of CO2 transferred from the gas phase to the culture medium 

(𝑀𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) was given by the following equation: 

𝑀𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦𝑖𝑛 − 𝑦𝑜𝑢𝑡) =   𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦𝑖𝑛 −
𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻

𝑝
(𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 +

(
𝑦𝑖𝑛𝑝

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
− 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)exp (

−𝐾𝐶𝑂2(1− 𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠𝑧∗𝑝∗1000

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
)))    (40) 
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Uptake of Carbon by microalgae 

The bio uptake of carbon by microalgae during the growth phase was modeled in 

a similar way described in the literature [134,136]. The dissociation of CO2 in water was 

given by the following equations: 

𝐶𝑂2,𝑔𝑎𝑠 +𝐻2𝑂 ↔ 𝐻2𝐶𝑂3
∗  
𝐾1
⇔ 𝐻𝐶𝑂3

− + 𝐻+       (41) 

𝐻𝐶𝑂3
−  
𝐾2
⇔ 𝐶𝑂3

2− + 𝐻+     (42) 

where, 𝐾1 and 𝐾2 were the dissociation constants of 𝐻2𝐶𝑂3
∗ and 𝐻𝐶𝑂3 respectively. The 

total dissolved concentration of carbon in the medium could be obtained by adding the 

concentration of [𝐻2𝐶𝑂3], [𝐻𝐶𝑂3
−], and [𝐶𝑂3

2−], respectively. Several studies considered 

the total dissolved concentration of carbon species in water to determine the carbon 

uptake by microalgae [130,134]. In this study, it was assumed that the pH of the solution 

was between 7.67-6.83 where the dominant species was bicarbonate [136]. Thus, the bio 

uptake of carbon by microalgae was assumed to take place only in the form of bicarbonate 

and the concentration of dissolved CO2 (𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) was essentially the concentration 

of bicarbonate in the solution.  

 Assuming  the culture medium was thoroughly mixed, molar balance of dissolved 

carbon in the culture medium provided the following equation: 

(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉
𝑑𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑑𝑡
=  𝑀𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 − 𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒,𝑎𝑙𝑔𝑎𝑒     (43) 

The carbon uptake rate by microalgae (𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒,𝑎𝑙𝑔𝑎𝑒) was estimated utilizing the 

following equation: 
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𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒,𝑎𝑙𝑔𝑎𝑒 = (1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉 (
1

𝑌𝑎𝑙𝑔𝑎𝑒
)(
𝑑𝑋

𝑑𝑡
) (

1

𝑀𝑊𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛
)       (44)  

where, X is the biomass concentration (kg m-3). Thus, combining equations 40, 43 and 44, 

the main governing equation was obtained as follows: 

(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉
𝑑𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑑𝑡
=  𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦𝑖𝑛 −

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻

𝑝
(𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 + (

𝑦𝑖𝑛𝑝

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
−

 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)exp (
−𝐾𝐶𝑂2(1− 𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠𝑧∗𝑝∗1000

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
))) – (1 −

 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉 (
1

𝑌𝑎𝑙𝑔𝑎𝑒
)(

𝑑𝑋

𝑑𝑡
) (

1

𝑀𝑊𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛
)       (45) 

Modeling carbon uptake by microalgae in the growth phase was provided in greater detail 

in literature [130,134–136,141].  

Temperature dependence 

 The temperature dependence of microalgae growth was modeled by the following 

equation [136]: 

𝑓(𝑇) = 1.066𝑇𝑤𝑎𝑡𝑒𝑟−293.15    (46) 
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Chapter 3. Dynamic process model and economic analysis of microalgae 

cultivation in flat panel photobioreactors 

 

S1. Light distribution in single flat panel photobioreactor 

 

Figure S1. Parameters for sunlight irradiation used in the model [42] 

 

The solar incidence angle θ (in degrees) is a function of the angle of solar declination δ 

(in degrees), the latitude of the location of the photobioreactor φ (in degrees), the 

inclination of the photobioreactor with respect to the ground β (in degrees), the azimuthal 

angle γ (in degrees) as well as the solar hour angle ω (in degrees) [42]. The solar 

incidence angle is given by the following equation 
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cos(θ) = sin(𝛿) sin(𝜑) cos(𝛽) − sin(𝛿) cos(𝜑) sin(𝛽) cos(γ) + cos(𝛿) cos(𝜑) cos(𝛽) cos(ω)

+ cos(𝛿) sin(𝜑) sin(𝛽) cos(𝛾) cos(ω) + cos(𝛿) sin(𝛽) sin(𝛾) sin(ω)      (1) 

For both the sides of the flat panel photobioreactor, the angle of incidence is calculated 

based on the solar azimuthal and inclination angle for the front and back sides of the 

reactor. The azimuthal angle and the angle of inclination of the reactor, for the front and 

back side, are computed using the following equations: 

𝛽𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 = 180 − 𝛽𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒              (2) 

𝛾𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 = 180 + 𝛾𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒           (3) 

The angle of solar declination δ is computed by the following equation: 

𝛿 = 23.45 sin(
360(𝑁 + 284)

365
)                     (4) 

where, N is the number of the day in the year. 

The solar hour angle ω, is given by the following equation: 

𝜔 = 15(𝑡𝑠𝑜𝑙𝑎𝑟 − 12)                    (5) 

where,  𝑡𝑠𝑜𝑙𝑎𝑟 is a function of the actual time t (h), longitude of the location of the reactor λ 

(in degrees), meridian of the location of the reactor κ (in degrees) and the equation of time 

e. The solar time (𝑡𝑠𝑜𝑙𝑎𝑟) is computed by the following equations: 

휁 =
(𝑁 − 1)360

365
         (6) 

𝑒 = 0.017 + 0.43 cos(휁) − 7.35 sin(휁) − 3.35𝑒−2 cos(2휁) − 9.37 sin(2휁)      (7) 

𝑡𝑠𝑜𝑙𝑎𝑟 = 𝑡 +
4(𝜆 − 𝜅) + 𝑒

60
         (8) 
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The solar zenith angle 휃𝑧 (in degrees) and the angle of elevation of the Sun 𝛼𝑣 (in degrees) 

are complementary to each other and the calculated by the following equations: 

cos(휃𝑧) = sin(𝜑) sin(𝛿) + cos(𝜑) cos(𝛿) cos(𝜔)         (9) 

𝛼𝑣 = 90 − 휃𝑧         (10) 

The azimuthal angle γ (in degrees) is given by the following equation: 

cos(γ) =
sin(𝛿) cos(𝜑) − cos(𝛿) cos(𝜔) sin (φ)

cos (𝛼𝑣)
      (11) 

In order to model the solar irradiance on flat panel photobioreactor the direct and diffuse 

solar irradiance were considered. As solar irradiance data are measured perpendicular to 

the surface of the earth, geometric factors are introduced to obtain solar irradiance on the 

front and back sides of the photobioreactor based on its inclination with respect to the 

surface of the earth. The front side and back side geometric factors for the reactor for 

direct solar irradiance are computed by the following set of equations: 

𝐺𝑑𝑖𝑟𝑒𝑐𝑡,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡) =
cos [휃(𝛽𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒 , 𝛾𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒)]

cos (휃𝑧)
        (12) 

𝐺𝑑𝑖𝑟𝑒𝑐𝑡,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡) =
cos [휃(𝛽𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 , 𝛾𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒)]

cos (휃𝑧)
       (13) 

The geometric factors for the diffuse solar irradiance are a function of the angle of 

inclination of the reactor with respect to the ground, β (in degrees). The geometric factors 

for the front side and back side of the reactor for diffuse solar irradiance are computed by 

the following equations: 

𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒 =
1 + cos (𝛽𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒)

2
       (14) 
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𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 =
1 + cos (𝛽𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒)

2
      (15) 

The geometric factors for the ground reflected diffuse solar irradiance for the 

photobioreactor is a function of the reflectivity of the ground surface ρ. Following the same 

approach as above the geometric factors are computed by the following equations: 

𝐺𝑟𝑒𝑓𝑙𝑒𝑐𝑡,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒 = 𝜌
1 − cos(𝛽𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒)

2
          (16) 

𝐺𝑟𝑒𝑓𝑙𝑒𝑐𝑡,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 = 𝜌
1 − cos (𝛽𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒)

2
         (17) 

The total solar irradiance on the front and back side of the photobioreactor (𝐼0) (W/m2) is 

computed by the following equations: 

𝐼0,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡) = (𝐺𝑑𝑖𝑟𝑒𝑐𝑡,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡) + 𝐺𝑟𝑒𝑓𝑙𝑒𝑐𝑡,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒)𝐼𝑑𝑖𝑟𝑒𝑐𝑡(𝑡)

+ (𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒 + 𝐺𝑟𝑒𝑓𝑙𝑒𝑐𝑡,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒)𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒(𝑡)      (18) 

𝐼0,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡) = (𝐺𝑑𝑖𝑟𝑒𝑐𝑡,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡) + 𝐺𝑟𝑒𝑓𝑙𝑒𝑐𝑡,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒)𝐼𝑑𝑖𝑟𝑒𝑐𝑡(𝑡)

+ (𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑓𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 + 𝐺𝑟𝑒𝑓𝑙𝑒𝑐𝑡,𝑓𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒)𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒(𝑡)      (19) 

 

Light distribution in parallel flatpanel photobioreactors 

In large scale microalgae cultivation in photobioreactors often a series of reactors are 

placed parallel to each other. Such a configuration results in shading and significant part 

of the reactor surface is unable to receive direct solar irradiance. The height of shadow on 

vertical photobioreactor panels is given by the following equation: 

ℎ𝑠ℎ𝑎𝑑𝑜𝑤(𝑡) = ℎ − 𝜏𝑡𝑎𝑛(90 − 휃𝑧)         (20) 
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where, h (m) is the height of the reactor, 𝜏 (m) is the distance between the parallel reactor 

panels and 휃𝑧 is the solar zenith angle (in degrees). In order to perform the simulation, the 

panel is divided into two parts. The upper part of the panel receives both the direct and 

diffuse solar irradiance whereas the lower part receives only diffuse solar irradiance. The 

separation between these two parts depends on the solar zenith angle and it is computed 

for every time step during the day-time. Parallel positions of the photobioreactors also 

influence the penetration of diffuse solar irradiance in the space between the panels, 

where the intensity decreases from the top to the bottom. Thus, the geometric factors of 

diffuse solar irradiance for the front and back side of the reactor panels become a function 

of height and are given by the following equations:  

𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒,𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙(𝑦) =
1 + cos(𝛽𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒 + 𝑢)

2
          (21) 

𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒,𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙(𝑦) =
1 + cos(𝛽𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 + 𝑢)

2
           (22) 

𝑢 =  𝑡𝑎𝑛−1 (
𝑦

𝜏
)            (23) 

In case of large-scale microalgae cultivation in photobioreactors, reflection from the 

ground is low for the parallel placed panels and is not considered in the present study. 

The incident irradiance on the front and back side of the photobioreactors are given by the 

following equation: 

𝐼0,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑦, 𝑡)

= (𝐺𝑑𝑖𝑟𝑒𝑐𝑡,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡)) 𝐼𝑑𝑖𝑟𝑒𝑐𝑡(𝑡)

+ (𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒,𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙(𝑦)) 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒 (24) 
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𝐼0,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑦, 𝑡) = (𝐺𝑑𝑖𝑟𝑒𝑐𝑡,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡)) 𝐼𝑑𝑖𝑟𝑒𝑐𝑡(𝑡)

+ (𝐺𝑑𝑖𝑓𝑓𝑢𝑠𝑒,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒,𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙(𝑦)) 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒(𝑡) (25) 

Transmission of light through wall of flat panel photobioreactor 

In order to model the transmission of light through the reactor to the culture volume, two 

interfaces, namely, the interface between air and reactor wall outer surface as well as the 

interface between reactor wall and culture volume need to be considered. The amounts 

of solar radiation reflected from each of the interface depend on the refractive indices of 

the material as well as the angle of incidence. The amount of light refracted is obtained by 

Snell’s Law from the following equation: 

sin (휃𝑎𝑖𝑟)

sin (휃𝑔𝑙𝑎𝑠𝑠)
=
휂𝑔𝑙𝑎𝑠𝑠

휂𝑎𝑖𝑟
    (26) 

sin (휃𝑔𝑙𝑎𝑠𝑠)

sin (휃𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒)
=
휂𝑔𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

휂𝑔𝑙𝑎𝑠𝑠
      (27) 

The angle of incidence for the diffuse light is assumed to be 60o as obtained in the literature 

[245]. Reflection of solar radiation from flat panels is determined by using Fresnel 

equations and is provided in the following equations: 

𝑅𝑠 = [
휂𝑖 cos(휃𝑖) − 휂𝑡√1− (

휂𝑖
휂𝑡
sin(휃𝑖))

2

휂𝑖 cos(휃𝑖) + 휂𝑡√1− (
휂𝑖
휂𝑡
sin(휃𝑖))

2
]2       (28) 

𝑅𝑝 = [
휂𝑖√1 − (

휂𝑖
휂𝑡
sin(휃𝑖))

2
− 휂𝑡 cos(휃𝑖)

휂𝑖√1 − (
휂𝑖
휂𝑡
sin(휃𝑖))

2
+ 휂𝑡 cos(휃𝑖)

]2      (29) 
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where, 𝑅𝑠 and 𝑅𝑝 are the reflection of the s-polarized and p-polarized light respectively, 

and 휂𝑖 and 휂𝑡 are the refractive indices of the medium before and after the interface 

respectively.  

Since, normal sunlight is non-polarized in nature, the overall co-efficient of reflection R, is 

the average of 𝑅𝑠 and 𝑅𝑝. 

𝑅 =
𝑅𝑠 + 𝑅𝑝
2

       (30) 

The overall reflection coefficient for the air and reactor wall interface (𝑅𝑎𝑖𝑟,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙) as 

well as reactor wall and culture volume interface (𝑅𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒) is computed 

by the above equations for the different incidence angles and refractive indices of the 

respective media. Thus, the total amount of irradiance transmitted to microalgae culture 

medium from the front and back side of the panel is calculated by the following equation: 

𝐼𝑖,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡) = 𝐼𝑜,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡)(1 − 𝑅𝑎𝑖𝑟,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙 − 𝑅𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

+ 𝑅𝑎𝑖𝑟,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙 ∗ 𝑅𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒)𝑇𝑚       (31) 

𝐼𝑖,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡) = 𝐼𝑜,𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡)(1 − 𝑅𝑎𝑖𝑟,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙 − 𝑅𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

+ 𝑅𝑎𝑖𝑟,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙 ∗ 𝑅𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑤𝑎𝑙𝑙,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒)𝑇𝑚        (32) 

where, 𝑇𝑚 is the factor incorporating the transparency of the medium.  

 

Solar irradiance gradients within the culture volume 

Two different light intensities need to be considered while modeling the light gradient 

inside the culture volume. The first light intensity is a function of height and penetration of 

diffuse radiation between the parallel plates of the photobioreactor and the second light 

intensity is the amount of radiation transmitted into the culture volume from the surface of 
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the reactor wall. For microalgae growth, only the photosynthetic active radiation (PAR) of 

the spectrum is utilized, which is about 43% [42]. The Beer-Lambart Law is used to assess 

the overall incident gradient in the culture volume. 

𝐼𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒(𝑦, 𝑧, 𝑡)

= 0.43[𝐼𝑖,𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒(𝑡)𝑒
−(𝐾1+𝐾2𝐶𝑥)𝑧 + 𝐼𝑖,𝑏𝑙𝑎𝑐𝑘 𝑠𝑖𝑑𝑒(𝑡)𝑒

−(𝐾1+𝐾2𝐶𝑥)(𝑑−𝑧)]     (33) 

To simplify the model, 𝐼𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒(𝑦, 𝑧, 𝑡) is integrated to obtain the mean value of 

irradiance for the entire culture volume (𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒) inside the photobioreactor at 

time t. Thus, 

𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒(𝑡) = ∫ ∫ 𝐼𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒(𝑦, 𝑧, 𝑡)𝑑𝑦𝑑𝑧         (34)
𝑑

0

𝑧

0

 

Heat and Mass Transfer Model for Flat Panel Photobioreactor 
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Figure S2. Fluxes considered to develop the combined heat and mass transfer model to 
quantify reactor temperature [169] 

 

The temperature of the culture medium is determined by the formulating a heat transfer 

model for the photobioreactors. The governing equation is given by the following equation: 

𝝆𝒘𝒂𝒕𝒆𝒓V𝑪𝒑𝒘𝒂𝒕𝒆𝒓
𝒅𝑻𝒘𝒂𝒕𝒆𝒓

𝒅𝒕
 = 𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒘𝒂𝒕𝒆𝒓+𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒔𝒖𝒏 + 𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒂𝒊𝒓  + 𝑸𝒓𝒂𝒅𝒊𝒂𝒕𝒊𝒐𝒏,𝒈𝒓𝒐𝒖𝒏𝒅+ 

𝑸𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏+ 𝑸𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏,𝒈𝒓𝒐𝒖𝒏𝒅,𝒂𝒊𝒓 + 𝑸𝒓𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏,𝒈𝒓𝒐𝒖𝒏𝒅,𝒔𝒖𝒏      (35) 

Where, 𝑇𝑤𝑎𝑡𝑒𝑟 is the dynamic temperature of the culture volume (K), 𝜌𝑤𝑎𝑡𝑒𝑟 is the density 

of water (kg m-3), 𝐶𝑝𝑤𝑎𝑡𝑒𝑟 is the specific heat capacity of water (J kg-1 K-1), V is the volume 

of photobioreactor (m3), 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑤𝑎𝑡𝑒𝑟 is the radiation from the reactor surface (W), 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑠𝑢𝑛 is the total solar radiation on the flat panel photobioreactor (W), 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 

is the radiation from air (W), 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 is the convective heat transfer from reactor surface 

(W), and 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the conductive heat transfer into the reactor.  

For simplification, the temperature of the reactor wall and that of the culture volume 

is assumed identical. Hence, in the present study the different modes of heat transfer from 

the reactor surface is calculated in terms of the temperature of the culture medium.  

Radiation from photobioreactor surface 

The radiative heat flux from the reactor surface of the flat panel photobioreactor is 

computed by  the following equation using the Stefen-Boltazmann law [168,240]: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑤𝑎𝑡𝑒𝑟 = −2τɛ𝑤𝑎𝑡𝑒𝑟𝜎𝑆𝑇𝑤𝑎𝑡𝑒𝑟
4            (36) 

where  ɛ𝑤𝑎𝑡𝑒𝑟 is the water emissivity (ɛ𝑤𝑎𝑡𝑒𝑟 = 0.97), 𝜎 is the Stefan-Boltzmann constant 

(W m-2 K-4), τ is the transmittance of the reactor wall, and S is the surface area of one side 

of the photobioreactor (m2) 
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Solar irradiance on flat panel photobioreactor 

Solar radiative flux received by the photobioreactor is computed on the basis of mean 

solar irradiance (𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑐𝑜𝑙𝑢𝑚𝑒) on the reactor surface, which comprises of both direct 

and diffuse radiation. It is given by the following equation:  

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑠𝑢𝑛 = 2τ𝐼𝑚𝑒𝑎𝑛,𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑐𝑜𝑙𝑢𝑚𝑒𝑆(1 − 휀𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠)      (37) 

A part of the total incoming radiation is utilized by microalgae for their growth. This is 

determined by photosynthetic efficiency, given by 휀𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠. The efficiency of 

photosynthesis in case of outdoor flat panel photobioreactor is assumed to be 3.8% [246].  

Radiation from ambient air 

The radiative heat flux from air is computed by the following equation: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 = 2τ휀𝑤𝑎𝑡𝑒𝑟휀𝑎𝑖𝑟𝜎𝑆𝑇𝑎𝑖𝑟
4       (38) 

where 휀𝑎𝑖𝑟 is air emissivity (=0.8) [133],  𝑇𝑎𝑖𝑟 is the air temperature. Reflection from water 

is assumed to be negligible in the present study. 

Convection from the reactor surface  

The convective heat transfer coefficient from the reactor surface is given by the following 

equation: 

𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = −2ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑎𝑖𝑟(𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑎𝑖𝑟)𝑆      (39) 

Where, the convective heat transfer coefficient (ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑎𝑖𝑟) between reactor and air is 

given by the Nusselt number (Nu) as obtained in literature [169] 

ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑎𝑖𝑟 =
𝑁𝑢 ∗ 𝜆𝑎𝑖𝑟

𝐿
        (40) 

For flat panel photobioreactors, the characteristic length (L) equals its height (h). 
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The Nusselt number can be computed by the following equation: 

𝑁𝑢 = [0.825 + 0.387(𝑅𝑎 ∗ (𝑓(𝑃𝑟))1/6 ]2     (41) 

The Rayleigh number (𝑅𝑎) and 𝑓(𝑃𝑟), which is a function of the Prandtl number is 

determined using the following equations: 

𝑅𝑎 =
𝑔|𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑎𝑖𝑟|𝐿

3

𝛼𝑎𝑖𝑟𝜈𝑎𝑖𝑟𝑇𝑎𝑖𝑟
    (42) 

where, 𝛼𝑎𝑖𝑟 is the diffusivity of air, g is the gravitational constant and 𝜈𝑎𝑖𝑟 is the kinematic 

viscosity of air  

𝑓(𝑃𝑟) = [1 + (
0.492

𝑃𝑟
)9/16]−16/9     (43) 

Reflected solar irradiation from ground 

Direct and diffuse radiation reaching the ground surface are being reflected back into the 

photobioreactor surface. Solar radiation reflected from the ground is computed by the 

following equation 

𝑄𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛,𝑔𝑟𝑜𝑢𝑛𝑑,𝑠𝑢𝑛 =  2𝜏𝑟𝑔𝑟𝑜𝑢𝑛𝑑휀𝑤𝑎𝑡𝑒𝑟(𝐼𝑑𝑖𝑟𝑒𝑐𝑡 + 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒)𝑆𝑓𝑟𝑒𝑎𝑐𝑡𝑜𝑟,   𝑔𝑟𝑜𝑢𝑛𝑑    (44) 

where, 𝑟𝑔𝑟𝑜𝑢𝑛𝑑 is the ground reflectivity, 𝑓𝑟𝑒𝑎𝑐𝑡𝑜𝑟,𝑔𝑟𝑜𝑢𝑛𝑑 is the form factor from reactor 

surface to the ground. Assuming the ground is infinitely large, 𝑓𝑟𝑒𝑎𝑐𝑡𝑜𝑟,𝑔𝑟𝑜𝑢𝑛𝑑 is assumed 

to be 0.5 [168] 

Reflected air radiation from ground 

Part of the air radiation reaching the ground surface is being reflected back into the panels. 

The reflected air radiation from the ground is quantified by the equation 

𝑄𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛,𝑔𝑟𝑜𝑢𝑛𝑑,𝑎𝑖𝑟 = 2τ𝑟𝑔𝑟𝑜𝑢𝑛𝑑휀𝑤𝑎𝑡𝑒𝑟휀𝑎𝑖𝑟𝜎𝑆𝑇𝑎𝑖𝑟
4 𝑓𝑟𝑒𝑎𝑐𝑡𝑜𝑟,   𝑔𝑟𝑜𝑢𝑛𝑑      (45) 
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Radiation from ground 

The temperature of ground (𝑇𝑔) often reaches high temperature due to varying solar 

irradiance and the ground radiates heat back to the atmosphere. The amount of radiation 

from the ground is given by the following equation  

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,𝑔𝑟𝑜𝑢𝑛𝑑 = τ휀𝑤𝑎𝑡𝑒𝑟휀𝑔𝑟𝑜𝑢𝑛𝑑𝜎𝑇𝑔
4𝑆     (46) 

Determination of 𝑻𝒈 

Heat balance on the surface of the ground is used to evaluate the temperature of the 

ground (𝑇𝑔) as a function of time [168]: 

𝜌𝑔𝐶𝑝𝑔𝑉𝑔
𝑑𝑇𝑔

𝑑𝑡
= (𝑄𝑖𝑛,𝑔 − 𝑄𝑜𝑢𝑡,𝑔)𝑆𝑔     (47) 

Since, 
𝑉𝑔

𝑆𝑔
= 𝑙𝑔 (thickness of the ground layer, since Vg is the ground volume and Sg is the 

ground surface area)  the above equation can be written in the following way: 

𝜌𝑔𝐶𝑝𝑔𝑙𝑔
𝑑𝑇𝑔

𝑑𝑡
= (𝑄𝑖𝑛,𝑔 − 𝑄𝑜𝑢𝑡,𝑔)     (48) 

The different heat fluxes in the above equation can be computed in the following way: 

𝑄𝑖𝑛,𝑔 = 휀𝑎𝑖𝑟휀𝑔𝑟𝑜𝑢𝑛𝑑𝜎𝑇𝑎𝑖𝑟
4 + 휀𝑔𝑟𝑜𝑢𝑛𝑑 (𝐼𝑑𝑖𝑟𝑒𝑐𝑡(𝑡) + 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒(𝑡))    (49) 

𝑄𝑜𝑢𝑡,𝑔 = 휀𝑔𝑟𝑜𝑢𝑛𝑑𝜎𝑇𝑔
4 + ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑔(𝑇𝑔 − 𝑇𝑎𝑖𝑟) + 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑔   (50) 

The convective heat transfer coefficient between the ground and air, ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑔 can be 

computed by the following equation, as obtained in literature [168] 
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ℎ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,𝑔 = 𝜆𝑎𝑖𝑟 (0.664𝑅𝑒𝑐 + 0.037(𝑅𝑒𝐿
0.8 − 𝑅𝑒𝑐

0.8))𝑃𝑟0.333   (51) 

𝑅𝑒𝑐 = 5 ∗ 10
5       (52) 

𝑃𝑟 = 0.7      (53) 

𝑅𝑒𝐿 =
𝜌𝑎𝑖𝑟𝐿𝑣𝑤
𝜇𝑎𝑖𝑟

      (54) 

where, 𝜌𝑎𝑖𝑟 is the density of air, the wind velocity is 𝑣𝑤 and the viscosity of air is given by 

𝜇𝑎𝑖𝑟. 

The conduction from the ground (𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑔) is calculated as referenced in [168].  

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑔 = −𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝑇𝑔 − 𝑇𝑔,𝑟𝑒𝑓

𝑙𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑔
       (55) 

where, 𝑙𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛,𝑔 = 0.2m from literature [168] 

The temperature factor (𝑓𝑇) which affects the specific growth rate of microalgae is given 

by the following equation as reported in literature [41]: 

𝑓𝑇 = (
𝑇𝑙𝑒𝑡ℎ𝑎𝑙 − 𝑇𝑤𝑎𝑡𝑒𝑟
𝑇𝑙𝑒𝑡ℎ𝑎𝑙 − 𝑇𝑜𝑝𝑡𝑖𝑚𝑎𝑙

)𝛽𝑇 exp(−𝛽𝑇 (
𝑇𝑙𝑒𝑡ℎ𝑎𝑙 − 𝑇𝑤𝑎𝑡𝑒𝑟
𝑇𝑙𝑒𝑡ℎ𝑎𝑙 − 𝑇𝑜𝑝𝑡𝑖𝑚𝑎𝑙

− 1))       (56) 

where, 𝑇𝑙𝑒𝑡ℎ𝑎𝑙 (
oC), 𝑇𝑜𝑝𝑡𝑖𝑚𝑎𝑙 (

oC) and 𝑇𝑤𝑎𝑡𝑒𝑟 (
oC)  are the lethal temperature of microalgae 

growth, optimal temperature of microalgae growth and water temperature of the culture 

medium, respectively.  

Microalgae growth kinetics model 

The following describes a generalized mircoalage growth kinetics model considering 

various biological processes involved. Following previous studies, Nannochloropsis sp. 

was selected as the suitable algal species for the current work and appropriate growth 
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kinetics parameters were used [48,131]. The approach presented here can be applied to 

other microalgal species if relevant growth kinetic parameters are available. 

Nitrogen Uptake Modeling 

 The uptake of nitrogen by the microalgae was computed by solving the following 

set of equations [48,135]: 

𝑑𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑑𝑡
= (

𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒

𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠
− 𝑅𝑅𝑁)𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = 𝑅𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒     (57)    

where 𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠 was the cell quota of nitrogen in algal biomass (kg kg-1), 

𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was the calculated specific uptake rate of nitrogen (kg kg-1 

day-1), 𝑅𝑅𝑁 was respiration constant of nitrogen (day-1) and 𝑅𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 was the 

specific uptake rate of nitrogen (day-1). The 𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was related to the 

maximum specific uptake 𝑁𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 (kg kg-1 day-1), uptake of internal nitrogen 

concentration efficiency (η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) and uptake of external nitrogen concentration 

efficiency ( η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙) by the following equation: 

𝑁𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 = 𝑁𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 ∗  η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 ∗

 η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙        (58)    

The η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 was defined by the following equation where 𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 was 

the minimum level of nitrogen present internally below which the cells do not grow (kg/kg). 

η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 1 − 
𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚

𝑁𝑏𝑖𝑜𝑚𝑎𝑠𝑠
       (59)     

The  η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was treated as a Michaelis-Menten kinetic function and was 

computed according to the following equation [143,243,244]: 

 η𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =
𝑁𝑚𝑒𝑑𝑖𝑢𝑚

𝑁𝑚𝑒𝑑𝑖𝑢𝑚+𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒
        (60)    
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where  𝑁𝑚𝑒𝑑𝑖𝑢𝑚 was the concentration of nitrogen in the medium (kg m-3) and 

𝐻𝑆𝐶𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 was the half-saturation constant of uptake of nitrogen (kg m-3).  

Phosphorus Uptake Modeling 

 The uptake of phosphorus by the microalgae was evaluated similarly to the 

nitrogen uptake. The governing equations are as follows: 

𝑑𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑑𝑡
= (

𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒

𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠
− 𝑅𝑅𝑃)𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠 =

 𝑅𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒    (61)    

where 𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠 was the cell quota of nitrogen in algal biomass (kg kg-1), 

𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was the calculated specific uptake rate of nitrogen (kg kg-1 day-

1), 𝑅𝑅𝑃 was respiration constant of nitrogen (day-1) and 𝑅𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 was the specific 

uptake rate of nitrogen (day-1). The 𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 was related to the 

maximum specific uptake 𝑃𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 (kg kg-1 day-1), uptake of internal nitrogen 

concentration efficiency (η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) and uptake of external nitrogen concentration 

efficiency ( η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙) by the following equation: 

𝑃𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒

= 𝑃𝑚𝑎𝑥 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑒 ∗  η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

∗  η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,   𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙          (62)  

The η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 was defined by the following equation where 𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 was 

the minimum level of nitrogen present internally below which the cells do not grow (kg kg-

1). 

η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 1 − 
𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑚𝑖𝑛𝑖𝑚𝑢𝑚

𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠
        (63)  
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The  η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠,𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was treated as a Michaelis-Menten kinetics function and was 

computed according to the following equation:  

 η𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠,   𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =
𝑃𝑚𝑒𝑑𝑖𝑢𝑚

𝑃𝑚𝑒𝑑𝑖𝑢𝑚+𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒
        (64)     

where  𝑃𝑚𝑒𝑑𝑖𝑢𝑚 was phosphorous  concentration in the medium (kg m-3) and 

𝐻𝑆𝐶𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠 𝑢𝑝𝑡𝑎𝑘𝑒 was the half-saturation constant of uptake of phosphorous (kg m-3). 

 Carbon dioxide uptake modeling 

 The transfer and uptake of CO2 by microalgae is a complex process and was 

modeled by coupling of two separate phenomena, CO2 transfer by sparging from gas 

phase to liquid phase (bulk culture medium) and uptake by microalgae during the growth 

phase. The following set of equations describing carbon dioxide uptake used in the model 

was obtained from  literature [130,134,135,141]. 

CO2 transfer from gas phase to bulk culture medium 

 The mass transfer of CO2 from the sparging phase to the bulk culture medium was 

obtained by solving the following equations as obtained in literature [134–136]. 

 An elemental height 𝑑𝑧 of the reactor depth was assumed and transfer of CO2 

within the element was expressed by the following equation: 

𝑑

𝑑𝑡
[(
𝑝휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝𝐴𝑐𝑠𝑑𝑧

𝑅𝑇𝑤𝑎𝑡𝑒𝑟
)𝑦] =  𝑀𝑖𝑛 − 𝑀𝑜𝑢𝑡 − 𝑑𝑀𝑡

= 𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑦 − 𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦 + 𝑑𝑦) −  𝑑𝑀𝑡         (65)              

The rate of transfer of CO2 from the gas phase to the bulk culture medium (𝑑𝑀𝑡) was 

estimated by the following equation: 

𝑑𝑀𝑡 = 𝐾𝐶𝑂2(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠(𝐶𝐶𝑂2
∗ − 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)𝑑𝑧      (66)      
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where, 𝐾𝐶𝑂2 was the mass transfer coefficient from the gas phase to the liquid phase, and 

𝐶𝐶𝑂2
∗ was the concentration of dissolved CO2 in the liquid phase which was in equilibrium 

with the concentration of CO2 in the gas phase. 𝐾𝐶𝑂2 was estimated by the following 

equation: 

𝐾𝐶𝑂2
𝐾𝑂2

= √
𝐷𝐶𝑂2
𝐷𝑂2

       (67)              

As the residence times of the gas in the culture medium was small, pseudo steady state 

conditions were assumed. Thus, the following equation was obtained by combining 

equation the above equations: 

𝑑𝑦

𝑑𝑧
=  −(

𝐾𝐶𝑂2(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤
) (𝐶𝐶𝑂2

∗ − 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)       (68)     

The saturation concentration of CO2 (𝐶𝐶𝑂2
∗) was computed using Henry’s Law according 

to the following: 

𝐶𝐶𝑂2
∗ = 

𝑝𝑦

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
       (69)              

where, H was the Henry’s constant and p was the partial pressure of CO2 in the 

atmosphere. 

Combining equations 68 and 69 and then integrating within the proper limits, the following 

equation was obtained: 

𝑦𝑜𝑢𝑡 = 
𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻

𝑝
(𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 + (

𝑦𝑖𝑛𝑝

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
−

 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)exp (
−𝐾𝐶𝑂2(1− 𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠𝑧∗𝑝∗1000

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
))      (70)       

Thus, the moles of CO2 transferred from the gas phase to the culture medium 

(𝑀𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟) was given by the following equation: 
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𝑀𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦𝑖𝑛 − 𝑦𝑜𝑢𝑡) =   𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦𝑖𝑛 −
𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻

𝑝
(𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 +

(
𝑦𝑖𝑛𝑝

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
− 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)exp (

−𝐾𝐶𝑂2(1− 𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠𝑧∗𝑝∗1000

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
)))     (71)    

Uptake of Carbon by microalgae 

The bio uptake of carbon by microalgae during the growth phase was modeled 

using an approach described in the literature [134,136]. The dissociation of CO2 in water 

was given by the following equations: 

𝐶𝑂2,𝑔𝑎𝑠 +𝐻2𝑂 ↔ 𝐻2𝐶𝑂3
∗  
𝐾1
⇔ 𝐻𝐶𝑂3

− + 𝐻+      (72)       

𝐻𝐶𝑂3
−  
𝐾2
⇔ 𝐶𝑂3

2− + 𝐻+        (73)     

where, 𝐾1 and 𝐾2 were the dissociation constants of 𝐻2𝐶𝑂3
∗ and 𝐻𝐶𝑂3 respectively. The 

total dissolved concentration of carbon in the medium could be obtained by adding the 

concentration of [𝐻2𝐶𝑂3], [𝐻𝐶𝑂3
−], and [𝐶𝑂3

2−], respectively. Several studies considered 

the total dissolved concentration of carbon species in water to determine the carbon 

uptake by microalgae [130,134]. In this study, it was assumed that the pH of the solution 

was between 7.67-6.83 where the dominant species was bicarbonate [136]. Thus, the bio 

uptake of carbon by microalgae was assumed to take place only in the form of bicarbonate 

and the concentration of dissolved CO2 (𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) was essentially the concentration 

of bicarbonate in the solution.  

 Assuming that the culture medium was thoroughly mixed, molar balance of 

dissolved carbon in the culture medium provided the following equation: 

(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉
𝑑𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑑𝑡
=  𝑀𝐶𝑂2,𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 − 𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒,𝑎𝑙𝑔𝑎𝑒     (74)     
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The carbon uptake rate by microalgae (𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒,𝑎𝑙𝑔𝑎𝑒) was estimated utilizing the 

following equation: 

𝑀𝑐𝑎𝑟𝑏𝑜𝑛 𝑢𝑝𝑡𝑎𝑘𝑒,𝑎𝑙𝑔𝑎𝑒 = (1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉 (
1

𝑌𝑎𝑙𝑔𝑎𝑒
)(
𝑑𝑋

𝑑𝑡
) (

1

𝑀𝑊𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛
)       (75)        

Thus, combining the above equations, the main governing equation was obtained as 

follows: 

(1 − 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉
𝑑𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑑𝑡
=  𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤(𝑦𝑖𝑛 −

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻

𝑝
(𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 + (

𝑦𝑖𝑛𝑝

𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
−

 𝐶𝐶𝑂2,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑)exp (
−𝐾𝐶𝑂2(1− 𝜀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝐴𝑐𝑠𝑧∗𝑝∗1000

𝐺𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤𝑅𝑇𝑤𝑎𝑡𝑒𝑟𝐻
))) – (1 −

 휀𝑔𝑎𝑠 ℎ𝑜𝑙𝑑𝑢𝑝)𝑉 (
1

𝑌𝑎𝑙𝑔𝑎𝑒
)(

𝑑𝑋

𝑑𝑡
) (

1

𝑀𝑊𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛
)          (76)     

Modeling carbon uptake by microalgae in the growth phase was provided in greater detail 

in literature [130,134–136,141].  

 

 

 

 

 


