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Microalgae has been under careful consideration as a sustainable feedstock for 

renewable fuel recently due to its year round production with high energy yields per unit 

area, reduced need for arable land, water treatment benefits with nutrient cycling, and 

minimal competition with the food industry. Despite of all these advantages, 

commercialization of algal biofuels still lacks economic viability, mainly because of 

lower productivities and higher cost of harvesting and processing of algae. 

Photobioreactors are able to provide high yields of algae but they suffer from limitation 

of high initial cost, whereas growth in low-cost open ponds are highly affected by 

external factors such as ambient temperature, light availability and contamination with 

other micro-organisms. These external factors inhibit a consistent growth, which 

consequently reduces the final productivity of algae. There is an imminent need to find a 

solution that can take into account the objectives of maximum productivity with 

minimum economic and environmental effects. The focus of this dissertation was to 



 

 

design, implement and validate a model predictive control which can assure optimum 

algal growth and productivity, even under the effect of disturbances. The dissertation was 

divided into four studies, each of which concentrates on developing different models to 

be integrated in the design of the model predictive controller. 

In the first study, a compartmentalized genome scale metabolic network was 

reconstructed for C. variabilis to offer insight into various metabolic potentials from this 

alga. The model iAJ526 was reconstructed with 1455 reactions, metabolites and 526 

genes. 21% of the reactions were transport reactions and about 81% of the total reactions 

were associated with enzymes. Model was able to simulate experimental batch growth 

conditions with fair agreement under three light conditions. The discrepancy in 

experimental and model results was attributed to the incapability of the model to capture 

kinetics of growth, including substrate inhibition and photoinhibition.  Cumulative 

wavelengths around 437 nm, 673 nm and 680 nm in the model were observed to be 100% 

efficient in their utilization. 

The second study evaluated the economic viability and to estimate the energy use 

and greenhouse gas (GHG) emissions during life cycle of renewable diesel (RD) 

production from algae via hydrothermal liquefaction process. Hydrothermal liquefaction 

is one such technology that converts the algae into high heating value bio-oil under 

high temperature and pressure. RD yields for algae were estimated 10.19 ML/year unit 

price of production as $1.75/L RD. Energy and emissions were calculated per functional 

unit which was defined as 1000 MJ of available energy in fuel at the pump. Fossil 

energies were calculated as 241.6MJ to produce one functional unit of RD from algae. 



 

 

The GHG emissions during life cycle of RD production were found to be 6.2 times 

less than those produced for 1000MJ of conventional diesel. 

In the third project, Monod’s multiplicative kinetic model for Chlorella vulgaris, 

one of the most robust algal strains for outdoor growth, was developed with limiting 

nitrate and CO2. The specific growth rate calculated from the growth profiles was 0.0196 

hr-1. The values of 𝜇𝑚𝑎𝑥, 𝑘𝑁, 𝑘𝐶, 𝑘𝑑, Ea and 𝑘𝐿𝑎 were estimated as 0.23 hr-1, 26.53 mg/l, 

7.64 mg/l, 0.08hr-1, 3.69 J/mol and 0.24 hr-1. The yield coefficient for nitrate (𝑌𝑋
𝑁⁄

) and 

CO2 (𝑌𝑋
𝐶⁄
) for C. vulgaris were calculated as 2.86 and 1.96 respectively. Validation 

experiments proved the kinetic model to be robust under vast range of initial biomass and 

nitrate concentrations. 

 The kinetic model developed, formed the basis of the model predictive control 

(MPC) designed for optimum growth of algae, with an objective of maximizing 

productivity and minimizing the total cost and GHG emissions. The MPC proved to be an 

efficient tool that can help in a steady growth even under natural disturbances. The 

growth of algae under the light and temperature disturbances tested was higher in the 

reactor with MPC than the other reactor with no MPC. However, due to light limitation, 

the growth with low light of 34W/m2 (simulating a cloudy day) in the MPC reactor was 

not different form the other one with no MPC. This disturbance was considered outside 

the realm of controller as the control variables or the manipulated variables were not able 

to overcome light limitation. In absence of any disturbance, the growth in MPC reactor 

was not statistically different form the no MPC reactor. This shows the importance of 

MPC under conditions deviating from the optimum, which is a common case in real time 

outdoor ponds.  
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CHAPTER 1  

 

INTRODUCTION 

 

Increase in energy requirements with increase in population and simultaneous 

depletion of fossil fuels is a growing concern. Transportation sector is a large consumer 

of fossil fuels in form of petroleum (EIA, 2014). In 2014, renewable energy contributed 

about 10% towards total energy use in the United States (EIA, 2014), but the present 

scenario necessitates a significant increase in this contribution.   

Biofuels are perhaps suitable alternatives to non-renewable energy sources. First 

generation biofuels, which are derived from cereal crops, such as corn and wheat 

(Nichols & Bothast, 2008); and sugar crops, such as sorghum and sugarcane 

(Goldemberg et al., 2008), face several limitations such as intensive agricultural energy 

inputs, land requirement and food vs. fuel debate.  Several of these limitations can be 

overcome by the second generation biofuel (SGB), which use agricultural wastes, such as 

straws and corn stover (Juneja et al., 2013; Kumar & Murthy, 2010; Kumar & Murthy, 

2011a; Sheehan et al., 2003); energy crops, such as switchgrass (Samson & Omielan, 

1992a; Schmer et al., 2008a); and woody biomass as the raw material. Besides having a 

significant potential, the competitiveness of these SGBs is still hindered by the 

requirement of arable land, agricultural inputs and freshwater. Thirty six billion gallons 

of renewable fuel is required to be blended by 2022 according to RFS (Renewable Fuels 

Standard), but only 16 billion gallons can be produced from FGB and SGB’s (Ferrell & 

Sarisky-Reed, 2010).  
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Interest in exploring algal biofuels, which are termed as third generation biofuels, 

can be attributed to some of their potential benefits such as year round production 

possibility, higher productivity compared to terrestrial crops, non-competition with food 

crops, reduced need for arable land and water treatment benefits with high potential for 

nutrient cycling (Nakas et al., 1983; Sander & Murthy, 2010). However, a major 

advantage of microalgae over other oil crops used for production of biodiesel is the 

higher potential oil yield per acre of land used. For example, earlier research on algae 

demonstrated that under controlled conditions and from same land area, algae have 

potential to produce 40 times the amount of oil for biodiesel compared to oilseed crops 

such as soy and canola (Sheehan et al., 1998). Algal cultivation is also effective in CO2 

sequestration. 36% of the total US power plant emissions (0.9 billion ton/year) can be 

utilized for production of 60 billion gal/year of biodiesel at a productivity rate of algae at 

50 g m-2 d-1 with 50% triglycerides (Pienkos, 2007). Two other important nutrients 

required for algal growth: nitrogen and phosphorus, can be obtained from organic waste 

from agri-food industry (Cantrell et al., 2008). Presently these advantages over first and 

second generation biofuels have been established in academic/research facilities and 

commercial production of algal biofuels in significant quantities to impact current fuels 

needs are also coming into existence. Production feasibility of biodiesel from microalgae 

has been studied by various researchers and some review papers have discussed the 

process and challenges in detail (Ahmad et al., 2011; Deng et al., 2009; Khan et al., 2009; 

Mata et al., 2010). The potential of ethanol production from some algal species has also 

been investigated by many researchers (Eshaq et al., 2010a; Harun et al., 2010a; John et 

al., 2011; Moen, 1997). Even with high potential, the progress in commercial scale 
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biofuels production from algae has been slow due to multiple challenges such as high 

cost of production and processing. Naturally growing algae utilizes sunlight, CO2 from 

the atmosphere and obtain their nutrient requirements from natural aquatic habitats. 

During artificial production, these conditions need to be replicated and optimized for 

maximum growth rates. Some of the alternative processes for production, harvesting and 

processing of algae are represented in figure 1.1.   

1.1 Microalgal Biomass Production 

Two highly used alternatives for photoautotrophic algal growth are open ponds 

and photobioreactors. Cost of production is a major factor hindering the 

commercialization of algal processes, which makes open ponds the only economically 

viable alternative for large scale algal production (Borowitzka, 1997). Open pond 

cultivation has been used for mass culture of algae since the late 1940s (Borowitzka, 

1999). Raceway pond are the most commonly used for commercial algae production 

(Lundquist et al., 2010). Raceway ponds are usually shallow (30-50 cm) ponds (to ensure 

proper exposure of algae to sunlight), with paddle wheels used to ensure proper mixing 

and movement of the culture. These are continuously operated with nutrients constantly 

fed from one end, and CO2 sparged using a sump to avoid degassing, and the culture 

collected at the other end.  Advantages of these ponds are their simplicity, low capital and 

operating costs. Aside from these advantages, open ponds suffer from low productivity, 

large land requirement and contamination issues, which makes strain selection an 

important factor. 
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Fig. 1.1 Alternatives for production, harvesting and processing of algae 

 

Another method of algal production is closed photobioreactors (PBR), that are 

tubular or plate design used to grow algae under artificial controlled conditions. These are 

designed to overcome the limitations of open ponds but it requires high capital and 

operating costs. PBRs ensure monoculture with high algal yields (4g/L in comparisons to 

0.5g/L for open ponds (Davis et al., 2011)). One of main advantages of PBRs is that they 

can better match the ideal conditions and growth requirements of particular types of algae 

not easily grown in open ponds. Table 1.1 summarizes the differences between open 

ponds and PBRs. 

Table 1.1 Comparison between open pond and photobioreactors for algal growth 

Metric Open Ponds PBRs 

Capital Investment Low High  

Operating Cost Low High (cost of inputs) 

Land Requirement Large Variable (depends on PBR) 

Water use High (evaporation) Low 
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Scale up Easy  Difficult 

Culture density Low High 

Strain selection Critical (open to 

contamination) 

Insignificant (closed system) 

Productivity  Low High 

Current scenario Technology available and 

used 

Not demonstrated on large 

scale 

 

1.2 Harvesting of Algal Biomass 

Harvesting of algae is one of the most cost intensive processes in the algal 

systems. Harvesting is usually a two-step process, involving bulk dewatering 

(concentrating the algae to 2-7% solids) and thickening (final concentration 15-25% 

solids) (Brennan & Owende, 2010b; Shelef et al., 1984). Bulk dewatering can be 

accomplished using flocculation, floatation or sedimentation, whereas thickening 

processes include centrifugation or filtration.  Thickening is a more energy intensive step 

than dewatering (Brennan & Owende, 2010b).  Flocculation is usually done by addition 

of a flocculant, which neutralizes the negative charge of the microalgal cells. Suitable 

flocculants can be multivalent metal salts such as ferric chloride, aluminum sulfate and 

ferric sulfate (Brennan & Owende, 2010b). Gravity settling, also known as 

bioflocculation, is another dewatering step, which is done without addition of any 

chemical flocculant (Lundquist et al., 2010). It is an inexpensive and a reliable process to 

concentrate the algae to 1.5% solids (Mohn, 1980). Microalgae with large cell size can be 

dewatered using sedimentation, which depends on settling characteristics of suspended 

solids (density and size of cells) (Brennan & Owende, 2010b). Although not very widely 

used in algal dewatering in industry (Uduman et al., 2010), sedimentation is most 
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common harvesting technique for algae biomass in waste water treatment (Nurdogan & 

Oswald, 1996). Floatation uses micro-air bubbles to trap algae cells. Algae floats up 

faster than settling down in flocculation, making floatation an effective process (Becker, 

1994). But the power consumption in pumping air for dispersed air floatation if high, 

making the process expensive. Also, choice of coagulant/collector is very critical in air 

flotation (Chen et al., 1998) and it has not been studied on large scale systems.  

Centrifugation is a widely used operation in thickening of algae (Lundquist et al., 

2010). It is an effective process to recover high concentration biomass, but is cost and 

energy intensive (Uduman et al., 2010).  It also becomes time demanding for processing 

large volumes of cultures. Thickening can also be obtained using filtration. This method 

uses a permeable medium which allows the liquid to pass but retains the solids from the 

suspension. This process also requires high energy as it operates under high pressure or 

vacuum.  

1.3 Processing of Algae to Crude Oil 

Hexane extraction of lipids is the most commonly used process, which has also 

been demonstrated on large scale, for conversion of algae to liquid fuel. This step 

requires dry algae (85-95% solids ) and drying is one of the most cost intensive step in 

the whole route of oil production, which can add up to 30% of the total cost (Becker, 

1994). Also, drying at higher temperatures affect both lipid composition and lipid yield 

from algal biomass (Widjaja et al., 2009). Another step in between drying and lipid 

extraction is cell disruption to obtain intracellular products from algae. Cell disruption 

can be achieved using high pressure homogenizers, autoclave or addition of hydrochloric 

acid, sodium hydroxide, or alkaline lysis (Mendes-Pinto et al., 2001). Triacylglycerides 
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(TAGs) are extracted from lysed cells using hexane, and then hexane is evaporated and 

recycled back. This process targets lipid content of the algae, and rest of the components 

(carbohydrates and proteins) can be used for fertilizer or animal feed. Therefore, the 

feasibility of this process depends on higher lipid content algae. 

Fermentation is a process that converts the fermentable sugars and starch 

(carbohydrates) of biomass into ethanol, using yeast (Demirbaş, 2001; McKendry, 2002). 

This process is efficient for microalgae such as C. vulgaris, which has about 37% starch 

content and ethanol conversion efficiency has been reported up to 65% (Hirano et al., 

1997). Another process for algal conversion to crude oil, which can utilize all the 

components of algae is hydrothermal liquefaction (HTL). The total biocrude obtained in 

the process is proposed as linear additive of the component of the microalgae times its 

individual yield with conversion efficiencies of lipids, carbohydrates and proteins 

towards biocrude formation as 55-80%, 6-15% and 11-18% respectively (Biller & Ross, 

2011). The predicted yield from this calculation contrasts with the reported yields of 

biocrude from several low lipid algae. Barreiro et al. (López Barreiro et al., 2013) 

compared the predicted and actual biocrude yield from two studies and reported a 40-

50% variation. It can be concluded that each microalgae fraction does not behave 

independently during the HTL process and its contribution to the overall yield cannot be 

considered as a linear addition, but an interaction among them by means of several cross-

linked reactions (Torri et al., 2012). 

1.4 Efficient Algal Production System 

Algal production systems face challenges for high cost of production (Sheehan et 

al., 1998). One of the potential solution to this problem is to increase the overall biomass 
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productivity, which can compensate with the high cost. The performance of production 

facilities needs to be augmented in terms of continuous and high cultivation of algae. 

However, consistent and reliable growth of algae is not possible in open ponds due to 

various external factors such as temperature, weather and contamination. A cloudy day or 

extreme hot weather can substantially reduce the growth rate of algae. A system capable 

of handling these disturbances and avoiding their effect on the growth is required.  

Success of the continuous commercial algal production system depends on the 

way that suitable conditions are obtained for algal growth, nutrients uptake and 

minimized cost and emissions. This can be achieved, especially for large scale algal 

plants, by optimization of the system at various levels of design and operation using 

appropriate control techniques intended to keep all the unit operations at the most 

efficient working regime. In general, it is desired to control a specific plant by 

manipulating its inputs and using its outputs to gather state information. However, as 

mentioned earlier, an external disturbance may affect plant operations.  

Model predictive control (MPC), also known as receding horizon control, has 

become an attractive control strategy in industries, not only for linear, but for non-linear 

systems too, subject to input, state or output constraints. With receding horizon, control 

function is re-optimized at every time step as means to obtain some feedback. This is 

necessary to reduce the effects of model/plant mismatch, and also to counteract the effect 

of unknown disturbances. MPC operates by creating an anticipative effect by predicting 

the future behavior of the system over a finite horizon (known as prediction horizon), 

from the solution of an optimization problem, with constraints. Some of the advantages 
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and drawbacks of MPC compared to traditional control techniques are summarized in 

table 1.2. 

Table 1.2 Advantages and limitations of model predictive control  

Advantages Disadvantages 

-  Ability to anticipate future events and 

control actions accordingly 

-  Significant computation time for 

constrained problem (specially fast 

systems) 

-  Systematic embedding of constraints in 

control planning 

-  Can lead to infeasible solutions 

-  Handles challenging dynamics, with 

multiple inputs and multiple outputs 

-  Stability and robustness are difficult to 

establish (several possible local minima) 

-  Gives superior controls to increase 

profits by reducing the variance in output 

making it possible to operate near 

constraints and increase output 

quality/quantity 

-  Control performance is related to the 

accuracy of the model used in prediction 

 

MPC has been successfully used in wastewater systems (Ocampo-Martinez, 2010) 

and algal systems to control CO2 biofixation (Tebbani et al., 2014b) and pH in the reactor 

(Berenguel et al., 2004). The commercial scale algae production system should be 

optimized for maximum biomass production minimizing the effect of any 

measured/unmeasured disturbances keeping economic and environmental factors into 

consideration. This study proposes an efficient algal production system (EAPS) to 

encompass all the aspects of algal production. Main objective of EAPS is maximum 

biomass productivity with minimum cost of production and greenhouse gas (GHG) 

emissions during the downstream processing of algae. The focus of this study is to design 

a model predictive control to encompass all aspects of successful commercial algal 

production. The block diagram for the optimal controller proposed in the study is 

presented in figure 1.2. 
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Fig. 1.2 Block diagram of the optimal controller for algal growth 

 

The model predictive control used in this study is based on the kinetic model 

developed for the growth of Chlorella vulgaris. A genome scale metabolic reconstruction 

model was used as an observer to estimate one of the states (biomass). The set point 

profile of the controller was updated each instant based on an optimization function, also 

called cost functional, which integrated the cost using techno-economic analysis, GHG 

emissions using life cycle assessment and process conditions and constraints. The cost 

and GHG emissions were described in terms of regression equations between the inputs 

and the overall cost/GHG emissions of the complete process. The specific objectives of 

this study can be written as: 

Objective 1: To develop a genome scale metabolic reconstruction model for autotrophic 

growth of Chlorella variabilis to understand its cellular metabolism. 
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Objective 2: To perform techno-economic analysis and life-cycle assessment of bio-oil 

production from microalgae via hydrothermal liquefaction process.  

Objective 3: To develop a kinetic model to describe algal growth profile along with 

uptake kinetics of nitrates and CO2. 

Objective 4: To design and validate a model predictive controller to regulate and 

optimize algal growth. 

This dissertation is organized into seven chapters. Literature regarding the effects 

of external factors on algal growth and its biochemical properties is reviewed in chapter 

2. Chapter 3 is focused on developing a genome scale metabolic reconstruction model for 

Chlorella variabilis, which can be used to understand the underlying cellular processes, 

explore metabolic capabilities of C. variabilis to adapt to certain conditions; predict the 

effect of genetic alterations, identify and characterize all possible phenotypes; and  to 

determine the flux distributions. Techno-economic analysis and life cycle assessment 

models for processing plant of algae conversion to renewable diesel via hydrothermal 

liquefaction are developed in chapter 4. Chapter 5 involves establishing the kinetics of 

growth and nutrient uptake by Chlorella vulgaris. All parameters required for design of 

the controller were estimated in this chapter. Chapter 6 presents the design of model 

predictive control, experimental setup and validation of the model on a 30L scale. The 

last chapter (Chapter 7) summarizes and concludes the results of the study. 
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2.1 ABSTRACT 

Due to significant lipid and carbohydrate production as well as other useful 

properties such as high production of useful biomolecular substrates (e.g., lipids) and 

the ability to grow using non-potable water sources, algae are being explored as a 

potential high-yield feedstock for biofuels production. In both natural and engineered 

systems, algae can be exposed to a variety of environmental conditions that affect 

growth rate and cellular composition. With respect to the latter, the amount of carbon 

fixed in lipids and carbohydrates (e.g., starch) is highly influenced by environmental 

factors and nutrient availability. Understanding synergistic interactions between 

multiple environmental variables and nutritional factors is required to develop 

sustainable high productivity bioalgae systems, which are essential for commercial 

biofuel production. This article reviews the effects of environmental factors (i.e., 

temperature, light and pH) and nutrient availability (e.g., carbon, nitrogen, 

phosphorus, potassium, and trace metals) as well as cross-interactions on the 

biochemical composition of algae with a special focus on carbon fixation and 

partitioning of carbon from a biofuels perspective. 
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2.2 INTRODUCTION  

Increasing demand for energy and global warming are two major challenges facing 

modern society. Dependence on fossil fuels for meeting increasing energy demands is 

unsustainable due to increasing levels of consumption and a dearth in discovery of 

new sources for these non-renewables. This concern has motivated researchers to 

focus on the development of alternative energy sources including solar, wind, water, 

and biomass. Biofuels are alternatives to liquid fossil fuels and are produced from 

sugar, starch, cellulosic or lipid-rich substrates. These substrates can be derived from 

feedstocks such as: cereal crops, including corn and wheat (Nichols & Bothast, 2008); 

sugar crops, including sorghum and sugarcane (Goldemberg et al., 2008); energy 

crops, such as switchgrass (Samson & Omielan, 1992b; Schmer et al., 2008b); 

agricultural wastes, including straws and corn stover (Ballesteros et al., 2006; Kumar 

& Murthy, 2010; Kumar & Murthy, 2011b; Sheehan et al., 2003); municipal wastes; 

and, several aquatic species. Currently, ethanol produced from corn and sugarcane is 

produced in significant volumes as supplemental fuel and as a partial substitute for 

gasoline. Production and use of ethanol as a transportation fuel results in a net 

reduction of greenhouse gas (GHG) emissions. This claim is based on the idea that 

carbon dioxide emissions produced during the processing of biomass and from the use 

of biofuels is readily sequestered.  

 Biofuels produced from cereal crops and sugarcane are commonly called first-

generation biofuels (FGB). The large-scale production (and use) of FGB products as 

competitive substitutes for fossil fuels is hindered by several limitations including: 

intensive agricultural inputs, land requirements, and trade-offs between food crop and 

fuel crop production (i.e., the food vs. fuel debate) (Sanchez & Cardona, 2008). 

Therefore, although they are renewable, FGBs alone are not a viable solution for 
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solving global liquid fuel demands. Second-generation biofuels (SGB) are fuels 

derived from lignocellulosic biomass. Production of SGBs circumvents several of the 

negative outcomes associated with FGBs (Gelfand et al., 2013). At present, the 

development of competitive SGB products is at various stages of research and pilot 

demonstrations. A few products have been commercialized. However, SGB feedstock 

production still requires agricultural inputs, land, and freshwater that could be used 

for food crops. Thus, SGBs are also subject to the food-versus-fuel dilemma in the 

long term. Producing liquid fuels from aquatic organisms, such as algae, is considered 

to be the third-generation in biofuels (TGB). The use of TGB feedstocks, which 

contain significant amounts of lipids and carbohydrates, from which biodiesel and 

bioethanol products may be produced, avoids most of the limitations noted for FGBs 

and SGBs. Arguably, this includes overcoming the food-versus-fuel dilemma. Most 

aquatic plant feedstocks are championed as a viable source of lipids for the production 

of bio-oil (Singh & Gu, 2010). Specifically, via thermochemical conversions or 

biochemical conversions, algae can be used to produce: biofuel oil and gas; or, 

bioethanol, biodiesel, and biohydrogen, respectively (Amin, 2009).  

A recent resurgence of interest in algal-based TGBs is attributed to significant 

benefits associated with TGB production. These benefits include: year-round 

production; higher productivity compared to terrestrial crops; the potential for off-

shore production (and, thus, non-competition with food crops); reduced need for 

arable land; reduced need for water treatment; and potential advantages in nutrient 

cycling (Georgianna & Mayfield, 2012; Nakas et al., 1983; Sander & Murthy, 2010).  

Earlier research demonstrated that under select conditions, algae have the potential 

to produce 40 times the amount of oil for biodiesel production compared to oilseed 

crops (i.e., soy and canola) per unit land area (Sheehan et al., 1998). However, such 
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advantages over FGBs and SGBs have only been established in academic/research 

facilities. Presently, in the absence of publicly available data, it is unknown whether 

such gains can be realized on a commercial scale. Therefore, the economic potential 

of algal-based biofuels to significantly impact current and future fuels needs remains 

in question. Nonetheless, algal-based TGBs are an intense focus within the alternative 

fuels research community and production companies are paying close attention to 

advances. Of particular interest are microalgae-based TGB products. Technical and 

economic aspects of high-yield production of biodiesel from microalgae are currently 

being studied by many groups. A few review papers have discussed the processes and 

challenges in detail (Ahmad et al., 2011; Deng et al., 2009; Khan et al., 2009; Mata et 

al., 2010). The potential of ethanol production from algae has also been investigated 

(Eshaq et al., 2010b; Harun et al., 2010b; John et al., 2011; Moen, 1997). In both 

cases, it is generally agreed that there is significant potential for algal-based products; 

however, progress toward commercial-scale biofuels production from algae has been 

slow due to multiple challenges in production and processing.  

Whether in open ponds or in closed photobioreactors, culturing algae requires 

consideration of numerous environmental conditions. Environmental factors such as 

temperature, light, pH, and nutrients not only affect photosynthesis and growth rate of 

the algae, but also influence the activity of cellular metabolism and composition. 

These effects have been identified individually by researchers (Chen & Durbin, 1994; 

Gordillo et al., 1998a; Kilham et al., 1997; Morris et al., 1974; Sukenik et al., 1989; 

Thompson et al., 1992; Visviki & Santikul, 2000); however, no consolidated review 

on the effect of these factors on algae is available. Most of the recent reviews have 

focused on production and processing techniques (Brennan & Owende, 2010a; 

Sheehan et al., 1998; Singh & Gu, 2010) with few data on the impacts of 
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environmental and nutritional factors on algal growth rates.  One recent, highly 

informative review, does consider microalgae and multiple environmental factors 

including temperature, light, pH, and salinity (Potter & Hassid, 1948; Roessler, 1990; 

Sharma et al., 2012); however, it is almost exclusively focused on impacts of 

environmental factors on lipid production.  Understanding how these factors influence 

algal growth and broad metabolic function (not only lipid induction) is critical for 

successful scale-up of algae cultures in commercial systems for algal biofuels and 

bioproducts production. This review directly addresses this issue by focusing on the 

impacts of environmental and nutritional factors on algae biochemistry specifically 

related to biofuels production processes. The paper is organized as follows: This 

introductory section is followed by a brief overview of different production and 

processing technologies. The subsequent section provides a detailed review of the 

environmental and nutritional factors that affect algal growth. The third section 

addresses interaction effects between environmental factors and nutrient availability. 

This is followed by a discussion of sustainable production of algal biofuels. Finally, 

we offer a discussion of future outlook and some concluding remarks.  

2.2.1 Algae Production, Processing and Use 

Algal production processes can be categorized into three general classes of growth 

regimes based on the energy source and mode of utilization; these include: 

photoautotrophic, heterotrophic and mixotrophic. These growth processes can occur 

in open raceway ponds or closed bioreactor systems (Chen et al., 2011). Different 

production schemes involving combinations of different growth regimes in various 

reactor configurations have been proposed in an effort to maximize biofuel 

productivity. Substrates for algal feedstock production can range from industrial 

effluents and municipal waste water to synthetic media consisting of sugars from 
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molasses, starch or lignocellulosic feedstocks depending on the growth regime and 

bioreactor configuration. Although open raceway ponds require low energy inputs and 

lower capital costs, several issues such as contamination (i.e., by unwanted algal 

species as well as viral, bacterial and fungal pathogens) and low final biomass 

concentrations (often less than 1.0 g/L) increase production costs to levels that are still 

economically unviable for large-scale production of biofuels (Brennan & Owende, 

2010a). Closed photobioreactors (CPBR) in different configurations have been 

proposed to address the contamination issues associated with open raceway systems. 

CPBRs also permit more stringent control of growth conditions and harvesting (Nakas 

et al., 1983). However, CPBRs often require extensive upfront capital investments 

compared to open raceway ponds and therefore face similar commercialization 

challenges. 

In addition to system setup, there are challenges associated with specific stages 

within the production process. Lipid and starch fractions of algae can be processed 

into renewable fuel by several different processing methods, including: pyrolysis (Du 

et al., 2011), thermochemical liquefaction (Zou et al., 2009), fermentation (Ueno et 

al., 1998), and transesterification (Sharma & Singh, 2009). Most thermochemical 

conversion methods such as direct combustion, gasification, and pyrolysis require 

low-moisture-content biomass. This poses a challenge due to high energy 

requirements for drying algal feedstock. However, hydrothermal liquefaction process 

can use wet slurry for algal-oil production (Goyal et al., 2008) thus reducing costs 

associated with drying. Biochemical conversion processes such as anaerobic digestion 

produce methane (60-70%) and carbon dioxide (30-40%) (Cantrell et al., 2008). 

Fermentation of sugars produced from the starch fraction can be used to produce 
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ethanol from algal biomass (Ueno et al., 1998). Advantages and limitations of these 

processes are tabulated in table 2.1.  

Table 2.1 Advantages and limitations of biofuel production processes from 

microalgae 

Process Advantages Limitations 

Pyrolysis  High bio-oil yields 

possible (up to 57.5% 

w/w for fast and flash 

pyrolysis(Miao & Wu, 

2004)) 

 Low-moisture-content 

biomass required 

 High-energy-content 

required to dry 

feedstock 

Thermochemical 

liquefaction 
 Algal wet slurry can be 

used 

 Energy (and cost) 

reduction  

 High yields possible (up 

to 60% w/w(Duan et al., 

2013)) 

 Reactors are complex 

and expensive 

 

Fermentation  Co-products can be 

utilized 

 Conversion of sugar to 

bioethanol possible 

 Long processing times 

required 

 Biomass has to be 

preprocessed to be 

converted to sugars  

Transesterification  Enhanced physical 

properties of renewable 

fuels 

 Biodiesel has a current 

market that simplifies 

commercialization 

 Limited to conversion 

of lipids and does not 

utilize carbohydrate 

and protein fractions 

of feedstock. 

 

Details concerning algae biomass production processes, different processing 

technologies for conversion into biofuels and bioproducts, and challenges associated 

with commercialization of algal biofuels have been discussed thoroughly in recent 

reviews (Brennan & Owende, 2010a; Chisti, 2013; Sharma et al., 2012; Singh & Gu, 

2010). A summary of various algae production, harvesting and processing alternatives 
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are presented in figure 2.1 (Chen et al., 2011; Pragya et al., 2013; Suali & Sarbatly, 

2012). 

2.2.2 Relevance of Individual Algal Cellular Components for Biofuels Production 

The exploitation of microalgae as a protein source has led to increased interest 

in the use of microalgae (e.g., Spirulina, Chlorella and Scenedesmus) in health food 

production (Becker, 2007). Algae such as Dunaliella and Spirulina are also used for 

pigment production (Borowitzka & Borowitzka, 1990; Chen & Zhang, 1997). 

However, it is the high density lipid content that renders algae (e.g., Chlamydomonas, 

Nannochloropsis, Schizochytrium, Chlorella, Nitzschia) attractive for biofuels 

production (Hu et al., 2008). Lipid content in algae can be as high as 50% (dry-

weight) with higher percentages of total dry weight (~60%) found as protein and 

starch (Singh & Gu, 2010). These fractions of microalgae can be used to produce 

biodiesel (Chisti, 2007; Mata et al., 2010), bioethanol (Harun et al., 2010b; John et al., 

2011), biohydrogen (Beer et al., 2009; Benemann, 1997), bioplastics 

(NieuweNhuizeN & LittLe, 2010), and other products, while simultaneously 

contributing to CO₂ mitigation (Jeong et al., 2003; Keffer & Kleinheinz, 2002). Still, 

it is the lipid fraction that has been the major focus for biodiesel production and 

renewable jet fuel. Depending on the species and growth conditions, dry algae weight 

can contain 20-50% lipid (Chisti, 2007), which is the major substrate for biofuels 

production. Total lipid composition includes (but is not limited to) neutral lipids, polar 

lipids, wax esters, sterols, hydrocarbons, and prenyl derivatives such as tocopherols, 

carotenoids, terpenes, quinones and phytylated pyrrole derivatives, including 

chlorophylls (Hu et al., 2008).  

Carbohydrates (primarily starch) are another valuable component of the algal 

cell. Typical dry weight content of carbohydrates in algae range from 20-40% of total 



21 

 

 
 

cell mass (Hu, 2004). Certain components, such as starch, can be easily converted to 

ethanol by hydrolysis and fermentation. Currently, the starch used for ethanol 

production is obtained from food crops such as corn, wheat, sorghum, and others 

(Nichols & Bothast, 2008). For algae, high starch strains including Chlorella vulgaris 

(with 37% dry wt. starch) (Hirano et al., 1997), are being studied for potential use has 

high-yield feedstocks. Algal starch is known to be readily fermentable by yeast 

(Nguyen et al., 2009) and, therefore, is being intensely studied for use in ethanol 

production (Harun et al., 2010b; John et al., 2011).  

Upon utilization of lipids and starch fractions for bio-oil production, the 

residual algae cake, which is rich in proteins, is important for producing valuable co-

products. Protein (and starch) content can constitute up to 60% of dry weight of algae 

(Becker, 2007). This residual protein from the biomass can be used for livestock, 

poultry, and fish feed additives (Singh & Gu, 2010). It has been reported that algae 

can replace about 5-10% of conventional protein sources in poultry feed (Spolaore et 

al., 2006). Recently residual algae cake after lipid extraction has been used in large 

animal feeding trials (Hasan & Chakrabarti, 2009). However high concentrations of 

nucleic acids in algae can pose challenges for the utilization in animal feed 

applications (Zepka et al., 2010).  
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Figure 2.1 Production, harvesting and processing alternatives for algae 

 

2.3 EFFECT OF ENVIRONMENTAL FACTORS 

During photosynthesis, using only light and nutrients,  algae produce lipids, 

proteins, and carbohydrates. The relative amounts of these metabolic products are 

tightly linked to environmental and nutrient conditions including: the amount and 

intensity of sunlight; CO₂ levels; pH; temperature; available nutrients; and, the 

presence (or absence) of other organisms. Carbon, hydrogen, and oxygen are required 

non-mineral nutrients for algal growth. Macronutrients include nitrogen, phosphorus, 

sulfur, potassium and magnesium. Micronutrients such as iron and manganese are 

also required in small amounts (30-2.5 ppm) while other elements such as cobalt, 

zinc, boron, copper and molybdenum are essential trace elements (4.5-2.5 ppm) 

(Walker, 1954). Collectively, environmental conditions (especially light and 
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temperature) and the availability of non-mineral nutrients, macronutrients, and 

micronutrients, greatly influence the biochemical composition of microalgae 

(Fábregas et al., 2004; Gordillo et al., 1998a; Kalacheva et al., 2002; Morris et al., 

1974; Nakamura & Miyachi, 1982b). Other factors such as pH and the present toxic 

metals are also important factors impacting algal growth and metabolism. In general, 

all of these factors can affect photosynthesis, thus altering carbon fixation and the 

allocation of carbon into different types of macromolecules. In turn, the cell’s 

macromolecular composition determines its usefulness in biofuels production.  

2.3.1 Temperature 

Temperature is perhaps one of the most important environmental factors that 

influences algal growth rate, cell size, biochemical composition and nutrient 

requirements. In the United States, algae grow under a broad range of temperatures 

(from 15˚-40˚C), depending upon strain, region, and season. Below optimal growth 

temperatures, growth rate (μ) increases with increasing temperature but declines 

markedly above the species- or strain- specific optimum (Renaud et al., 2002). 

Growth at temperature optima results in minimal cell size (Harris, 1986; Rhee, 1982) 

and the efficiency of carbon and nitrogen utilization decreases at non-optimal 

temperatures (Darley, 1982). It has been suggested that changes in cytoplasmic 

viscosity under sub-optimal temperature conditions is responsible for less efficient 

carbon and nitrogen utilization (Hope & Walker, 1975; Raven & Geider, 1988). 

Temperature may also play a key role in photoinhibition, which is known to impact 

algal growth rate. Several mechanisms of temperature-dependent photoinhibition have 

been postulated. These include mechanisms under which: (i) low temperature results 

in reduced electron transport at a given photon flux rate due to slower rate of CO₂ 

fixation; (ii) low temperature inhibits the active oxygen species, which results in 



24 

 

 
 

reducing photoinhibition by protecting PSII; (iii) low temperature inhibits the 

synthesis of the D1 protein degraded during photoinhibition, consequently impeding 

the PSII repair cycle (Vonshak & Torzillo, 2004). 

One of the most commonly observed changes with temperature shift is the 

alteration in the level of unsaturation of fatty acids in the lipid membrane (Guschina 

& Harwood, 2009; Harwood, 2004; Thompson Jr, 1996). In a study on eight marine 

plankton species, fatty acids (14:0) increased from ~4% at 10°C to >20% at 25°C 

while PUFA were consistently higher at lower temperature (10°C) (Thompson et al., 

1992). Dunaliella salina has shown a considerable increase in fatty acid unsaturation 

in response to decrease in temperature from 30 to 12°C (Lynch & Thompson Jr, 

1982). Lower temperatures decrease the fluidity in the cell membrane. Cells then 

compensate by increasing levels of unsaturated fatty acids to increase fluidity. 

However, it also makes the membranes more susceptible to damage by free radicals 

(Nishida & Murata, 1996; Raven & Geider, 1988). Along with greater fluidity, 

increased levels of unsaturated fatty acids tend to enhance the stability of the cellular 

membranes (particularly the thylakoid membrane). This, in turn, protects the 

photosynthetic machinery from photoinhibition at low temperatures (Nishida & 

Murata, 1996). For example, in a study involving Botryococcus braunii, a green alga 

that secretes extracellular lipids, differences in lipid composition were observed at 

three different growth temperatures (18°C, 25°C, and 32°C). Intracellular lipid 

synthesis was found to be inhibited at supra-optimal temperature (32°C); 

consequently, lipid content decreased to 5% dry weight at 32°C in comparison with 

22% at 25°C. The decrease in lipid content led to an accumulation of polysaccharides. 

However, temperature did not affect the secretion of extracellular lipids (Kalacheva et 

al., 2002). Similar effects were observed in Nannochloropsis oculata and Chlorella 
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vulgaris, both of which have an optimum growth temperature of 25°C. Increasing the 

growth temperature from 20°C to 25°C doubled the lipid content (from 7.90 to 

14.92%) in N. oculata. Increase of temperature from 25°C to 30°C decreased the lipid 

content in C. vulgaris from 14.71 to 5.90% (Converti et al., 2009).  

Increasing temperature beyond the optimum reduces protein synthesis and 

consequently results in decreased growth rates (Konopka & Brock, 1978). Morris et 

al. (1974) studied the growth of alga, Phaeodactylum tricornutum, a marine diatom, 

and reported a considerable increase in protein synthesis rates at night with lower the 

temperatures (Morris et al., 1974), presumably due to the fact that protein synthesis is 

a significant component of nighttime algal metabolism (Cuhel et al., 1984). Similarly, 

Rhee and Gotham (Rhee & Gotham, 1981) observed an increase in protein 

concentration in Scenedesmus sp. with decreasing temperature. However, in this 

study, the efficiency of protein synthesis (in terms of rate of protein synthesis per unit 

RNA) was reduced upon increasing temperatures beyond the optimum. An increase in 

temperature from 20°C to 30°C in cultures of Ulva pertusa resulted in higher 

intercellular free amino acid concentrations from approximately 840 to 1810 mg/100 

g dry weight (Kakinuma et al., 2006). An increase in free amino acid concentration is 

an indicator of lower protein content. 

Temperature is also reported to impact starch content in the algal cell. Starches 

are synthesized by phosphorylated metabolites in the dark reactions of the 

photosynthesis cycle using energy-rich phosphate bonds (i.e., ATP) formed in the 

light reactions (Emerson et al., 1944). Increased temperature leads to degradation of 

the starch produced (Mitsui et al., 1977; Nakamura & Miyachi, 1982b). Enzymes that 

have been suggested to play a critical role in the temperature dependent degradation 

of starch are α-amylase and α-glucan phosphorylase (Nakamura, 1983). Nakamura 
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and Miyachi (1982) studied the effect of temperature on the starch degradation in 

Chlorella vulgaris grown autotrophically at 20°C (Nakamura & Miyachi, 1982b). 

This study reported a significant reduction in starch (17%) with concomitant increase 

in sucrose (57%), when culture was exposed to 38°C for 10 minutes after 30 minutes 

at 20°C. However, another study with Chlorella vulgaris grown autotrophically at 

38°C, reported a reduced degradation of starch at 38°C (Nakamura & Miyachi, 

1982a). This effect could be explained by noting that the starch produced at 38°C was 

not subjected to any degradation since there was no change in temperature, but the 

cultures grown at 20°C degraded the starch into sugars in response to increasing 

culture temperatures. Consistent with this reasoning, Nakamura and Imamura (1983) 

observed a reversible transformation of high-molecular-weight L starch (Amylopectin 

like molecule fraction with MW >2 x 106) to low-molecular-weight S starch 

(Amylose like molecule fraction with MW <104) at high temperatures (38°C) 

(Nakamura & Imamura, 1983).  

Temperature has a significant effect on the formation of carotenoids. 

Carotenoids absorb light energy for use in photosynthesis. They also protect 

chlorophyll from photodamage (Armstrong & Hearst, 1996). Furthermore, they play a 

vital role in the photosynthetic reaction center by either participating in the energy-

transfer process or protecting the reaction center from auto-oxidation. Carotenoid 

accumulation in algal species increases with temperature because of the increased 

oxidative and photodamaging effects noted at elevated temperatures (Liu & Lee, 

2000; Tjahjono et al., 1994; Tripathi et al., 2002). Tjahjono et al. (1994) reported 

three-fold increase in astaxanthin formation in green alga Haematococcus pluvialis 

with an increase in cultivation temperature from 20 to 30°C (Tjahjono et al., 1994). 

These results were confirmed by another study on a different green alga, 
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Chlorococcum sp., in which a two fold increase in total carotenoid content was 

observed by raising the temperature from 20°C to 35°C under conditions of nitrogen 

deprivation (Liu & Lee, 2000). Increase in carotenoid formation with increasing 

temperature is generally attributed to cellular response to enhanced active free oxygen 

radical formation (Tjahjono et al., 1994) or increased biosynthetic enzyme activity 

(Liu & Lee, 2000).  

2.3.2 Light 

Light is the energy source during photoautotrophic growth phase and 

organisms use light energy to convert carbon dioxide to organic compounds - 

especially, sugars. The range of light intensity in US varies from 1500 to 8500 

Wh/m2/day with strong regional and seasonal dependence . Light intensity effects 

growth of algae through its impact on photosynthesis (Stockenreiter et al., 2013). 

Although rate of growth under increasing light intensity is a function of strain and 

culture temperature, the growth rate of algae is maximal at saturation intensity and 

decreases with both increase or decrease in light intensity (Sorokin & Krauss, 1958). 

The photoadaptation/photoacclimation process in algae leads to changes in cell 

properties according to the availability of light and an increase in photosynthetic 

efficiency (Dubinsky et al., 1995). Adaptation can occur through multiple 

mechanisms such as changes in types and quantities of pigments, growth rate, dark 

respiration rate or the availability of essential fatty acids (Fábregas et al., 2004). 

Morphological photoacclimation is accompanied by changes in cell volume and the 

number and density of thylakoid membranes (Berner et al., 1989). Algae overcome 

light limitation by desaturation of chloroplast membranes (Mock & Kroon, 2002). 

Light intensity increase above saturating limits causes photoinhibition (Gordillo et al., 

1998a; You & Barnett, 2004). This is due to the disruption of the chloroplast lamellae 
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caused by high light intensity (Brody & Vatter, 1959) and inactivation of enzymes 

involved in carbon dioxide fixation (Iqbal & Zafar, 1993). For example, growth rate 

of Dunaliella viridis decreased to 63% with increase in light intensity from 700 to 

1500 µmol·m-2·s-1 (Gordillo et al., 1998a). 

Light intensity also affects the cellular composition of algae. Dunaliela 

tertiolecta exhibits a decrease in protein content and an increase in the lipid fraction 

with increasing light intensities up to saturation (Cuhel et al., 1984). Similar results 

were reported by Morris et al. (1974) in a study on the marine diatom, Phaeodactylum 

tricornutum, in which low light (400 lux at the culture surface) led to an increase in 

the rate of protein synthesis (Morris et al., 1974). Low light intensity has been 

observed to result in higher protein content while high photon flux density (PFD) 

results in increased extracellular polysaccharide content (Iqbal & Zafar, 1993). 

Absence of light was observed to increase the total lipid content of the D. virdis but 

reduce triglycerides, free fatty acids, free alcohols and sterols (Smith et al., 1993). In 

Nannochloropsis sp., grown under low light conditions (35 µE·m-2·s-1), 40% of the 

total lipids were found to be galactolipids and 26% were found to be triacylglycerols. 

In the same system, high light (550 µE·m-2·s-1) conditions resulted in an increased 

synthesis of triacylglycerol with a reduction in galactolipid synthesis (Sukenik et al., 

1989). High light, in general, leads to oxidative damage of polyunsaturated fatty acids 

(PUFA). Numerous studies have suggested that the cellular lipid content and PUFA 

decrease with increase in light intensity (Cohen, 1999; Orcutt & Patterson, 1974; 

Renaud et al., 1991). Conversely, Nannochloropsis cells under low light conditions 

were characterized by high lipid content and high proportions of eicosapentaenoic 

acid (EPA; 5,8,11,14,17-icosapentanoic acid) (Sukenik et al., 1989). Confirming this 

observed trend, another study on the same species reported an increase in unsaturated 
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fatty acids mainly due to an increase in EPA (44.3 to 60.7% of the organic content) 

and a decrease in protein content, with decreasing irradiance (Fábregas et al., 2004). 

Increase in PUFA under light-limited growth conditions are coupled with an increase 

in total thylakoid membrane in the cell (Berner et al., 1989). However, there are some 

contradictory studies in which PUFA levels were observed to be increasing with 

higher light intensity (Molina Grima et al., 1999). This difference in response to 

environmental conditions by different alga may be related to difference in their 

metabolic pathways. Increase in oxygen-mediated lipid desaturation could be one 

potential reason for the observed increase in PUFA levels under conditions of higher 

light intensity (Molina Grima et al., 1999). 

In addition to total light intensity, light cycles and the spectral composition of 

incident light impact algae. For example, Wu and Merchuk (Wu & Merchuk, 2001) 

investigated the effect of light and dark cycles on the growth of algae and observed 

that with increasing photon flux density (PFD), specific growth rate increases up to a 

certain threshold PFD value after which a decline in growth rate was observed. 

Sustained high light intensities have also been reported to cause photoinhibition and 

reduce light utilization efficiency. Light utilization efficiency may be optimized by 

prolonging the dark period under conditions of high light intensity. This allows the 

photosynthesis machinery in the cell to fully utilize captured photons and convert 

them into chemical energy thus avoiding the effects of photoinhibiton (Long et al., 

1994).  

Since the energy content of near-ultraviolet (300-400nm) and blue light (400-

480nm) is greater than that of red light (620-750nm), fewer photons of blue light are 

required to achieve an equivalent magnitude of energy intensity using red light. In 

addition to differences in the energy intensity, specific components of light are known 
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to impact the cellular regulatory processes including: chlorophyll synthesis, 

photodamage repair, and cell division. For example, blue light was shown to be 

essential for the division of Chlamydomonas reinhardtii cells (Voigt & Münzner, 

1994). Evidence for the influence of blue light on short-term growth rate is equivocal 

(Borodin, 2008). It has been observed that blue and red light can help to increase 

growth and polysaccharide production (You & Barnett, 2004). Emerson and Lewis 

also reported blue and red light to be the most effective for photosynthesis of 

Chlorella (Emerson & Lewis, 1943a). Miyachi and Kamiya (1978) studied the starch 

formation in Chlorella vulgaris under blue (456 nm) and red (660 nm) light. They 

reported that the carbon pathway in photosynthesis is regulated by short wavelength 

light (blue), even under low intensity (Miyachi & Kamiya, 1978). Red light of high 

intensity was observed to incorporate carbon from CO₂ into sucrose and starch 

synthesis pathways. However, superimposition of monochromatic blue light even at 

low intensities resulted in a significant decrease in sucrose and starch formation along 

with increasing levels of alanine, aspartate, glutamate, glutamine, malate, citrate, 

lipids and the alcohol-water-insoluble non-carbohydrate fraction (Miyachi & Kamiya, 

1978).  

Ultraviolet light (UV; 215-400nm) adversely affects the algal primarily due to 

the damage to the photosynthetic machinery in the cells. UV-B (215-380nm) causes 

more damage to the cells compared to UV-A radiation (380-400nm) even at similar 

intensities (Fernanda Pessoa, 2012). The UV-B radiation causes direct damage to 

cellular DNA, UV-A damage is limited to indirect damage through enhance 

production of reactive oxygen and hydroxyl radicals. At moderate levels, UV-A may 

stimulate photosynthesis while UV-B has a negative effect of photosynthesis 

irrespective of the intensity. Some of the response of the algae to minimize the 
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damage caused by UV radiation includes migration, development of protective cell 

walls, increased synthesis of carotenoids and other pigments (Fernanda Pessoa, 2012; 

Rastogi & Incharoensadki, 2013; Xue et al., 2005).  

2.3.3 pH 

One of the most important factors in algal cultivation is pH since it determines 

the solubility and availability of CO₂ and essential nutrients, and because it can have a 

significant impact on algal metabolism (Chen & Durbin, 1994; Goldman, 1973). Due 

to uptake of inorganic carbon by algae, pH can rise significantly in algal cultures 

(Hansen, 2002). Maximum algal growth occurs around neutral pH, although optimum 

pH is the initial culture pH at which an alga is adapted to grow. Changing pH in 

media may limit algal growth via metabolic inhibition (Goldman et al., 1982). Pruder 

and Bolton (1979) observed that T. pseudonana cells adapted to low pH (6.5) had 

lower growth rate at sub-optimal pH (8.8) (Pruder & Bolton, 1979). Normal growth 

rate was restored after the pH was lowered by addition of HCl. Similar results were 

reported by Chen and Durbin (1994), where photosynthetic rate and algal growth was 

minimal at pH 9.0, but carbon uptake rates were enhanced when the pH was lowered 

to 8.3 (Chen & Durbin, 1994).  

Notably, pH is the major determining factor of relative concentrations of the 

carbonaceous species in water (Azov, 1982). Higher pH limits the availability of 

carbon from CO₂, which, in turn, suppresses algal growth (Azov, 1982; Chen & 

Durbin, 1994). At higher pH, the carbon for algae is available in form of carbonates 

(Nielsen, 1975). Higher pH also lowers the affinity of algae to free CO₂ (Azov, 1982; 

Rotatore & Colman, 1991). In photoautotrophic cultures, replacement of CO2 taken 

up for photosynthesis is slower resulting in a decrease of CO₂ partial pressure and 

thus leading to an increase in pH (Pruder & Bolton, 1979). Alkaline pH increases the 



32 

 

 
 

flexibility of the cell wall of mother cells, which prevents its rupture and inhibits 

autospore release, thus increasing the time for cell cycle completion (Guckert & 

Cooksey, 1990). Alkaline pH indirectly results in an increase in triglyceride 

accumulation but a decrease in membrane-associated polar lipids because of cell cycle 

inhibition. Membrane lipids in Chlorella were observed to be less unsaturated under 

conditions of alkaline pH (Guckert & Cooksey, 1990). 

Similar to alkaline pH, acidic conditions can alter nutrient uptake (Gensemer 

et al., 1993) or induce metal toxicity (Anderson & Morel, 1978; Sunda, 1975) and 

thus affect algal growth. As previously stated, most species of algae grow maximally 

around neutral pH (7.0-7.6). This has been observed in studies of Ceratium lineatum, 

Heterocapsa triquetra and Prorocentrum minimum (Hansen, 2002) and 

Chlamydomonas applanata (Visviki & Santikul, 2000). Visviki and Santikul (2000) 

studied the growth of Chlamydomonas applanata within a pH range 1.4 to 8.4 with 1 

point increments (Visviki & Santikul, 2000). No growth was observed from pH 1.4 to 

3.4, above which tolerance of pH in C. applanata was observed (with optimum 

growth observed at 7.4). Exponential growth was observed for up to five days at pH 

5.4 to 8.4, but maximum growth was achieved at pH 7.4. In a study on 

Chlamydomonas acidophila at pH 4.4, it was observed that hydrogen ions denature V-

lysin, a proteolytic enzyme that facilitates releasing of daughter cells from within the 

parental wall (Visviki & Palladino, 2001). Hargreaves and Whitton (1976) studied the 

effects of low pH on the morphology of five algal species (Hargreaves & Whitton, 

1976). Acidic conditions (pH 1.3-1.5) were observed to limit the motility of cells in 

Chlamydomonas applanata var. acidophila and Euglena mutabilis. Coleman and 

Colman (1981) studied the effect of external pH on photosynthesis of Coccochloris 

peniocystis and found a significant decrease in total accumulated carbon and oxygen 
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evolution at pH 5.0 and 6.0, which suggested the reduction in photosynthesis in this 

cyanobacteria (blue-green alga) at these pH ranges (Coleman & Colman, 1981). 

Maintenance of neutral intracellular pH in an acidic pH external environment would 

require an expenditure of energy to pump protons out of the cell (Terry & Abadía, 

1986). On the other hand, acid-tolerant algae such as Chlorella saccharophila (Gehl 

& Colman, 1985) and Euglena mutabilis (Lane & Burris, 1981) can change 

intracellular pH in response to changing external pH. In Chlorella saccharophila, an 

internal pH of 7.3 was maintained for an external pH range of 5.0-7.5; however, 

decreasing the pH further to 3.0 caused a decrease in cellular pH to 6.4 (Gehl & 

Colman, 1985). Similarly, Euglena mutabilis exhibited an internal pH range from 5.0 

(at low external pH<3.0) to 8.0 (at high external pH>9.0) (Lane & Burris, 1981). The 

energy required to maintain internal pH in these acid-tolerant algae is conserved as 

the internal pH goes down. This may be a mechanism for maintaining cellular 

metabolism such that algal growth is not drastically affected under acidic conditions 

(Gehl & Colman, 1985). Such a mechanism would endow acid-tolerant algae with the 

ability to adjust internal pH in response to external pH fluctuations, thereby, 

maintaining an energy advantage over acid-intolerant species at low external pH.  

Some algae such as Dunaleilla acidophila adapt to acidic conditions in growth 

media by accumulating glycerol to prevent osmotic imbalance caused by high 

concentrations of H₂SO₄ (Fuggi et al., 1988) while other species such as 

Chlamydomonas sp. and Pinnilaria braunii var. amplicephala (an acidophilic diatom)  

accumulate storage lipids such as triacylglycerides under highly acidic conditions (pH 

1)(Tatsuzawa et al., 1996). Another adaptation observed under acidic conditions is an 

increase in saturated fatty acid content, which reduces membrane fluidity and inhibits 

high proton concentrations (Tatsuzawa et al., 1996). Such adaptation was reported in 
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a Chlamydomonas sp., in which total fatty acid content increased from 2% at pH 7 to 

2.4% at pH 2.7, a modest but statistically significant increase (Poerschmann et al., 

2004).  

Under alkaline conditions whereby the extracellular pH is higher than 

intracellular pH, the cell must rely on active transport of HCO₃- and not on passive 

flux of CO₂- for inorganic carbon accumulation (Azov, 1982; Moazami-Goudarzi & 

Colman, 2012). Affinity of algae for CO₂ increases at lower pH (Azov, 1982; 

Rotatore & Colman, 1991). Moroney and Tolbert (1985) studied the effects of pH on 

carbon uptake of Chlamydomonas reinhardtii (Moroney & Tolbert, 1985). They 

reported an efficient utilization of CO₂ for photosynthesis at lower pH (<6.95). 

However, at high external pH (6.95-9.5), where HCO3
- dominates, algae cannot 

efficiently accumulate carbon and require high supply of carbonates for maintaining 

photosynthetic activity. In more acidic environments,where the internal pH exceeds 

that of the surrounding medium and where CO₂ comprises a major portion of the total 

external inorganic carbon, carbon accumulation is thought to be accomplished by the 

passive movement of CO₂ along a pH gradient into the cell or chloroplast (Colman et 

al., 2002; Ramanan et al., 2012). 

2.3.4 Salinity 

Salinity is another important factor that alters the biochemical composition of 

algal cells (salinity refers primarily to sodium chloride concentration unless otherwise 

specified). Exposing algae to lower or higher salinity levels than their natural (or 

adapted) levels can change growth rate and alter composition. For example, higher 

salinity increases the algae lipid content (Ben-Amotz et al., 1985; Fabregas et al., 

1984; Renaud & Parry, 1994; Zhila et al., 2011). Dunaliella, a marine alga, exhibited 

an increase in saturated and monounsaturated fatty acids with an increase in NaCl 
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concentration from 0.4M to 4M (Xu & Beardall, 1997). In another study with 

Dunaliella tertiolecta, an increase in intracellular lipids (60% to 67%) and triglyceride 

concentration (40% to 56%) with an increase in NaCl concentration from 0.5M 

(freshwater concentration) to 1.0M was observed (Takagi & Yoshida, 2006). 

Increasing the NaCl level in cultures of Botryococcus braunii, a fresh water alga, 

showed an increase in growth rate, carbohydrate content, and lipid content; however, 

the greatest biomass concentration was achieved at the lowest salinity level (Rao et 

al., 2007). These results are supported by another study in which lipid content of 

Botryococcus braunii grown in 0.50M NaCl was higher compared to media without 

NaCl addition, but protein, carbohydrates, and pigments levels were lower (Ben-

Amotz et al., 1985). Another study with the same alga reported a decrease in protein 

content with unchanged carbohydrate and lipid content with an increase in salinity 

(Vazquez-Duhalt & Arredondo-Vega, 1991). This study also reported reduced growth 

at higher salinities, which may have been due to an inability of the alga to adapt to 

high salinity. A study with Tetraselmis suecica also reported reduction in protein 

content per cell of up to 20% with increasing salinity (Fabregas et al., 1984).  

2.3.5 Nutrients 

Considerable variation in the biochemical composition under conditions of 

nutrient limitation can be observed in algae depending upon which nutrient is limited 

and to what degree. In general, the growth rate of algae is proportional to the uptake 

rate of the most limiting nutrient under optimal conditions of temperature and pH and 

is generally described by Michaelis-Menten equation (Titman, 1976).  

Nitrogen and phosphate are two important macronutrients for growth and 

metabolism of algal cells. Nitrogen is a fundamental element for the formation of 

proteins and nucleic acids. Being an integral part of essential molecules such as ATP 
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(adenosine triphosphate), the energy carrier in cells, phosphate is another very 

important nutrient. Phosphate is also a part of the backbone of DNA and RNA, which 

are essential macromolecules for all living cells. Phosphorus is also a key component 

of phospholipids. It is not unusual for algae to become nutrient-limited (i.e., nitrogen- 

and phosphorus-limited) in the natural environment (Harris, 1986). Limitation of 

these key nutrients shifts the metabolic pathway of the organism. For example, 

nitrogen and phosphorus starvation shifts the lipid metabolism from membrane lipid 

synthesis to neutral lipid storage. This, in turn, increases the total lipid content of 

green algae (Hu, 2004). Specific effects of major nutrients are discussed below. 

Carbon:  Carbon, hydrogen, and oxygen are three essential non-mineral 

nutrients. Abundance of hydrogen and oxygen in the media for algae cultures means 

that their availability is not a challenge to cellular growth or metabolism. Carbon is 

one of the other major nutrients that must be supplied. It is essential for 

photosynthesis and hence algal growth and reproduction. Carbon fixed by the algae 

can end up in three destinations; it will either be used: (a) for respiration; (b) as an 

energy source; or, (c) as a raw material in the formation of additional cells (Berman-

Frank & Dubinsky, 1999). Reduced carbon fixation rate implies a reduction in algal 

growth rate. Algae require an inorganic carbon source to perform photosynthesis. 

Carbon can be utilized in the form of CO₂, carbonate, or bicarbonate for autotrophic 

growth and in form of acetate or glucose for heterotrophic growth. CO₂ in water may 

be present in any of these forms depending upon pH, temperature and nutrient 

content.  

CO₂ + H₂ ‹—› H₂CO₃ ‹—› H+ + HCO₃- ‹—› 2H+ + CO₃2-   (2.1) 

With an increase in pH, carbonate increases while molecular CO₂ and 

bicarbonate decrease (Chen & Durbin, 1994). At the average pH of seawater (8.2), 
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90% of the total CO₂ is present in the form of HCO₃-; only 1% exists as molecular 

CO₂ and the rest is bicarbonate (Moss, 1973; Nielsen, 1975).  

Riebesell et al. (2000) studied the effect of CO₂ concentration on lipid 

distribution in Emiliania huxleyi (Riebesell et al., 2000). A significant effect of CO₂ 

on the composition of the polyunsaturated fatty acids and alkenones was reported. 

Specifically, lower CO₂ concentrations led to an increase in 22:6(n-3) PUFA, whereas 

14:0 fatty acids were found to be predominant at higher CO₂ concentrations. Along 

with the change in composition, increased CO₂ was also observed to increase the 

amount of fatty acid accumulation in Dunaliella salina (Muradyan et al., 2004). 

Similar increase in fatty acid content and unsaturation with increase in CO₂ 

concentrations were reported by Tsuzuki et al. (1990) (Tsuzuki et al., 1990). Another 

study with the cyanobacterium Spirulina platensis reported that elevated CO₂ 

concentrations decrease relative concentrations of proteins and pigments in the cells 

but increase carbohydrate content. This change in the cell composition was 

accompanied by reduction in the maximum biomass yield (Gordillo et al., 1998b). 

Nitrogen:  Nitrogen is an essential constituent of all structural and functional 

proteins in the algal cells and accounts for 7-20% of cell dry weight (Hu, 2004). 

Inorganic nitrogen taken up by algae is rapidly assimilated into biochemically active 

compounds and recycled within cells to meet changing physiological needs (Fujita et 

al., 1988; Vergara et al., 1995). Major effects of nitrogen deficiency in algal culture 

include the enhanced biosynthesis and accumulation of lipids (Converti et al., 2009; 

Demirbas, 2010; Shifrin & Chisholm, 1981; Thompson Jr, 1996; Wang et al., 2009) 

and triglycerides (Stephenson et al., 2010; Takagi et al., 2000) with a concomitant 

reduction in protein content (Fogg, 1956; Heraud et al., 2005; Holm-Hansen et al., 

1959; Kilham et al., 1997; Lynn et al., 2000; Morris et al., 1974). This, in turn, results 
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in a higher lipid/protein ratio (Converti et al., 2009) at the expense of growth rate (Li 

et al., 2008). Thus, attempts to increase lipid concentration via nitrogen limitation 

must be carefully evaluated to ensure high lipid productivity (Metting Jr, 1996). Algae 

grown in nitrogen-depleted cultures also tend to divert their photosynthetically fixed 

carbon to carbohydrate synthesis (Hu, 2004); however, the physical significance of 

this is not clear. Other effects of nitrogen reduction include decrease in oxygen 

evolution, carbon dioxide fixation, chlorophyll content, and tissue production (Kolber 

et al., 1988; Richardson et al., 1969). Holm-Hansen et al. (1959) reported an increase 

in amino acid content of Chlorella pyrenoidosa at the expense of sugar phosphates 

(such as glucose-6-phosphate, fructose-6-phosphate) with addition of ammonium 

(nitrogen source) to the growing culture (Holm-Hansen et al., 1959).  

Degradation of phycolbillisomes with nitrogen limitation has been 

demonstrated in the case of cyanobacteria and red alga (Collier & Grossman, 1992). 

Phycolbillisomes are the light harvesting antennae of photosystem II in these algae. 

Photosynthesis continues at a reduced rate, until cell nitrogen falls below a particular 

species-dependent threshold value. Under nitrogen deficient conditions, Spiriluna 

platensis cells exhibit reduced carbon fixation capacity even under normal to high 

available CO₂ concentrations (Gordillo et al., 1998b). Nitrogen starvation also alters 

the enzyme balance of cells, resulting in the synthesis of lipids and a decrease in 

chlorophyll synthesis leading to excess carotenoids in the cells (Round, 1984). 

Dunaliella sp. and Haematococcus pluvialis are observed to accumulate high amounts 

of carotenoids, astaxanthin and its acylesters (up to 13 % w/w), when grown under 

nitrogen-depleting conditions (Ben-Amotz & Avron, 1990; Borowitzka et al., 1991; 

Harker et al., 1996). Zhekisheva et al. (2002) reported that under nitrogen depleting 

conditions, Haematococcus pluvialis produced fatty acids and astaxanthin in a 5:1 
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ratio (Zhekisheva et al., 2002). It was suggested that the production of the oleic acid-

rich triacylglycerols and the esterification of the astaxanthin, maintain a high content 

of astaxanthin esters by enabling the oil globules.  

Phosphorus.  Phosphorus is an important component required for normal 

growth and development of algal cells (Hu, 2004). It has been shown that phosphorus, 

rather than nitrogen, is the primary limiting nutrient for microalgae in many natural 

environments (Larned, 1998). Phosphorus typically constitutes 1% of dry weight of 

algae (Borchardt & Azad, 1968), but it may be required in significant excess since not 

all added phosphate is bioavailable due to formation of complexes with metal ions 

(Chisti, 2007). Immediate effects of phosphorus limitation include a reduction in the 

synthesis and regeneration of substrates in the Calvin-Benson cycle and a 

consequential reduction in the rate of light utilization required for carbon fixation 

(Barsanti & Gualtieri, 2006).  

Phosphorus limitation also leads to accumulation of lipids. Total lipid content 

in Scenedesmus sp. was observed to increase from 23% to 53% with a reduction in 

initial total phosphorus (as phosphate) concentration of 0.1 from 2.0 mg L-1 (Xin et al., 

2010). Phosphatidylglycerol (PG), which is one of four major glycerolipids constituting 

membrane lipids in chloroplasts, was observed to decrease with phosphorus limitation 

in Chlamydomonas reinhartdtii (Sato et al., 2000). PG is essential for cell growth, the 

maintenance of chlorophyll-protein complex levels, and normal structure-function of 

the PSII complex. Total acidic lipid (such as sulphoquinovosyldiacylglycerol and PG) 

content of the chloroplast did not change significantly since a decrease in one acidic 

lipid was accompanied by an increase in another acidic lipid (Sato et al., 2000). 

Phosphate limitation also reduces the synthesis of n-3 polyunsaturated fatty acids 

(Reitan et al., 1994). 
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Similar to the effects of nitrogen deficiency, phosphorus starvation reduces 

chlorophyll a and protein content thereby increasing the relative carbohydrate content 

in algal cells (Healey, 1982; Healey & Hendzel, 1979; Kilham et al., 1997). Phosphate 

deficiency has been demonstrated to result in accumulation of astaxanthin and an 

overall reduction in cell growth (Kobayashi et al., 1993). A decrease in cellular 

phycobilisome under conditions of phosphorus deficiency (due to cell division and the 

cessation of phycobilisomes synthesis) has also be shown (Collier & Grossman, 

1992). Theodorou et al. (1991) observed that phosphorus starvation in Selenastrum 

minutum reduces respiration rate (Theodorou et al., 1991). 

Trace Metals:  Trace metals are metals present in algal cells in extremely 

small quantities (<4 ppm) but that are an essential component of phycophysiology. 

Iron (Fe), manganese (Mn), cobalt (Co), zinc (Zn), copper (Cu) and nickel (Ni) are the 

six most important trace metals required by algae for various metabolic functions 

(Bruland et al., 1991). As the aqueous concentration of trace metals is not an indicator 

of the bioavailability of metals, trace metal availability to algae is highly dependent 

on speciation (free ion concentration) (Parent et al., 1996). Deficiencies in trace 

metals can limit algal growth, whereas excesses or high metal concentrations (above 

the toxicity threshold) may inhibit growth, impair photosynthesis, deplete 

antioxidants, and damage the cell membrane. 

Iron is an important trace metal for normal growth and functioning of 

photosynthesis and respiration in algae. It acts as redox catalyst in photosynthesis and 

nitrogen assimilation and mediates electron transport reactions in photosynthetic 

organisms(Terry & Abadía, 1986). Iron limitation significantly depresses 

photosynthetic electron transfer, resulting in a reduction in NADPH formation. 

Reduction in iron decreases the cellular abundance of ferredoxin, which contains Fe, 
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and forces the substitution of flavodoxin, a non-iron functional equivalent, in the cell 

(McKay et al., 1999; Roche et al., 1993; Sandmann & Malkin, 1983; Straus, 2004). 

Since the catalytic capacity of ferredoxin is much higher than flavodoxin, this can be 

problematic (Raven, 1984). Iron limitation also reduces cellular chlorophyll 

concentration (Greene et al., 1992). High concentrations of iron in cultures of 

Chlorella vulgaris were observed to increase the lipid content (Liu et al., 2008). 

Decrease in iron content reduces carotenoid composition (Kobayashi et al., 1993; van 

Leeuwe & Stefels, 1998).  

While there are some non-essential metals (e.g., Cd, Pb and Cr), which can 

inhibit many metabolic processes even in small quantities (Kennish, 1992), there are 

some essential elements (e.g., Zn and Cu) which when in excess can cause toxicity 

(Campanella et al., 2001). The cell surfaces of algae contain a number of functional 

groups with high affinity for metal ions and that carry a net negative charge mainly 

due to carboxylic, sulfhydryl, and phosphatic groups (Crist et al., 1990). These groups 

are binding sites that transport metal ions across the cell membrane and into the cell. 

Cu, Ni and Fe are metals that are commonly observed to be toxic to the algae, if 

present in supra-threshold concentrations. Cu is one of the most toxic of these metals. 

Toxic metals can inhibit carbon fixation and delay nutrient uptake (Rai & Mallick, 

1993). Copper ions were observed to inhibit both cell division and photosynthesis in 

Asgerionella glacialis (marine diatom) and Chlorella pyrenoidosa (freshwater alga) 

(Stauber & Florence, 1987). Metal toxicity in algae is observed to be a pH-dependent 

effect, possibly due to the “competition between H+ and free metal cations for cellular 

binding sites”. For example, copper toxicity was observed to increase 76-fold from 

pH 5.0-6.5 for the green alga Scenedesmus quadricauda (Peterson et al., 1984).   

Cadmium (Cd) is particularly toxic to algal cells. Although Cd has no biological 
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significance in a living cell, it is taken up by marine cells in the form of complexes 

with organic matter and is absorbed onto organic matter and inorganic matter in ionic 

form (Wong et al., 1979). Cd is inhibits phosphorus uptake, which is also a pH-

dependent phenomena. This toxic effect increases in the pH range of 5.5–8.5 

(Peterson et al., 1984). Zinc is also a toxic metal which is rapidly taken up by the 

algae and is incorporated primarily into polysaccharide and nucleic acid fractions 

(Wong & Chau, 1990).  

2.4 INTERACTION AMONG ENVIRONMENTAL FACTORS 

Environmental factors may influence other systems factors related to algal 

growth or cellular composition. For example, increase in temperature can lead to 

reductions in nutrient availability (Sterner & Grover, 1998). Such interaction effects 

have been observed in many studies and could underlie contradictory results between 

some studies. For example, in a study on phytoplankton in Antarctic Ocean, Smith 

and Morris (1981) reported that at higher temperatures phytoplankton incorporate 

more carbon into the protein fraction with a concomitant reduction in lipids (Smith & 

Morris, 1980). To the contrary, Morris et al. (1974) reported an increase in the protein 

fraction of P. tricornutum at low temperatures (Morris et al., 1974). This variability 

could be due to the species-specific effects, differences in light intensity, and/or 

differences in the primary growth conditions.  

In another study, Kudo et al. (2000) observed the effect of iron stress on 

growth rate and cellular composition of the marine diatom Phaeodactylum 

tricornutum, over the temperature range of 5-30°C (Kudo et al., 2000). (Note that the 

optimum temperature for growth of P. tricornutum was 20°C). The growth rate of Fe-

stressed cells was 50% of Fe-replete cell growth rate at the optimum growth 

temperature. Differences in growth rates diverged significantly at suboptimum 
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temperatures. It was also reported that at optimal temperature, the C:N ratio in the cell 

decreased by about 5% in cells induced with an iron stress (2µM to 2nM Fe). 

However, an increase of about 4% was demonstrated with the same transition in iron 

concentration but at a lower temperature (10°C).  

Algal growth rates are also affected by light-by-nutrient interactions. Cloern et 

al. (1995) developed a model of phytoplankton chlorophyll – specifically, carbon ratio 

as a function of light and nutrients (Cloern et al., 1995). The model suggests an 

increase in growth efficiency with nutrient availability under low light conditions. 

Morgan and Kalff (1979) studied the interaction of temperature and light on the 

growth of Cryptomonas erosa under nutrient saturated conditions (Morgan & Kalff, 

1979). Results indicated that algal carbon uptake capacity is reduced by 85% with a 

90% reduction in light at 23.5°C compared to 71% with light reduction of 82% at 

4°C. At 4°C and 1.792 µE·m-2·s-1 light intensity, or 1°C and 0.32 µE·m-2·s-1, cell 

division was strongly inhibited. Another study on the interaction effects of light and 

temperature using Chlorella pyrenoidosa showed an increased saturation light 

intensity for algal growth at higher temperatures compared to lower temperatures. For 

higher temperatures, this alga exhibited a higher growth rate even at higher light 

intensities. The limitation on growth of algae under low temperature and high light 

intensity conditions is through effects on photosynthesis (Sorokin & Krauss, 1962).  

Converti et al. (2009) studied the effects of temperature and nitrogen 

concentration on cell growth and lipid content in two strains of algae - Chlorella 

vulgaris and Nannochloropsis oculata (Converti et al., 2009). Reducing the nitrate 

concentrations in the growth media by 75% (1.5 to 0.375 gL-1 for Chlorella vulgaris 

and 0.3 to 0.075 L-1 for Nannochloropsis oculata), lipid accumulation tripled and 

doubled respectively, with only a small reduction in growth rate at optimal growth 
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temperature. This result indicates that it may be possible to achieve higher lipid 

productivity for biofuels production by employing nitrogen limitation with fine 

temperature control. Interactions between salinity and nutrient concentrations (i.e., 

NaNO₃) for a salt-tolerant alga, Tetraselmis suecica, were also reported (Fabregas et 

al., 1984). Optimum growth conditions were found at high salinity (25-35%) and low 

nutrient concentrations (2, 4, and 8 mM NaNO₃). It was also reported that the total 

protein and protein content per cell increased with increase in salinity at constant 

nutrient concentration. Furthermore, a decrease in protein content was observed with 

increase in nitrate concentration at constant salinity. The transformation of nitrate to 

protein increased with the salinity and decreased with increasing nitrate 

concentrations. 

 High light (300 µE·m-2·s-1) with warm temperatures (22°C) was observed to 

promote carbon fixation since this pathway acts as a sink for energy in conjunction 

with NO3
- reduction pathways, which dissipate excess light energy. Confirming this 

hypothesis, a change in nitrogen source from NO3
- to NH4

+ controlling for light and 

temperature resulted in an increase of photorespiration, which is also a sink for excess 

energy. On the contrary, high light intensity (300 µE·m-2·s-1) and lower temperatures 

(12°C) with NO3
- as the nitrogen source resulted in increased energy dissipation by 

means of photorespiration and NO3
- reduction (rather than via diversion to cellular 

carbohydrates). It was postulated that this result is due to lower carbon flows through 

the Calvin cycle at lower temperatures; in turn, this necessitates dissipation of the 

excess energy via photorespiration and NO3
- reduction. Synergistic interaction effects 

of light, temperature, and nitrogen source on the transcription of five genes that are 

central to the carbon and nitrogen metabolism pathways in Thalassiosira pseudonana 

were also demonstrated (Parker & Armbrust, 2005). 
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The effects of environmental factors on biochemical composition of algae are 

summarized in Table 2. These results suggest that past growth conditions, interaction 

effects of various nutrients and environmental factors are all important to attain a 

thorough understanding of the behavior of algal cells in large-scale systems.  

2.5 CONCLUSIONS  

2.5.1 Algae as a Sustainable Biofuel Source 

For the success of any sustainable biofuel, there are three principal 

considerations: technical feasibility; economic viability; and, resource sustainability. 

Algal-based biofuel is technically feasible. However, to date, economic viability has 

not been achieved. Furthermore, resource sustainability, in terms of land, water, 

nutrient and energy utilization, must be meticulously quantified for each type of 

production system in order for the feedstock to be considered truly “sustainable”. 

With large-scale biofuel production processes, this water-energy-nutrient nexus is the 

subject of significant consideration and debate. 
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Table 2.2 Summary of general impact of environmental factors on biochemical composition of algae 

Factor Organism Conditions Biochemical changes observed Reference 

Temperature 

Botryccoccus 

braunii 
Increased from 25 to 32°C 

 Decrease in intracellular lipid content from 22% to 

5% wt. 

 Accumulation of polysaccharides 

(Kalacheva et 

al., 2002) 

Chlorella 

vulgaris 

Increased from 20 to 38°C  Decrease in starch resulting in increase in sucrose 

(Nakamura & 

Miyachi, 

1982b) 

Increased from 10 to 38°C 

 Transformation of L starch (high molecular 

weight) to S starch (low molecular weight) 

 Reversible with temperature 

(Nakamura & 

Imamura, 

1983) 

Haematococcus 

pluvialis 
Increased from 20 to 30°C  3-fold increase in astaxanthin formation 

(Tjahjono et 

al., 1994) 

Chlorococcum 

sp. 

Temperature increase from 20-

35°C under nitrogen deprivation  
 Two fold increase in total carotenoid content 

(Liu & Lee, 

2000) 

Nitella 

mucronata 

Miquel. 

Increased from 5 to 20°C  Increase in velocity of cytoplasmic streaming 
(Raven & 

Geider, 1988) 

Light 

Dunaliella virdis Darkness (No light) 
 Increase in total lipid content 

 Decrease in free fatty acids, alcohol, sterol 

(Gordillo et 

al., 1998a) 

Nannochloropsis 

sp. 
Light limited conditions 

 Increase in lipid content 

 Increase in EPA* proportions 

(Sukenik et 

al., 1989) 

Porphyridium 

cruentum 
Red light 

 Enhanced Photosystem II relative to Photosystem I 

and phycobilisome 

(Cunningham 

Jr et al., 1990) 

Red light  Increase in sucrose and starch formation 
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Chlorella 

vulgaris 
Blue light 

 Increase in lipid fraction and alcohol-water 

insoluble non carbohydrate fraction 

(Miyachi & 

Kamiya, 

1978) 

pH 

Chlamydomonas 

acidophila 
pH 4.4  Denaturation of V-lysin 

(Visviki & 

Palladino, 

2001) 

Coccochloris 

peniocystis 

pH decreased from 7.0 to5.0 and 

6.0 
 Decrease in total accumulated carbon and oxygen 

evolution 

(Coleman & 

Colman, 

1981) 

Nitrogen 

Nannochloropsis 

oculata 
75% decrease in Nitrogen  Increase in lipid synthesis from 7.90 to 15.31% 

(Converti et 

al., 2009) 

Phaeodactylum 

tricornutum 
Nitrogen limitation 

 Increase in lipid synthesis 

 Decrease in protein content 

(Morris et al., 

1974) 

Chlorella 

vulgaris 
75% decrease in Nitrogen 

 Increase in lipid synthesis from 5.90 to 16.41% 

 

(Converti et 

al., 2009) 

Haematococcus 

pluvialis 
Nitrogen limitation  Increase in carotenoid formation (13% w/w) 

(Borowitzka 

et al., 1991) 

Phosphorus 

Chlamydomonas 

reinhardtii 
Limitation  Decrease in phosphatidylglycerol 

(Sato et al., 

2000) 

Ankistrodesmus 

falcatus 
Limitation 

 Decrease in chl a and protein 

 Increase in carbohydrate and lipids 

(Healey, 

1982; Healey 

& Hendzel, 

1979; Kilham 

et al., 1997) 

Selenastrum 

minutum 
Starvation 

 Reduced rate of respiration 

 Decreased photosynthetic CO₂ fixation 

(Theodorou et 

al., 1991) 
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Iron 

Dunaliella 

tertiolecta 
Limitation  Decrease in cellular chlorophyll concentration 

(Greene et al., 

1992) 

Chlorella 

vulgaris 
High concentration of iron  Increase in lipid content 

(Liu et al., 

2008) 

Haematococcus 

pluvialis 
High concentration of iron  Increase in carotenoid formation 

(Kobayashi et 

al., 1993) 

Carbon 

Chlamydomonas 

reinhardtii 
pH exceeding 9.0 

 Inefficient accumulation of carbon 

 High supply of carbonates required to maintain 

photosynthetic activity 

(Moroney & 

Tolbert, 

1985) 

Dunaliella 

salina 

CO₂ concentration increased 

from 2-10% for 1 day 

 30% increase in amount of fatty acid (dry weight 

basis) (Muradyan et 

al., 2004) CO₂ concentration increased 

from 2-10% for 7 days 
 2.7 fold increase in fatty acid 

Spirulina 

platensis 
Elevated CO₂ concentrations 

 Increase in carbohydrate content 

 Decrease in proteins and pigments 

(Gordillo et 

al., 1998b) 

*EPA: Eicosapentanoic acid, 5,7,11,14,17-icosapentanoic acid
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Sustainable use of wastewater and seawater resources poses one of the most 

significant challenges to large-scale production of algal-based biofuels. Algal biofuel 

production using waste water, brackish water, or sea water in open ponds or using closed 

photobioreactors, in which the evaporative water losses are negligible, are both potential 

solutions to this challenge.  

Sustainable use of nutrients, such as nitrogen and phosphorous, also poses a 

serious challenge to large-scale production of algal-based biofuel. Energy intensive 

production methods for nitrogenous fertilizers and concerns about long-term availability 

of phosphorous accentuate these concerns. Phosphate is typically obtained by mining and 

some recent studies estimate that peak phosphorous could occur as early as 2030 (Cordell 

et al., 2009). Recycling nitrogen, phosphorous and other nutrients is a strategy to address 

some of these challenges while addressing other ecological issues such as eutrophication. 

Algae are capable of utilizing nutrients (including, nitrogen and phosphorus) from 

wastewater and thus could play a key role in nutrient recovery from waste waters 

(Cantrell et al., 2008; Hu et al., 2008).  Maximizing algae production and minimizing 

costs associated with harvesting are critical to cost-effective nutrient removal system 

development (Hoffmann, 1998).  

2.5.2 Future Outlook 

In this review, we discussed the effects of various nutritional factors (i.e., carbon, 

nitrogen, phosphorous, iron and trace metals) environmental factors (i.e., light, 

temperature and pH) and their interactions on algae growth and composition. During the 

last four decades, significant progress has been made toward a better understanding of 

algae growth. This includes an enhanced understanding of the effects of the nutrient 
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availability and environmental factors on algae cell division and composition. However, 

interaction effects induced by multiple factors acting in concert have been generally 

underexplored. With advances in biotechnology and bioinformatics, a large volume of 

genetic information is now available rendering studies of interaction effects tractable. For 

example, full genomes for Chalmydomonas reinhardtii (Merchant et al., 2007), Chlorella 

vulgaris (Blanc et al., 2010) and Dunaleilla salina (Smith et al., 2010) have been 

sequenced. Many genetic manipulation tools have been developed for Chlamydomonas 

reinhardtii and others are being developed for other algal species. Continued research 

will not only lead to an enhanced understanding of basic algal cell biology but it will also 

aid in development of more accurate predictive models for algae growth (Chang et al., 

2011a). Predictive models, in turn, can be used for development of automated optimal 

control systems for managing algae growth in large-scale production systems. This 

knowledge will be critical for successful scale-up of algae production systems for 

sustainable production of biofuels and other algae-based bioproducts.   
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3.1 ABSTRACT 

Algae are considered potential feedstock for biofuel production.  The high cost of 

producing and processing algae poses issues in successful commercialization. A genome 

scale metabolic reconstruction can be used to visualize various metabolic pathways and 

develop efficient strategies for genetic modification and increased productivity. In this 

study, a compartmentalized genome scale metabolic network was reconstructed for C. 

variabilis to offer insight into various metabolic potentials from this alga. The model, 

iAJ526, was reconstructed with 1455 reactions, 1236 metabolites and 526 genes. 21% of 

the reactions were transport reactions and about 81% of the total reactions were 

associated with enzymes. Along with gap filling reactions, 2 major sub-pathways were 

added to the model, chitosan synthesis and rhamnose metabolism. The reconstructed 

model had reaction participation of 4.3 metabolites per reaction and average lethality 

fraction of 0.21. The model was effective in capturing the growth of C. variabilis under 

three light conditions (white, red and red+blue light) with fair agreement. The 

discrepancy in experimental and model results was attributed to the incapability of the 

model to capture kinetics of growth, including substrate inhibition and photoinhibition.  
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3.2 INTRODUCTION  

Third generation biofuels produced from algae are of growing interest due to high 

energy yields per unit area, use of carbon dioxide and other available resources for 

growth, and minimal competition with the food industry. The interest in algae for 

commercial applications such as biofuel production (Hu et al., 2008), hydrogen 

production (Melis & Happe, 2001) and pharmaceutical applications (Vo et al., 2012) is 

growing substantially. The use of algae has also been explored for production of high 

value nutraceutical compounds such as polysaccharides, sterols and polyunsaturated fatty 

acids (Barrow & Shahidi, 2007). Algae are capable of producing important products by 

utilizing inexpensive inputs such as light and carbon dioxide. Algae-derived products 

such as hydrogen, triacylglycerols, starch, and methane could serve as potential feedstock 

for biofuels (Chisti, 2007; Hu et al., 2008; Melis & Happe, 2001; Nallathambi 

Gunaseelan, 1997). Biofuel production from microalgae has captured interest of 

researchers due to its high biomass yield and ability to synthesize and accumulate large 

quantities of lipid.  Microalgae are composed of membrane lipids, cell wall carbohydrates 

and proteins and accumulate lipids or starch under nutrient or environmental stress 

conditions.  For example Chlamydomonas reinhardtii, a green eukaryotic algae, can 

accumulate large amount of starch under nitrogen stress (Ball et al., 1990).    

Reconstruction of the metabolic network of an organism can be achieved using 

high throughput genome sequencing and bioinformatic technologies together with 

biochemical and physiological properties of the cell (Covert et al., 2001). The principal 

aim of a metabolic network reconstruction is to accurately predict the chemical 

transformations taking place among the cellular components. Knowledge of and the 
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ability to regulate the underlying cellular processes is a powerful tool that can be used to 

control/engineer wild strains to produce molecules of interest with applications in 

pharmaceutical and biofuels industries. Genome scale metabolic reconstructions can be 

used to (1) explore metabolic capabilities of certain micro-organisms to adapt to certain 

conditions; (2) to predict the effect of genetic alterations; (3) to identify and characterize 

all possible phenotypes (Price et al., 2004); and  to determine the flux distributions .  

In the present study, in silico genome scale metabolic model of Chlorella 

variabilis has been constructed. Chlorella sp. is of interest in applications such as 

biofuels (Xu et al., 2006), CO2 sequestering (Ramanan et al., 2010), waste water 

treatment (González et al., 1997) and pharmaceuticals (Morimoto et al., 1995). Chlorella 

variabilis NC64A is a green unicellular photosynthetic alga from the genus Chlorella and 

is a model system for studying algal/virus interactions (Blanc et al., 2010) and a potential 

feedstock for biofuel (Misra et al., 2013). Chlorella species are widespread in freshwaters 

and most of these are known to be naturally free-living (Fott & Nováková, 1969). 

Chlorella variabilis, on the other hand, is an endosymbiont of the unicellular protozoan 

Paramecium bursaria (Karakashian & Karakashian, 1965), although both Chlorella 

variabilis and Paramecium bursaria can be cultivated separately. Chlorella variabilis 

NC64A also hosts a family of large double-stranded DNA viruses that are found in 

freshwater (Wilson et al., 2009). Chlorella variabilis NC64A is the only known green 

alga containing HYDA genes encoding accessory FeS cluster-binding domains (Meuser 

et al., 2011), which make C. variabilis a model organism to study H2 production in green 

alga during anaerobic metabolism. While the genome for Chlorella variabilis, NC64A 

was recently sequenced (Blanc et al., 2010), there are no genome scale metabolic models 
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reported in literature for this strain representing a knowledge gap for this important algal 

species. This study focuses on bridging this knowledge gap by reconstruction of a 

compartmentalized genome scale metabolic network for Chlorella variabilis (isolated 

strain) to offer insight into various metabolic potentials from this alga. 

3.3 METHODS 

3.3.1 Reconstruction Methodology 

Reconstruction of a genome scale model is a non-automated and iterative process 

based on the genome information available. A genome scale metabolic model (named 

iAJ526 as per convention) was generated for Chlorella variabilis NC64A using 

standardized protocol for metabolic reconstruction (Thiele & Palsson, 2010), which can 

be briefly visualized in figure 1. The model consisted of 1455 reactions and 1236 

metabolites. Reconstruction process was initiated by downloading a fully sequenced 

genome of Chlorella variabilis from JGI genome database (Blanc et al., 2010). The 

metabolic network was generated through manual and automated curation. The 

ModelSEED genomic environment was to generate the automated draft metabolic 

network (Overbeek et al., 2005). This draft reconstruction had some false and missing 

reactions, possibly because of missing, wrong or incomplete annotation (Thiele & 

Palsson, 2010). The first step in manual reconstruction was to connect the reactions with 

E.C. (Enzyme Commission) number that represents enzyme function in the organism. 

Each reaction was analyzed to see if the reaction needed to be present, and if yes, how it 

could be connected to the remainder of the network.  
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Figure 3.1 Outline of the reconstruction process. (Parts of figure adapted from (Feist et 

al., 2006)). 

Possible reactions were grouped based on pathways. Universal pathways common 

to all eukaryotic organisms such as glycolysis/glycogenesis, pentose phosphate pathway 

and citric acid cycle, were first defined. The model was then extended to include 

photosynthesis reactions, which then led to pathways involving use of fixing 

photosynthetically produced carbon into product pathways such as amino acid synthesis 

and fatty acid metabolism. Due to lack of of organism specific data for C. variabilis, each 

pathway was identified and manually curated using the KEGG reaction database 

(Kanehisa et al., 2012) and previously reconstructed green algae Chlamydomonas 

reinhardtii model (Chang et al., 2011b).  Chlamydomonas reinhardtii is the 

phylogenetically closest organism, for which genome scale reconstruction information is 

available (Blanc et al., 2010). As per the standard protocol for genome scale 

reconstructions, data from phylogenetically closest organism can be used if organism 
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specific data is unavailable (Thiele & Palsson, 2010). After the identification of the 

reactions forming the metabolic network, each reaction was checked to validate the 

reaction stoichiometry. This was done by performing mass and elemental balance (C, O, 

N and P) different elements on both reactants and the products. The reactions were not 

balanced for the charge. Protons (consumed or produced) were added in reactant or 

product side of the reaction based on similar reactions occurring in other organisms and 

KEGG database. KEGG reaction database was used to manually verify the enzymes 

catalyzing the reactions. Each enzyme that could be present in the organism was checked 

for particular annotations. If an enzyme catalyzed only one reaction, that reaction 

together with all participating metabolites associated with it was included. However, if 

the enzyme catalyzed multiple reactions, only the reactions with metabolites already 

present in draft reconstruction were added. These sources, along with localization tools 

were used to manually curate each reaction in the model, the EC number, directionality 

and the subcellular localization. Localization of functionally predicted enzymes encoded 

in the C. variabilis genome was performed primarily by using subcellular localization 

web servers CELLO v.2.5 (subCELlular LOcalization predictor) (Yu et al., 2009) and 

Euk-mPLoc 2.0 (Chou & Shen, 2010). These servers used the amino acid sequence of the 

enzyme catalyzing the reaction to determine the localization. Other source of cellular 

compartmentalization was literature evidence for other green algae (such as 

Chlamydomonas reinhardtii). When localization information was unavailable for an 

enzyme/reaction, literature based or sequence based, localization was assigned based on 

neighboring pathway reactions and model functionality requirements (a reaction 

necessary for a pathway to function was added, even if its presence was not proved). 
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Some reactions were localized in a particular compartment to complete the pathway. The 

next step in the manual curation was to define directionality. It is an important step 

because too many reversible reactions can leave loose constraints and give rise to 

numerous futile cycles. Directionality was decided based on thermodynamic values (∆G). 

∆G in Model SEED is calculated at pH 7 for all the reactions in the model using the 

group contribution method (Jankowski et al., 2008). A negative ∆G implied forward 

irreversible reaction, whereas positive ∆G would mean reverse irreversible reaction. 

Reactions with ∆G value close to zero (-2≤∆G≤2) were marked reversible. As mentioned 

in the protocol (Voigt & Münzner, 1994), two kinds of reactions had fixed directionality 

(1) transfer of phosphate from ATP to acceptor molecule is irreversible and (2) reactions 

involving quinones are irreversible.  Any reaction with no convincing information was 

considered reversible. 

After the manual curation of pathways and individual reactions within them, dead 

ends were identified followed by gap-filling. Major gap filling was done to complete a 

pathway or to have a fully functional compartment. This step resulted in addition of few 

intermediate reactions majority of which were added as transport reactions. Metabolite 

produced in one compartment had to be transported before it could be used in a different 

compartment. All metabolites were transported through cytoplasm, with an exception of 

transport from thylakoid lumen to chloroplast and vice versa. Special care was taken 

when considering directionality of these reactions. Precursors were only imported, 

products were only exported and intermediates were not transported at all across the cell 

membrane. Transport system for these reactions was identified using the C. reinhardtii 

reconstruction model (Chang et al., 2011b).Then a list of all the metabolites used in 
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reactions uniquely identified in each compartment was prepared with information such as 

name, neutral formula, charged formula, charge and KEGG identification id. Neutral 

formula, charged formula and KEGG identification number were identified using the 

KEGG database (Kanehisa et al., 2012). It is important to identify the compound with at 

least one identifier from KEGG (Kanehisa et al., 2012), PubChem (Wheeler et al., 2007) 

or ChEBI (Brooksbank et al., 2005). BLASTp (Altschul et al., 1997) was used to find the 

genes encoding the enzymes based on the amino acid sequence for that particular 

enzyme. The threshold of BLASTp for functional sequence of C. variabilis was set for 

amino acid sequence identity above 50% and matching length of 70% of the query 

sequence. Results available only for C. variabilis were reported. Although a lot of genes 

have not been identified for C. variabilis, results of BLASTp gave the names of 

hypothetical proteins and its locus tag (location of that gene on the chromosome). 

Information about Gene-Protein-Reaction association, indicating the function of the gene 

was not complete because of unavailability of organism specific information for 

Chlorella variabilis. This step is very important for in silico gene deletion studies. This 

part of the model needs further refinement based on in silico and in vivo experimental 

results.  

The model was then converted to SBML. Gaps in the model were then identified 

using GapFind and GapFilling in the Constraint-Based Reconstruction and Analysis 

(COBRA) toolbox in MATLAB (Schellenberger et al., 2011). Addition of gap reactions 

and running the model was an iterative process. The model was then checked for mass 

balance and the resulting unbalanced reactions were manually balanced. Biomass 

equation was formed in form of stoichiometric ratios using the experimental and 
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literature data determining different biomass constituents (explained in the next section) 

for autotrophic growth conditions. 

3.3.2 Biomass Equation 

The biomass equation was formed with metabolites (for carbohydrates, lipids and 

proteins) using the biomass composition from literature (Chang et al., 2011b; Cheng et 

al., 2013b; Misra et al., 2013). RNA and DNA were extracted using RNeasy plant mini 

kit and DNeasy plant mini kit respectively and the concentrations were measured using 

NanoDrop (ND-1000). For DNA composition of the cell, dATP, dCTP, dGTP and dTTP 

were considered with GC ratio of 67.3% (Blanc et al., 2010). Similarly, for RNA 

composition, ATP, CTP, GTP and UTP were used in the model (supplementary table 1). 

For chlorophyll content, C. variabilis cells in exponential growth phase were extracted 

with 95% ethanol and chlorophyll content was determined by measuring the absorbance 

of extract at 664 and 649 nm against ethanol blank using a spectrophotometer (Thermo 

Scientific Genesys 10 Bio). Chlorophyll a and chlorophyll b were calculated using the 

following equations (Minocha et al., 2009) 

𝐶ℎ𝑙𝑎 = 13.36 ∗ 𝐴664 − 5.19 ∗ 𝐴649 

𝐶ℎ𝑙𝑏 = 27.43 ∗ 𝐴649 − 8.12 ∗ 𝐴664 

where, 

𝐴649 = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖𝑐 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑎𝑡 649𝑛𝑚 

𝐴664 = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑖𝑐 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑎𝑡 664𝑛𝑚 

3.3.3 Light Sources 

For modeling purposes, twelve light sources, commonly used for algal growth) 

were used. The light sources and its constituents (different wavelength photons) were 
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directly used from literature (Chang et al., 2011b). Spectral irradiance data of these light 

sources is obtained from online resources . The stoichiometry of photons in a light source 

shows the composition of active photons in that incident light source (Chang et al., 

2011b).   

3.3.4 Constraint Based Modeling 

A widely used approach to study biochemical networks, particularly genome scale 

metabolic reconstructions, is flux balance analysis (FBA) (Orth et al., 2010).  FBA is a 

constraint-based modeling approach that explores the feasible solution space of the 

reaction network, which is in the form of underdetermined systems of linear algebraic 

equations, using linear optimization. FBA is based on steady state mass balance of 

intermediate metabolites in the cell (amount of metabolite produced = amount of 

metabolite consumed) and the cell satisfies all physico-chemical constraints. The system 

of equations is solved for the unknown fluxes by formulating an objective function 

(maximization of biomass or minimization of ATP) and searching the solution space for 

an optimum flux distribution that meets the objective. FBA calculates the flow of 

metabolites through the metabolic network, making the prediction of growth rate of an 

organism or the rate of production of metabolites of interest possible (Orth et al., 2010). 

FBA formulation (based on mass balance) can be quantitatively expressed as the 

following linear programming (LP) problem: 

𝑀𝑎𝑥𝑍 = 𝑐𝑇𝑣 = ∑𝑐𝑖𝑣𝑖

𝑛

𝑖=1

 

such as   

𝑑𝑠

𝑑𝑡
= �́� = 0 
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𝑣𝑖,𝑚𝑖𝑛 ≤ 𝑣𝑖 ≤ 𝑣𝑖,𝑚𝑎𝑥𝑖 = 1,2,… . 𝑛 

𝑐𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠, 𝑖 = 1,2,… . 𝑛 

where 𝑍 is the objective function (usually weighted combination of one or more 

reaction fluxes), 𝑣 is a vector of flux values for all reactions and c is a weight vector for 

each flux in vector 𝑣, s is the stoichiometric matrix. Typically, all values in c in the 

maximization function are zero except the flux of the biomass reaction (𝑣𝑏𝑖𝑜𝑚𝑎𝑠𝑠) which 

is fixed to one. 𝑣𝑖,𝑚𝑎𝑥 is the upper bound for the flux, and 𝑣𝑖,𝑚𝑖𝑛 is the lower bound for the 

flux value for any individual reaction. 

3.3.5 Experimental Validation 

Chlorella variabilis was grown in autotrophic condition with modified bold basal 

media (details of media are provided in the supplementary material) under different light 

sources (only red LED, red and blue LED and white light). The culture was grown in 

500ml media bottle with 350 ml working volume at 25˚C. CO2 was bubbled every 4-6 

hours. The culture was grown for 168 hours, whereas optical density and cell count was 

measured every 24 hours using spectrophotometer (Thermo Scientific Genesys 10 Bio) 

and coulter counter (Beckman Multisizer 3 Coulter Counter) respectively. All 

experiments were done in triplicates. Specific growth rates were estimated during the 

exponential growth phase using the following equation 

𝐺𝑟𝑜𝑤𝑡ℎ𝑅𝑎𝑡𝑒 =
𝑙𝑛(𝑁2) − 𝑙𝑛(𝑁1)

𝑡2 − 𝑡1
 

where, 𝑁1 and 𝑁2 are the biomass concentrations at time 𝑡2 and 𝑡1 respectively. 
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3.4 RESULTS AND DISCUSSION 

3.4.1 Genome Scale Metabolic Reconstruction 

A genome scale metabolic model was reconstructed for Chlorella variabilis 

(figure 3.2). The metabolic model of Chlorella variabilis was represented by a five 

compartment model consisting 1455 reactions and 1236 metabolites (Table 1). Not all the 

reactions were functional under autotrophic growth conditions, which led us to reduced 

model (removing reactions that do not carry any flux) containing 1170 reactions and 876 

metabolites. Figure 3.3 shows the compartmental distribution of reactions, metabolites, 

enzymes and genes in the complete model. About one fifth of the reactions were transport 

reactions (302) of which 50 reactions described extracellular exchanges (Figure 3(a)). 

Cytoplasm which acts as a hub for all transport reactions as well as location of 

macromolecules polymerization (Boyle & Morgan, 2009) accounted for 41% of the 

metabolites (Figure 3(b)).  About 81% reactions were linked with EC number (enzymes), 

half of which were localized in cytoplasm (Figure 3(c)). 526 genes associated with 844 

unique reactions were identified in the model representing 58% reaction coverage.  
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Figure 3.2: Reconstructed metabolic network of Chlorella variabilis. 

C. variabilis is a photobiont of Paramecium bursaria, and is adapted to carry out 

all photosynthetic activities. Photobionts generally mobilize the photosynthetically fixed 

carbon to its host in form of lipids, fatty acids and glycerol using lipases (Battey & 

Patton, 1984).  The same activity has not yet been experimentally determined for C. 

variabilis, but proteins with Lipase_3 domains were found during genome sequencing 

(Blanc et al., 2010). The draft reconstruction (automated model reconstructed by 

ModelSEED (Overbeek et al., 2005)) provided evidence of many fatty acid biosynthesis 

reactions for production of significant fatty acids which were also evident in experimental 
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verification (Mishra et al., 2012). To provide connectivity and complete the pathways, 

reactions taken from C. reinhardtii model (Chang et al., 2011b) and KEGG database 

(Kanehisa et al., 2012) were added to the model . A total of 183 reactions were added as 

gap filling. 

Table 3.1: Details of the reconstructed network of Chlorella variabilis (iAJ526) 

Properties of reconstructed Chlorella variabilis (iAJ526) model  

Number of reactions in the model        1455 

      Exchange reactions     352 

         Extracellular exchange reactions 50 

         Chloroplast exchange reactions 116 

         Mitochondrial exchange reactions 109 

Number of Metabolites 1236 

      Extracellular metabolites     42 

Genes         526 

Reactions with genes assignments        854 

Number of reactions added as gap filling         183 

Number of reactions in the reduced model        1170 

Number of metabolites in the reduced model        876 
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Figure 3.3: Compartmental distribution of (a) Reaction, (b) metabolite, (c) enzyme and 

(d) genes in the reconstructed model of Chlorella variabilis. 

 

C. variabilis accumulates  starch (Cheng et al., 2013b) but this information was 

missing in the draft reconstruction. Sucrose uptake is also evident in experiments as 

sucrose (0.5% w/v) is used to grow the strain (Meuser et al., 2011; Van Etten et al., 

1991). The genomic annotation predicted 233 enzymes involved in carbohydrate 

metabolism, therefore reactions involving sucrose uptake and starch synthesis were 

considered as model gaps due to errors in reading the ORF/draft reconstruction and were 

added to the model in starch and sucrose metabolism pathway.  
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Although draft reconstruction did not contain any evidence of reactions involving 

glucosamine polymers, experimental results suggested presence of chitin and chitosan 

(Kapaun & Reisser, 1995) along with glucosamine (Van Etten et al., 1991) in the cell 

wall. These polysaccharides are generally not found in green algae, however, Chlorella 

spp. is suggested to have exchanged this bacterial-type chitinase chitin-deacetylase genes 

with the chloroviruses (Blanc et al., 2010). Two NC64A paralogs for chitin synthase and 

25 paralogs for chitin deacetylase (converting chitin to chitosan) were found (Blanc et al., 

2010). Protein sequence derived from DNA sequence suggested presence of putative 

proteins for degradation of these polysachharides, two chitinase and four chitosanase 

genes (Blanc et al., 2010). This sub-pathway (figure 3.4) was added in the amino sugar 

and nucleotide sugar metabolism pathway using KEGG database (Kanehisa et al., 2012).  

 

Figure 3.4: Chitosan synthesis pathway added in amino sugar and nucleotide sugar 

metabolism pathway 

Another enzyme, -glucosidase (E.C. 3.2.1.74 and E.C. 3.2.1.21), was evident in 

the draft reconstruction and genomic data (Blanc et al., 2010), which suggested 
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conversion of cellobiose to -D-Glucose. The missing reaction for formation of 

cellobiose from cellulose was considered as a gap in the model and was added to the 

model. Draft reconstruction or genome annotation had no evidence of rhamnose sugar, or 

any metabolite that can produce rhamnose further in pathway, but experimental results 

indicate that rhamnose comprises 2.2% of the dry weight of Chlorella variabilis (Cheng 

et al., 2013b). Therefore, the rhamnose metabolism pathway was added to the model 

(figure 3.5) with reactions from KEGG database (Kanehisa et al., 2012). The reversibility 

of the reactions was based on the rhamnose pathway for Chlorella from literature (Allnutt 

et al., 2012). 

 
Figure 3.5: Rhamnose metabolism pathway added in the Chlorella variabilis model 
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Three reactions containing generic terms “protein biosynthesis”, “DNA 

replication” and “RNA” transcription (which were present in the draft reconstruction) 

were removed as they were not specific enough to be included in the model. 

3.4.2 Biomass Equation 

Chlorella variabilis is comprised of approximately 54% carbohydrates, 25% lipid 

and 20% proteins (Cheng et al., 2013b). Stoichiometry calculation (comprising of 

biomass equation) of nucleotides, individual amino acids, carbohydrates, fatty acids and 

chlorophylls in dry biomass are tabulated in tables 3.2-3. 5 respectively. ATP 

maintenance equation, was set to the same values as for Chlamydomonas reinhardtii 

model (Chang et al., 2011b) in the absence of experimental data.  

29.89 atp + 29.89 h2o --> 29.89 adp + 29.89 pi + 29.89 h  

Table 3.2: Calculation of DNA and RNA components fraction in biomass equation 

DNA Content % of 

DNA (mol/mol) 

MW (g/mol) Content % of 

DNA (%w/w) 

mmol/g DW 

algae 

dATP 0.164 557.2 0.16525 0.00012 

dCTP 0.336 533.1 0.32392 0.00024 

dGTP 0.336 573.2 0.34828 0.00024 

dTTP 0.164 548.1 0.16255 0.00012 

     

RNA Content % of 

DNA (mol/mol) 

MW (g/mol) Content % of 

RNA (%w/w) 

mmol/g DW 

algae 

ATP 0.164 507.18 0.15042 0.00187 

CTP 0.336 483.16 0.29357 0.00383 

GTP 0.336 523.18 0.31789 0.00383 

UTP 0.164 484.14 0.14358 0.00187 
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Table 3.3 Stoichiometry for amino acids used in biomass equation (Chang et al., 2011b) 

Amino Acids mmol/g DW 

Alanine 0.112241634 

Arginine 0.057404721 

Asparagine 0.075689684 

Aspartate 0.075129674 

Glutamate 0.06796715 

Glutamine 0.068425147 

Glycine 0.133214506 

Histidine 0.064451594 

Isoleucine 0.076234852 

Leucine 0.076234852 

Lysine 0.02736199 

Phenylalanine 0.060536352 

Proline 0.08685758 

Serine 0.095153816 

Threonine 0.08394917 

Tryptophan 0.048965314 

Tyrosine 0.055190867 

Valine 0.085362908 

 

Table 3.4 Stoichiometry calculation for carbohydrates in biomass (data used from 

(Cheng et al., 2013b)) 

Carbohydrate Content (%w/w) MW (g/mol) mmol/g DW 

Starch 37.8 102687 0.001988 

D-Glucoronate 7.7 194.14 0.214175 

Glucose 0.1035 180.16 0.003102 

Galactose 0.8595 180.16 0.025762 

Mannose 0.405 180.16 0.012139 

Xylose 0.6165 150.13 0.022175 

Arabinose 0.585 150.13 0.021042 

Rhamnose 1.9305 164.16 0.063503 
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N-Acetyl-D-

glucosamine 
3.8 221.208 0.092763 

 

Table 3.5 Stoichiometry calculation for fatty acids in biomass (data used from (Misra et 

al., 2013)) 

Fatty Acid 
Content (%w/w) 

DW 
MW (g/mol) mmol/g DW 

Caprylic acid  0.0094 144.21 0.0001304 

Myristic acid  0.0826 228.4 0.0019457 

Pentadecanoic acid  0.0414 242.4 0.0009189 

Palmitoleic acid  2.764 254.4 0.0584525 

Palmitic acid  6.892 256.4 0.1446137 

Heptadecanoic acid  0.276 270.4 0.0054914 

Oleic acid  5.092 282.4 0.0970076 

Steric acid  4.656 284.4 0.0880776 

11-Eicosenoic acid  0.134 310.51 0.0023217 

Behenic acid  0.048 340.6 0.0007582 

 

Table 3.6 Stoichiometry calculation for chlorophyll in biomass 

Chlorophyll 
Content (%w/w 

DW) 
MW (g/mol) mmol/g DW 

Chlorophyll a 3.72 893.49 0.041634 

Chlorophyll b 2.44 907.47 0.027329 

 

3.4.3 Systemic Properties of model 

Metabolite connectivity is one of the systemic properties  that refers to the 

number of reactions that a metabolite participates in, and helps to identify isolated 

metabolites (Reed et al., 2006). In iAJ526, some of the metabolites are highly connected 

while most of the metabolites participate only in a few reactions (Figure 3.6). Highly 
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connected metabolites are the frequently used metabolites such as  H+,  ATP/ADP and 

NAD(P)/NAD(P)H while the metabolites with low connectivity are usually the ones that 

occur only in linear pathways (Orth et al., 2010). The log-log plot indicates power law 

distribution of metabolite connectivity with reactions. Reaction participation was 

estimated as an average of 4.3 metabolites per reaction, which suggests that the most 

common reactions in the model are bi-linear, comprising of two reactants and two 

products. Removing the frequent metabolites such as ATP/ADP, NAD(P), NAD(P)H and 

H+ reduced the average number of metabolites per reaction to 3.4, suggesting that the 

reactions are not just transformation of substrate in linear pathway. 

Lethality study was performed to determine the essentiality of genes and 

metabolites for cell growth. Average lethality fraction can be mathematically defined as 

𝑓𝐿,𝑖 = 〈
𝐶𝐿,𝑖

𝐶𝑖
⁄ 〉 

where, 𝐶𝐿,𝑖 is the number of lethal reactions and 𝐶𝑖 is the connectivity of a node 

(metabolite) (Mahadevan & Palsson, 2005). 

Average lethality fraction of the model was 0.21, which is in the general range of 

0.2-0.5 for most of the reconstructed networks (Mahadevan & Palsson, 2005). A lethality 

fraction of 1.0 would indicate that the metabolite deleted is essential for survival of cell, 

and without which no biomass growth is possible. Figure 3.4 shows the correlation 

between metabolite connectivity and reaction essentiality. Highly connected metabolites 

(with connectivity of more than 100) had an average lethality fraction of 0.16, whereas 

some less connected metabolite (connectivity of <10) had higher than average lethality 

fraction (0.22). There are a few metabolites that have a connectivity of two but  have a 



90 

 

 

lethality fraction of 1 (e.g., CO2[e], fum[m], dolp[c]etc.) indicating that they are part of 

critical reactions for the formation of biomass precursors (Orth et al., 2010). An overall 

network can even fail completely with deletion of a less connected metabolite if the 

deletion interrupts the specific function of a subsystem (Mahadevan & Palsson, 2005). 

 

Figure 3.6: (a) Metabolite connectivity and (b) Correlation of reaction essentiality and 

metabolite connectivity 
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3.4.4 Phenotypic Phase Planes 

Phenotypic phase planes are an approach to assess the ranges of optimum growth 

rate which can be achieved with varying substrates. We constructed phenotypic phase 

planes for growth with varying carbon, light, nitrogen and phosphorus uptake rates 

(Figure 3.7) using COBRA toolbox.  Two of the factors were changed while the other 

two stayed constant for one analysis. In figure 3.7(a), it can be observed that at highest 

CO2 uptake, the solution is infeasible due to light limitation. Similarly, in case of figure 

3.7(b), the growth rate is nitrate limited at higher uptake of CO2. In 3.7(c), the growth 

rate is CO2 limited and hence forced intake of excess phosphorus leads to infeasible 

solution. In 3.7(d), maximum growth rate is achieved at 26 µE/m2/s light flux, after 

which growth rate is nitrate limited. The black lines in each graph represent line of 

optimality, which is optimal utilization of metabolic pathway without limitation of either 

of the substrates. The flat regions represent infeasible solutions. 

3.4.5 Flux Balance Analysis (FBA) 

FBA, carried out using COBRA Toolbox in MATLAB, using the biomass 

formation reaction, under autotrophic growth conditions, as the objective function 

(MATLAB Model provided in appendix A1). The model yielded linear increase in 

growth of biomass with increase in light, until the point of another nutrient limitation. 

The linearity of the model is a natural consequence of the linear FBA models which does 

not model the experimentally observed kinetics of nutrient uptakes and growth shifts. The 

CO2, NH4 and P and O2 and model predicted biomass growth with previously reported 

light sources (Chang et al., 2011b) (details of the light sources can also be found here) are 

shown in figure 3.8.  
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Fig. 3.7 Phenotypic phase planes. This figure shows the phenotypic phase planes 

indicating line of optimality (LO) for growth rate (hr-1) with varying uptake rates (mmol 

gDW-1 hr-1) of (a) CO2 and light, (b) CO2 and nitrate, (c) CO2 and phosphorus, and (d) 

nitrate and light (µE/m2/s) 

 

As it can be inferred from figure 3.8, red light at 653 nm has lower growth rate 

despite of having higher incident light in comparison to design growth. This is because 

the stoichiometry of photons at 673nm and 680nm in design growth (0.638 and 0.734 

respectively) is higher that the stoichiometry of these photons in red light growth (0.274 

and 0.195 respectively). The wavelength of red light (around 674nm) is considered to be 

effective in enhancing the photosystem II and consequentially, growth (Cunningham et 

al., 1990). For similar reason, metal halide has comparable growth rate with red LED at 

674 nm, even having much higher incident light. The stoichiometry of each photon range 

in different light sources can be seen in the model iAJ526. 
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Fig. 3.8 Effect of change in light source. This figure shows the change in influx of 

nutrients and outflux of oxygen and biomass with change in light source 

 

The efficiencies of the photon utilization by different sources were estimated 

using the stoichiometry of that particular photon range incident and demand reactions for 

that photon (which estimated the amount not used). It is observed from the plot (Fig. 3.9) 

that photon wavelength peak 437 nm (blue light peak), 673 and 680nm (red light peaks) 

100% efficient in all light sources, which makes them the limiting photons in light 

utilization efficiency.  
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Fig. 3.9 Photon utilization efficiency of C. variabilis for eleven different light sources 

 

3.4.6 Growth Experiments 

Growth experiments with white light (14.7 µE/m2/s), red light (8.2 µE/m2/s) and 

red/blue light (5.7 µE/m2/s) yielded 0.164 hr-1, 0.0107 hr-1 and 0.0145 hr-1 growth rates 

respectively (figure 3.10). It has been previously shown that red and blue light can help in 

increase of growth rate (Juneja et al., 2013a) and in case of Chlorella, blue (440 nm) and 

red light (685 nm) were found be the most effective wavelengths for photosynthesis 

(Emerson & Lewis, 1943b). Experiments with red light (2.8 µE/m2/s) gave minimum 

growth rates among three light sources. This could be attributed to the missing blue light, 

which is essential for the cell division of some strains of algae (Voigt & Münzner, 1994), 

which is why we obtained similar trends for cell count also.  
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Model predicted growth rates with light conditions used in experiment were 

higher than experimentally measured growth rates but had similar trends (Figure 3.10 and 

3.11). The higher growth rates predicted by the model could be due to limitations of the 

FBA models account for the kinetics of nutrient uptake/excretion and photoinhibition 

which often lead to inefficiencies and hence lower growth rates in experiments. 

 

Fig. 3.10 Biomass growth curve for C. variabilis in autotrophic growth condition (photon 

flux for white light, red light and red + blue light was 14.7, 8.2 and 5.7 mmol gDW-1 

respectively) 
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Fig. 3.11 Cell count for C. variabilis in autotrophic growth condition. This figure shows 

the change in cell count of C. variabilis with time under three different light conditions 

(photon flux for white light, red light and red + blue light was 14.7, 8.2 and 5.7 µE/m2/s 

respectively). 
 

 

Fig. 3.12 Growth rate validation of experiment with model. This figure illustrates the 

model validation of growth experiments under three light conditions (standard deviation 

on experimental data shown as error bars). 
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3.5 CONCLUSIONS 

A compartmentalized genome scale model was reconstructed and validated for 

autotrophic growth conditions. Four sub-pathways and 183 reactions were added to 

complete the curated model. Metabolite connectivity estimated a bilinear model with 

average of 4.3 metabolites per reaction. Lethality study identified a few essential 

metabolites with lethality fraction of 1, removing which can be fatal for the organism. 

The reconstructed genome scale model reliably captured the growth of C. variabilis 

NC64A under three light sources. There were some differences in the measured and the 

observed growth rates, which can be attributed to the inability of the model to capture 

growth kinetics and photoinhibition. C. variabilis was observed to grow well in the 

presence of red and blue light. Similar observations were made from the model (details in 

supplementary material), where higher stoichiometry of red and blue light wavelengths 

predicted higher growth rates. Also, red and blue light photons showed 100% utilization 

efficiency, which demonstrates their importance for algal growth. 
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4.1 ABSTRACT 

Increasing energy consumption and diminishing fossil resources have led to 

consideration of algae as one of the renewable energy sources. However, due to high 

moisture content of algae, wet algae processing methods are being encouraged to avoid 

the dewatering cost and energy. Hydrothermal liquefaction is one such technology that 

converts the algae into high heating value bio-oil under high temperature and pressure. 

The objective of this study is to evaluate the economic viability and to estimate the 

energy use and greenhouse gas (GHG) emissions during life cycle of renewable diesel 

(RD) production from algae via hydrothermal liquefaction process. Economic analysis of 

RD production on commercial scale was performed using engineering process model of 

RD production plant with processing capacity of 60Mgal wastewater/day, simulated 

in SuperPro designer. RD yields for algae were estimated 2.69Mgal/year unit price of 

production as $6.62/gal RD. Energy and emissions were calculated per functional unit 

which was defined as 1000 MJ of available energy in fuel at the pump. Fossil energies 

were calculated as 241.6MJ to produce one functional unit of RD from algae. The 

GHG emissions during life cycle of RD production were found to be 6.2 times less 

than those produced for 1000MJ of conventional diesel. Results from sensitivity 

analysis indicated that there is a potential to reduce ethanol production cost either by 

using high lipid content algae or increasing the plant size. The integrated economic 

and ecological assessment analyses are helpful in determining long-term sustainability 

of a product and can be used to drive energy policies in an environmentally sustainable 

direction. 
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4.2 INTRODUCTION 

Total energy consumption of United States in 2013 was 1.04*105 quadrillion 

joules, of which about 82% comes from fossil reserves and only 9.3% is contributed by 

renewable energy. Transportation sector is one of the biggest consumers of energy, which 

accounts for nearly one third of the total energy consumption worldwide and 

contributes to about 21% of greenhouse gas (GHG) emissions (Ndong et al., 2009). Concerns 

of depleting fossil fuels and increasing environmental burden has encouraged the 

exploration of additional renewable sources. Interest in algal biofuels can be attributed 

to the possibility of year round production at higher productivities compared to 

terrestrial crops, non-competition with food crops, reduced need for arable land and water 

treatment benefits with nutrient cycling. It has been studied that algae can produce 10-50 

times more oil per unit area than conventional oil seed crops such as canola, jatropha 

and oil palm (Ch is t i ,  2007) . One of the challenges for microalgal derived biofuels is 

the dewatering of algae, as the alternative routes of lipid extraction with hexane, pyrolysis 

or gasification require the use of dry algae (85-95% solids) and drying is one of the most 

cost intensive process in the whole route of oil production, which can add up to 30% of 

the total cost (Becker, 1994). Efforts are required to use the wet biomass directly for 

biofuel production to eliminate the energy required for dewatering/drying. Although 

wet lipid extraction methods including ultrasound-assisted extraction (Adam et al., 2012), 

simultaneous distillation and extraction process (Tanzi et al., 2013), microwave-assisted 

extraction (Cheng et al., 2013a) and supercritical fluid extraction (Halim et al., 2011) have been 

investigated by various researchers, the technologies require high cost and energy input. 

Hydrothermal liquefaction (HTL) is one of the technologies that fits this criteria of using 
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wet algae. HTL is a thermal process of converting algae into high heating value bio-oil 

under high temperature and pressure. 

4.2.1 Hydrothermal Liquefaction 

Hydrothermal liquefaction (HTL) is gaining attraction as an alternative route for 

biofuels production from algal biomass. HTL reactions, involving dehydration, 

deoxygenation, and decarboxylation (Zhu et al., 2014), occur at elevated temperatures 

(250-380ºC), high pressure (5-30MPa) and varying residence times (3-60 min) (Akhtar & 

Amin, 2011; Brown et al., 2010). At such high temperatures and pressure, water still 

stays in liquid phase but the dielectric constant and the density of water is decreased 

relative to water at normal temperature and pressure, which causes water to become non-

polar, highly reactive and miscible for organic components; thereby working as a 

catalyst. This results in hydrocarbon becoming more soluble in water (Peterson et al., 

2008). HTL uses wet algae without the need for cell disruption, which eliminates the 

drying costs. Another advantage of HTL over traditional lipid extraction is the possibility 

of using low lipid algae as feedstock which is a significant benefit in case of fast growing 

algae with high carbohydrates and proteins but low lipid productivity such as those 

commonly found in waste water treatment plants.  

Biocrude obtained from HTL must be hydrotreated for reducing the overall 

oxygen content to produce usable form of fuel, renewable diesel. Renewable diesel yield 

from HTL (104,000m3/y) was observed to be 12% better than that of biodiesel from lipid 

extraction (91,300 m3/y) (Delrue et al., 2013). Renewable diesel (1) can be directly used 

in diesel-powered vehicles without modifications, (2) is compatible with current diesel 

distribution infrastructure, (3) can be produced using existing oil refinery capacity, (4) 



106 

 

 

can be used in advance emission control devices due to ultra-low sulfur content and (5) 

exhibits better performance than diesel (2010).  

4.2.2 Techno-Economic Analysis and Life Cycle Assessment 

Algal biofuels are currently proven on lab scale but commercialization of the 

process is still in its infancy. Long term viability of any feedstock or process not only 

depends on the yield of the final product, but also on sustained production capacity, 

maximized profits and minimized environmental burden. It is important to determine the 

overall energy efficiency along with capital and operating cost estimations to investigate 

the sustainability of a process. Techno economic analysis is an important tool to analyze 

the cost and energy viability of the process on large scale. Environmental impact, in 

terms of GHG emissions and fossil energy use, of the process can be calculated by 

performing the life cycle assessment. To obtain better insight into the current state of 

biofuel technology, this study evaluates the overall economics of renewable diesel 

production from algal biomass. The study will also help in identifying the key 

parameters/operations in the renewable diesel (RD) production process, which can be 

targeted for further improvements.  

Life cycle analysis is a useful technique to assess impact of products, processes 

and services on the environment and can play an important role in comparing renewable 

diesel with other fuel alternatives based on environmental impact. Most of the previous 

studies performed on assessing environmental impacts of algal biofuels focus on biofuel 

production focused on production processes that involved fresh water/sea water with use 

of supplied nutrients (Amer et al., 2011; Davis et al., 2011). This study, however, assess 

the production models that use wastewater as a source of water and nutrients to achieve a 
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dual goal of biofuel production and waste water treatment. Therefore, the overall 

objective of this study is to perform a comprehensive techno-economic analysis and 

limited life cycle assessment of RD production to analyze the economics and 

environmental impact of the production process and identify the key process that have the 

largest contribution in the overall RD production process.  

4.3 METHODS 

4.3.1 Algae Strain  

Chlorella vulgaris (C. vulgaris) has shown a high potential for wastewater 

treatment during its growth (Ahmad et al., 2013). Chlorella vulgaris is one of the 

promising algae strains for biofuels production, with high productivity (1.06 g L-1 day-1), 

high rate of CO2 fixation (1.99 gL-1 day-1), and tolerance to high concentrations to CO2 

and compounds such as nitrogen oxides (NOx) and sulfur oxides (SOx) (Tebbani et al., 

2014a). These characteristics make this algae suitable for growth in open ponds using 

waste water as a nutrient source with added benefits of flue gas utilization to meet algae 

carbon requirements. Therefore C. vulgaris was used as algal feedstock to develop the 

model, as high growth, low lipid content algae such as C. vulgaris is suitable for 

hydrothermal liquefaction (HTL). Lipids, carbohydrates and protein content in C. 

vulgaris in this study is assumed to be 25%, 9% and 55% respectively on dry basis (Biller 

& Ross, 2011).  

4.3.2 Techno-Economic Analysis 

A process model was developed for treating incoming wastewater of 227 million 

l/day (60 million gallon/day) from local community using Super Pro Designer (Intelligen, 
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Inc., Scotch Plains, NJ). The process model contains five sections: growth, harvesting, 

hydrothermal liquefaction, bio-oil hydrotreating and co-product recovery and utilization 

(catalytic hydrothermal gasification) (Fig. 1).   

 

Fig. 4.1 Schematic illustration of modeled bio-oil plant 

 

4.3.2.1 Assumptions for process model 

4.3.2.1.1 Technical assumptions 

It was assumed that algae production facility receives adequate solar radiation to 

obtain productivity of 25 g/m2/day, and plant operates throughout the year for 330 days. 
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The concentration of algae going out the pond was 0.38 g/L (4 days retention time). 

Productivity of 25 g/m2/day and a need for treatment of 227 million l/day wastewater, 

requires construction of 85 ponds of 4 ha each with a total area of 340 ha. The total algae 

flow from the ponds to the harvesting section was 3550 kg/h. Accounting for a 2% loss of 

algae during flocculation and 0.01% during centrifugation, a total of 3478 kg/hr algae 

was processed for hydrothermal liquefaction, which produced 1222 kg/hr biocrude oil. 

Hydrotreating of biocrude produced 990 kg/hr (340 gal/hr) RD. The remnants of HTL 

(16,455 kg/hr, which includes ~4% organic matter and ~95% water) were used to 

produce methane rich biogas (60% methane and 40% CO2) by catalytic hydrothermal 

liquefaction, producing 710 kg/hr biogas. The CHP (combined heat and power 

generation) unit with efficiency of 38% electricity production (Wett et al., 2007) using 

direct biogas produced 2412kW electricity, most of which was used to fulfil the plant 

requirements and the rest was exported out of the plant. 

4.3.2.1.2 Economic assumptions 

The plant is assumed to operate for 330 days/year. Price basis for all the economic 

calculations was taken as 2015. Costs of specific equipment (open ponds, clarifier, 

centrifuge, hydrothermal liquefaction reactor, hydrothermal gasification reactor and 

hydrotreating reactor) for renewable diesel production process were calculated based on 

previously reported cost models (Borowitzka, 2005; Jones et al., 2014; Lundquist et al., 

2010) (listed in Appendix A2). Costs were adjusted to year 2015 using the equation 4.1. 

𝐶𝑜𝑠𝑡 𝑖𝑛 2015 = 𝐶𝑜𝑠𝑡 𝑖𝑛 𝑏𝑎𝑠𝑒𝑦𝑒𝑎𝑟 ∗ (
2015 𝑖𝑛𝑑𝑒𝑥

𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟 𝑖𝑛𝑑𝑒𝑥
)         (4.1) 
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Cost of other equipment was based on the built-in cost models in SuperPro 

designer. The scale up of the equipment was done using the conversion from equation 

4.2. 

𝑆𝑐𝑎𝑙𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑐𝑎𝑙𝑒 𝑐𝑜𝑠𝑡 ∗ (
𝑆𝑐𝑎𝑙𝑒 𝑢𝑝 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
)
𝑛
     (4.2) 

Where, “n” is the scaling factor (typically 0.6-0.7).  

4.3.2.2 Algae Cultivation 

Algae plant was assumed to be based on a modular design based on raceway 

ponds (L:W:D = 890m: 44m: 0.3m). The growth rate of algae was calculated based on 

Monod kinetic parameters of algal growth with nitrate as limiting substrate calculated by 

laboratory experiments (equation 4.3).  

𝜇 = 𝜇𝑚𝑎𝑥
𝑆

𝑆+𝑘𝑠
          (4.3) 

Where, “𝜇” is the specific growth rate of microalgae, 𝜇𝑚𝑎𝑥 is the maximum 

specific growth rate, “𝑆” is the concentration of nitrate in wastewater and “𝑘𝑠” is the half 

saturation constant. 

Mixing of algae slurry in the open pond using paddle wheels is necessary to avoid 

sedimentation, distribute nutrients, and maintain a uniform temperature and pH to 

enhance algae productivity (Jonker & Faaij, 2013). The power requirement for the paddle 

wheel is calculated using equation 4.4 (Borowitzka, 2005).  

𝑃 =
𝑄𝑊∆𝑑

102𝑒
           (4.4) 

Where, “𝑃” is the power requirement (kW), “𝑄” is the flow of the culture (m3/s) 

(calculated by velocity*cross-sectional area), “𝑊” is the specific weight of the culture (kg 



111 

 

 

m-3), “∆𝑑" is the head loss of water, “𝑒” is the efficiency of paddle wheel (40% assumed 

(Lundquist et al., 2010)) and “102” is the conversion factor. The velocity of water 

flowing with paddle wheel is assumed to be 15 cm/s (Borowitzka, 2005) and the cross-

sectional area can be calculated as depth*width/2 (6 m2). Additional head loss of water in 

the pond (∆𝑑) occurs along the length of the pond and as water flows around two 180° 

bend with baffles. Both the head losses can be calculated using the Manning’s equation. 

Total head loss can be calculated as the summation of the two losses (equation 4.5) 

(Lundquist et al., 2010).  

∆𝑑 = 𝑣2𝑛2 (
𝐿

𝑅
4
3

) +
𝐾𝑣2

2𝑔
         (4.5) 

Where, “𝑣” is the mean velocity (m/s), “n” is the roughness factor (0.18 for clay lining), 

“𝑅” is the channel hydraulic radius (m), “𝐿” is the channel length (m), “𝐾” is the kinetic 

loss coefficient for 180° bends (theoretically 2).  

With surface area (cross-sectional area) of 6 m2 and wetted perimeter as 20.6 m, 

the hydraulic radius is calculated as 0.29m. Total head loss was calculated as 0.0238m 

(0.0046m around two 180° bends and 0.0192m along the total channel length of 1790m) 

The pond is assumed to be built with compacted earth and lined with clay locally 

available avoiding the high cost of plastic liner (Lundquist et al., 2010). A report 

suggested an increase in pond construction from $136,000 for clay lined to $277,000 with 

plastic lining (year 2010 reference) for a 4-ha raceway pond (Lundquist et al., 2010). The 

total cost of one open pond was $154,600, and the breakdown of the cost is presented in 

table 4.1. Flue gas (rich in CO2) from a power plant (Table 4.2) at a distance of up to 4.5 

km (three miles) is transported by pipes for addition to the growth pond. It is assumed 
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that utilization efficiency of CO2 in flue gas directly injected into algae ponds is more 

than 90% (Sheehan et al., 1998). Some water is recycled back from centrifugation step 

(along with some nutrients), and rest of makeup water is provided by wastewater stream 

assumed to be transported from treatment plant 2 miles away. The composition of 

wastewater is presented in table 4.2 (Ellis, 2004). Algae can utilize nutrients available in 

wastewater for growth which also helps in treatment of wastewater. Wastewater stream, 

thus, reduces the use of makeup nutrients required for algal growth. Any deficient 

nutrient was replenished with pure nutrient (considering only nitrates and phosphates in 

this study).   

Table 4.1 Breakdown of the open pond cost (Benemann & Oswald, 1996; Weissman & 

Goebel, 1987) 

Item Cost (per hectare) (Cost 

updated to 2015) 

Cost of 1 open 

pond (4 ha) (Cost 

updated to 2015) 

Cost of open pond site $3640/ha $14560 

Cost of open pond construction 

(wall and structure) 

$14450/ha $57800 

Paddle wheel  $7285/ha $29140 

CO2 delivery (pipes and pumps) $9180/ha $36720 

Internal distribution of CO2 

(sumps) 

$4090/ha $16360 

Total open pond cost $38645/ha $154600 
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Table 4.2 Composition of flue gas and wastewater used in algal growth 

Composition of flue gas (Xu et al., 2003) Composition of wastewater (Ellis, 2004) 

Component Mass composition  Component Mass composition  

Nitrogen 76.5% Water  99.7% 

Carbon dioxide  12.8% Other Solids 0.12% 

Water 6.2% Nitrates 800 ppm 

Oxygen 4.4% Inorganic carbon 400 ppm 

NOx 420ppm Salts 100 ppm 

SOx 420 ppm Sulfates 50 ppm 

Carbon monoxide 50 ppm Phosphates 15 ppm 

 

4.3.2.3 Algae harvesting 

It is assumed that algae grows to a steady-state concentration and is continuously 

harvested at the rate equal to the growth rate. Algae is harvested in two steps: bulk 

dewatering and thickening. Dewatering can be achieved using flocculation or floatation. 

Although floatation is an effective process as algae floats up faster than settling down in 

flocculation (Becker, 1994), power consumption in pumping air for dispersed air flotation 

if high, making the process expensive.  Also, the choice of coagulant/collector is very 

critical in air flotation (Chen et al., 1998). Therefore, flocculation process was chosen for 

bulk dewatering step using cationic starch as flocculent (Hansel, 2011). A high 

sedimentation of 95% algae is reported to be achieved with 30 minutes residence time 

with a concentration of 10 mg flocculent per liter of culture (Hansel, 2011). This step 

yields a concentration of 15 g/L. Each clarifier used (settling pond) has a working volume 
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of 12500 m3.  A total of 3.75 ha of land was used for three settling units required for the 

operation. The thickening of algae is obtained by centrifugation process, providing the 

final concentration of 200g/L (20% solids) algae. The throughput of centrifuge was 90 

m3/h with the cost of one unit as $277,000. In the current study, use of centrifuge was 

assumed as final step in algae harvesting process, however other studies have used sun 

drying, belt press, bed drying as other options to increase algal concentration (Delrue et 

al., 2013).  

4.3.2.4 Bio-Crude production 

The solids concentration reported in literature for HTL of algae is 10-20% 

(Jazrawi et al., 2013; Jena et al., 2011a). For the purpose of this study, it was assumed 

that the 20% solids concentrated algae obtained from previous centrifugation step, 

transported using positive displacement pump, which are offered by vendors to pump 

slurries with 20% solids (Berglin et al., 2012), is directly used in HTL reactor. The 

optimal HTL process conditions for maximum oil productivity (~37% reported) (Jazrawi 

et al., 2013) reported in literature (Brown et al., 2010; Jazrawi et al., 2013) were chosen 

for the process modeling 340°C, 200 bar pressure and residence time of three minutes. 

Choice of residence time was based on studies that have indicated possibility of higher 

yields with shorter residence times (1-10 minutes) (Faeth et al., 2013; Garcia Alba et al., 

2013). The bio-crude yield was calculated based on the additive relation proposed by 

Biller and Ross (Biller & Ross, 2011), with protein yield as 10% (Peterson et al., 2008), 

carbohydrate yield as 32% and lipid yield as 95% (Holliday et al., 1997). For algae flow 

rate of 3478kh/hr, the biocrude yield was calculated as 35% (1221.9kg/hr). The 

pressurized slurry is preheated at 335°C before entering into the reactor. The reactor was 
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chosen to be plug flow reactor because of lower economics at this scale (capital and 

operating cost) than continuously stirred tank reactor, used in other studies (Zhu et al., 

2014). The HTL conditions and elemental analysis of bio-oil are reported in table 4.3. 

Table 4.3 Conditions of hydrothermal liquefaction and properties of bio-oil (Jones et al., 

2014) 

Temperature (ºC) 340 ºC 

Pressure 200 bar 

Solids concentration in feed (wt.%) 20% 

Residence time 3 min 

HTL oil yield (wt.%) 37% 

Aqueous co-product (wt.%) 36% 

HTL bio-oil analysis wt.% 

C 

H 

O 

N 

S 

 

77.3% 

9.4% 

6.1% 

6.2% 

0.65% 

Bio-oil moisture content 2.8% 

Bio-oil HHV 24 MJ/kg 

 

4.3.2.5 Hydrothermal gasification 

The coproduct stream from algal oil extraction via hexane extraction or HTL is 

rich in organic matter, which makes it suitable to be converted to biogas  (Davis et al., 

2011; Zhu et al., 2014). The most common route of conversion is anaerobic digestion, but 

in case of HTL, aqueous byproducts are rich in nitrogen (about 70% of feedstock 

nitrogen ends up in aqueous phase). The ideal range of C:N for successful anaerobic 

digestion is 20:1-30:1 . Jena et.al. (Jena et al., 2011b) measured 3.92% carbon and 1.84% 
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nitrogen in the aqueous phase after HTL of Spirulina platensis, indicating a C:N ratio of 

2.1:1. High nitrogen content in the aqueous phase makes it unsuitable to be digested in 

anaerobic digester. Such sludge is suitable for treatment in catalytic hydrothermal 

gasification (CHG), a process that converts the nitrogen and carbon of the wet organic 

matter to biogas with use of a catalyst. The CHG treatment is very efficient for the 

conversion of organic carbon in the aqueous phase (99.2%) (Elliott et al., 2014). 

Gasification dominates in temperatures above 647K (Elliott et al., 2014). CHG leads to 

formation of a methane rich (60%) biogas (Elliott et al., 2009) and the conversion of 

organics is independent of the operating pressure after the temperatures are above 647 K 

(Elliott, 2008). 

4.3.2.6 Hydrotreating of HTL biocrude 

The biocrude obtained after hydrothermal liquefaction has to be upgraded to 

remove/reduce oxygen, nitrogen and sulfur before use in transportation vehicles. 

Hydrotraeting is done by treating the bio-oil with hydrogen (3.75% of wet bio-oil) at 350-

400ºC at 3.4-10.3 MPa (300°C and 3.5 MPa used in this study) in presence of a catalyst 

(CoMo/alumina-F in this study). This treatment converts the oxygen in the biocrude to 

CO2 and H2O, nitrogen to ammonia and sulfur to H2S resulting in renewable diesel 

product with a density of 770g/L (Jones et al., 2014) and a heating value of 44 MJ/kg . 

The cost of hydrogen production in petroleum refinery is $1.21/kg (Cruz & Oliveira Jr, 

2008) and the requirement of hydrogen is 0.0375kg/kg wet bio-oil (Jones et al., 2014).  
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4.3.3 Life cycle analysis 

4.3.3.1 Goal definition and scoping 

The goal of the study is to investigate the GHG emissions and energy use during 

the life cycle of renewable diesel production from algae. The study analyzed the impact 

of RD production process from algae via hydrothermal liquefaction. The functional unit 

for the model was taken as 1,000MJ of RD energy (22.73kg or 29.5L RD). Most of the 

data for the LCA model was taken from the techno-economic model described in earlier 

sections.  

4.3.3.2 Process description 

The model was divided into four sections: algal production and harvesting, bio-oil 

production and co-product recovery and bio-oil distribution. Selection of system 

boundary is the most critical decision which affects the computations of energy 

consumption and emissions. The system boundary selected for this study is shown in 

figure 4.2.  
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Fig. 4.2 System boundary for life cycle analysis of RD production from algae (Red dotted 

line shows the system boundary considered in the study) 

 

The co-product allocation method is another major selection that can significantly 

influence the results of life cycle analysis (Kim & Dale, 2002). Electricity was the only 

co-product from the plant. System expansion (displacement) approach (Kim & Dale, 

2002) was used to calculate the co-product credits, which assumes that the electricity 

produced from biogas replaces the electricity requirement for the plant operations and 

offsets the energy use and GHG emissions to produce the electricity that would otherwise 

be produced using fossil fuels. The emissions were calculated in terms of gram CO2 

equivalent using global warming potential factors of 1, 25 and 298 for CO2, CH4 and 

N2O, respectively. 

Net energy value (NEV) and net energy ratio (NER) are the two terms defined on 

LCA to assess the energy efficiencies and fossil fuel displacement values (Juneja et al., 

2013b). NEV and NER were calculated using equations 4.6 and 4.7. The NER of a 
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system is defined as the ratio of total energy produced over the energy required for all 

plant operations. For a product to be sustainable (energy in the fuel > fossil energy used), 

NER should be greater than 1. 

𝑁𝐸𝑉 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑛𝑖𝑡– 𝑒𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑛𝑖𝑡      (4.6) 

𝑁𝐸𝑅 =
∑𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

∑𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠
        (4.7) 

The model was developed in GREET (Greenhouse Gases, Regulated Emissions, 

and Energy Use in Transportation). The values for nutrients, catalyst, hydrogen and 

flocculant used and energy requirement were derived from the techno-economic model. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Process Economics 

Model of bio-oil production from algae (60 million gallon wastewater per day) 

was simulated in SuperPro Designer (figure 4.3) for a plant life of 20 years. Techno-

economic model for the production of renewable diesel in the nth plant design resulted in 

the cost of production of RD as $1.75/l ($6.63/gal).  The capital cost for bio-oil 

production plant were estimated to be $105MM with renewable diesel (RD) production 

of 10 million liters/year (2.7 million gallon/year). Overall economics of the process are 

presented in table 4.4. Installed equipment cost (equipment and installation cost) 

accounted for nearly 38% of the total direct fixed capital costs. The rest would include 

piping, building and other indirect costs (engineering, construction, contractor’s fee). 

Breakdown of operating cost as facility dependent costs, raw material costs and other 

costs (labor and utilities) for the RD production processes is illustrated in Figure 4 (a). 

The major portion was facility dependent cost (64%), which includes the costs associated 
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with equipment maintenance, depreciation of the fixed capital cost, and miscellaneous 

costs such as insurance, local (property) taxes and possibly other overhead-type of 

factory expenses. The raw material cost accounted for 13% of the total operating cost, 

with flocculant (starch) and catalyst for hydrothermal gasification being the major 

fraction (31% and 23% respectively). Most of the major nutrients required for growth 

were supplied by the waste water (78% nitrates and 98% phosphates). Similarly, about 

21% CO2 was supplemented with the flue gas. 

Table 4.4 Overall economics of the production of RD from algae with processing 

capacity of 2.5Mgal/h  

Total Investment (MM $) 104.96 

Operating Cost (MM $/yr) 17.88 

RD (MMgal/yr) 2.69 

RD unit cost ($/l($/gal)) 1.75(6.63) 

Direct fixed capital cost (MM $)* 99.39 

Equipment cost (MM $) 26.86 

Installation cost (MM $) 10.43 
*Direct fixed capital cost includes equipment and installation cost along with indirect costs 
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Fig. 4.3 SuperPro model of bio-oil plant from algae
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Fig. 4.4 Cost distribution (a) Contribution of facility dependent, labor dependent, raw 

material and utilities cost during production of RD from algae and (b) Distribution of RD 

price among different section  

The results of techno-economic analysis to be used for life cycle analysis are 

summarized in table 4.5 and 4.6.  Energy use for a section is calculated was the ratio of 

the energy used in that particular section to the total energy produced (energy of RD). 

The values of energy use for different sections of RD production system are in agreement 

with previously performed life cycle analysis (Frank et al., 2013). 

Table 4.5 Amount of material produced and consumed during the RD production process 

 
Amount 

(kg/year) Amount (kg/kg RD) 

Amount (kg/ 

functional unit) 

Algae (P) 28111000 3.524 80.98 

Nitrate (C) 1632000 0.208 4.70 

Phosphate (C) 55000 0.007 0.16 

CO2 (C) 40411000 5.155 116.41 

Starch (C) 707000 0.090 2.04 

Catalyst (C) 4000 0.001 0.01 

Hydrogen (C) 377000 0.048 1.09 

Biocrude (P) 9677000 1.235 27.88 

RD (P) 7838000 1.000 22.58 

* (C) onsumption and (P) roduction 
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Table 4.6 Energy (electricity) use in different sections of renewable diesel production  

Section 

Electricity used 

(kWh/yr) 

Electricity used 

(MJ/kg RD) 

Energy Use 

(MJ/MJ RD) 

Algae Growth 6508340 2.63 0.060 

Harvesting 3641694 1.47 0.033 

HTL 2611733 1.05 0.024 

Gasification 6011259 2.42 0.055 

Upgradation 2555741 1.03 0.023 

Co-production 21778226 8.79 0.200 

Exported 449459 0.18 0.004 

 

4.4.1.1 Sensitivity analysis 

Sensitivity analysis was performed on various inputs/operations for change in 

final price of renewable diesel (Fig. 4.5). The tornado chart shows that all the parameters 

had significant impact on the final price of bio-oil. Lipid content of algae was the major 

factor affecting the price of renewable diesel, as lipids are converted to biocrude with up 

to 100% efficiency (Holliday et al., 1997; King et al., 1999). Lipid content of the strain 

was changed with corresponding change in protein content (nitrogen starvation leads to 

increase in lipids with a reduction in proteins (Juneja et al., 2013a)). These results are in 

agreement with an earlier study for production of biodiesel from microalgae that also 

found lipid content to be the most sensitive parameter in price of biodiesel (Davis et al., 

2011). Second major factor was the size of plant, which was shown to have considerable 

effect on price of RD (Fig. 4.6). Although the first major factor is strain dependent, the 

second is operational parameter, which can be altered for improved economics. The 

changes in the amount of hydrogen for upgrading the biocrude to renewable diesel did 
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not have a large impact on the final price because of the low quantity of hydrogen used 

per unit biocrude oil.  

 

Fig. 4.5 Effect of parameters on price of renewable diesel 

 

 

Fig 4.6 Effect of wastewater amount on price of RD and area required for plant 
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4.4.1.2 Renewable Diesel Price 

The price of RD was calculated as $6.63/gal, which includes for $0.86/gallon 

hydrotreating cost. The price of biofuel from algae has been reported to fall in the 

variable range of from $0.92/ gal to $42.6/gal (Sun et al., 2011). The distribution of RD 

price among different sections is shown in figure 4.4 (b). Algae culturing and harvesting 

contributed the largest fraction of the total cost of RD (~56%), in agreement with ranges 

reported in literature (Jones et al., 2014). Raw material contributed to 13% of the total 

price of which starch added as flocculant was the highest contributor (~33%), followed 

by catalyst use (~24%), and hydrogen (~24%) and nutrients (~19%).  

The comparison of the price of biocrude and renewable diesel are compared with 

other studies in figure 4.7. All the prices were adjusted to 2015 for comparison purpose 

with inflation rate of 2%. In the wide range of biofuel from algae price, the price of RD in 

this study is on the lower limits. One of the main reasons for the low cost of production 

was the use of clay lining over more expensive plastic lining. The cost of RD was found 

to be $2.1/l ($7.93/gal) with the use of plastic lining ad increasing the cost of pond 

accordingly. Another reason was low makeup nutrients required for growth as wastewater 

adequately covered most of the nitrate and phosphate requirement. The location of plant 

was another favorable aspect, such that a high volume of wastewater was available for 

algal growth. The impact of plant size on final product price has already been 

demonstrated in figure 4.6. 



126 

 

 
 

 

Fig. 4.7 Comparison of biocrude prices (with biocrude and TAG prices from other 

studies) (Beneman (Benemann & Oswald, 1996), Davis (OP and PBR) (Davis et al., 

2011), XiangXuwen (OP and PBR) (Xiang, 2013), NREL, Seambiotic, SNL, NMSU 

(Sun et al., 2011), Richardson (OP and PBR) (Richardson et al., 2012), Jones (Jones et 

al., 2014) and Zhu (Zhu et al., 2014)). 

 

4.4.2 Life Cycle Energy Use  

A well to pump life cycle model for production of RD was developed in GREET. 

The fossil energy use for production of RD was 241.6MJ per 1,000 MJ of energy 

produced, which was about 80% lower than that from GREET life cycle model of 

conventional diesel from crude oil (Palou-Rivera & Wang, 2010). The fossil energy use 

was calculated by deducting the co-product (electricity production) from the total energy. 

The distribution of fossil energy use among different sections of RD production is shown 

in figure 4.8. It can be observed that upgrading the biocrude oil had major contribution to 

the fossil energy use, due to hydrogen use for hydrotreating. The fossil energy use for 

CHP is negative implying excess electricity generation. 
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Fig. 4.8 Distribution of fossil energy use over different sections of RD production 

 

Net energy value for RD production was 758.4MJ per 1,000MJ energy, which is 

higher than the conventional diesel (-207 MJ) (Palou-Rivera & Wang, 2010) and lower 

than the crude oil from algae using lipid extraction (914 MJ) (Frank et al., 2011). NER 

for four fuels compared is shown in figure 4.9. The value of NER was less than one for 

gasoline indicating that the fossil energy input is higher than the energy in the fuel. The 

NER for algal oil is the highest, mainly because the crude oil is yet to be upgraded for use 

in transportation vehicles which has a high fossil energy requirement in the form of 

hydrogen.  
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Fig. 4.9 NER comparison for conventional diesel (Palou-Rivera & Wang, 2010), algal 

bio-oil (Jorquera et al., 2010), RD (this study) and algal crude oil (Frank et al., 2011) 

 

4.4.3 GHG Emissions 

The total GHG emissions during life cycle of RD production from algae were 

estimated to be -110 kg CO2 equivalent per 1,000 MJ of renewable diesel (-3.73 kg CO2 

eq./l RD). The GHG emissions for RD were found to be lower than the well to pump 

analysis of algal oil (-24 kg CO2 equivalent per 1,000 MJ) (Frank et al., 2011) and 

conventional diesel (21 kg CO2 equivalent per 1,000 MJ) (Palou-Rivera & Wang, 2010). 

The negative value for the GHG emission during production of RD is mainly because of 

system boundary selection. In well to pump analysis, the CO2 emissions during use of 

fuel are not considered, which results in negative GHG emissions. Another reason for 

negative GHG emissions is the co-product energy available during RD production 

process, which displaces the GHG emissions produced by fossil fuels required to produce 

electricity in the plant. Similar negative values (-46.5 kg CO2e per 1000 MJ of RD) were 

reported for well to pump analysis of renewable diesel production from algae earlier 
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(Frank et al., 2013). However, well to wheel analysis of the same study estimated GHG 

emission of 31 kg CO2 eq per 1000 MJ of RD. 

Figure 4.10 shows the GHG emissions in different stages of RD production. The 

GHG emissions during growth of algae are negative because of CO2 sequestration in the 

photosynthesis process. Maximum GHG emissions were observed in hydrotreating 

process. The carbon flow (balance) throughout the life cycle of RD is shown in figure 

4.11. Red dotted line in the figure indicates the system boundary, where sequestration of 

CO2 from the atmosphere was included whereas use in the vehicle is excluded (explained 

in earlier sections).  

 

Fig. 4.10 GHG emissions produced per functional unit during various stages of life cycle 

of RD production 
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Fig. 4.11 Carbon balance during life cycle analysis of RD production (Red dotted line 

indicates system boundary chosen for this study) 

 

4.5 CONCLUSIONS 

A comprehensive techno-economic analysis and life cycle assessment was 

performed to evaluate the economic feasibility and environmental impact of the 

production of renewable diesel from algae via the hydrothermal liquefaction process. 

Cost of production of RD was calculated to be $6.62/gal, which was on the lower side of 

the broad range reported in literature. Highest contributors to the cost of RD were algae 

culturing and harvesting. The cost difference between crude bio-oil and hydrotreated 

renewable diesel was found to be $0.84. Lipid content of the algae and plant size were the 

2 critical factors in deciding the cost of RD. The total greenhouse gas emissions in the 

process of RD production were -110 kg CO2 equivalent per 1,000 MJ of renewable diesel 

and the total fossil energy used in the process was 241.6MJ per 1,000 MJ of energy 

produced. The negative GHG emissions were attributed to the system boundary of the life 
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cycle analysis. Techno-economic and life cycle assessments indicated that production of 

RD from algae is competitive to other alternatives to diesel production. 
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5.1 ABSTRACT 

Kinetic model for algae is an important tool to understand the growth profiles of 

algae taking nutrient availability into account. These models can help in optimization of 

algal cultivating techniques by efficient utilization of nutrients. Chlorella vulgaris, one of 

the most robust algal strains for outdoor growth, was used to develop the Monod’s 

multiplicative kinetic model with limiting nitrate and CO2. The specific growth rate 

calculated from the growth profiles was 0.0196 hr-1. The experimental data was used to 

model the growth and estimate the growth parameters. The yield coefficient for nitrate 

and CO2 for C. vulgaris were calculated as 2.86 and 1.96 respectively. The values of 

𝜇𝑚𝑎𝑥, 𝑘𝑁, 𝑘𝐶, 𝑘𝑑, Ea and 𝑘𝐿𝑎 were estimated as 0.23 hr-1, 26.53 mg/l, 7.64 mg/l, 0.08hr-1, 

3.69 J/mol and 0.24 hr-1. The model can prove to be useful for scaling up the algal growth 

reactors for various applications. 
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5.2 INTRODUCTION  

Microalgae is an attractive alternative to conventional energy sources due to its 

capability to convert solar energy into valuable biomass with useful biochemical 

composition. Algae are known to produce 10-50 times more oil per unit area than 

conventional oil seed crops such as canola, jatropha and oil palm (Chi s t i ,  2007) . 

Biological CO2 mitigation through microalgae has attracted much attention as a strategic 

alternative that associates both environmental and economic interests. Algae can take up 

nutrients such as CO2 from atmosphere, exhaust/flue gases or even soluble carbonates, 

and nitrates/phosphates from the wastewater. Secondary effluents from wastewater 

treatment plants contain a large amount of contaminants, such as NH4
+, NO3

- and PO4
3- 

that need to be treated before discharging into water bodies. Microalgae have been 

proposed as an alternative biological treatment for removing nutrients due to the lower 

cost of this technology (Ruiz-Marin et al., 2010). This not only helps in reducing the cost 

of media nutrients to grow microalgae, but also aids in treatment of wastewater and 

cleaning of the exhaust gases, potentially helping in reduction of greenhouse gas 

emissions. 

Algal productivity is one of the critical parameters of algae production that determines 

the overall economics, nutrient recovery rates and efficiency. Kinetics of algae growth 

plays an important role in improving algae productivity. Algae growth kinetic models 

relate the growth rate of algae to the substrate concentration in a culture media. These 

models provide an understanding of biomass production and nutrient consumption rate, 

which are essential for designing efficient production systems for the purpose of nutrient 

removal as well as predicting process performance, and optimizing operating conditions. 
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Chlorella vulgaris is one of the robust strains of algae which has shown potential 

to grow in wastewater (Ahmad et al., 2013). Chlorella vulgaris is a promising and high 

potential algae strain for biofuels production, with high productivity (1.06 g L-1 day-1), 

high rate of CO2 fixation (1.99 gL-1 day-1), and tolerance to high concentrations of CO2 

and compounds such as nitrogen oxides (NOx) and sulfur oxides (SOx) (Tebbani et al., 

2014a). These characteristics make this algae suitable for growth in open ponds using 

waste water as a nutrient source with added benefits of flue gas utilization to meet algae 

carbon requirements. Therefore C. vulgaris was used as algal strain in this study to 

develop the kinetic model.  

Monod kinetics is the most studied model for biological growth with limiting 

substrate. A lot of studies have been conducted to find the parameters of this model for 

single substrate limitation like nitrogen (Aslan & Kapdan, 2006), phosphorus (Yao et al., 

2011), light intensity (Béchet et al., 2013) or inorganic carbon (Novak & Brune, 1985). 

Integrated models for multiple-substrate limitations have also been used (Yang, 2011; 

Zhang et al., 1999). Table 5.1 summarizes the kinetic models used to model substrate 

consumptions for different algae strains. 

Table 5.1 Various kinetic models used to simulate algal growth 

Substrate(s) Model Nomenclature Reference 

Inorganic 

carbon 
𝜇 = 𝜇𝑚𝑎𝑥

𝑆𝑐

𝑆𝑐 + 𝑘𝑠
 

𝜇𝑚𝑎𝑥: maximum specific 

growth rate 

𝑆𝑐: CO2 concentration 

𝑘𝑠: Half-saturation constant 

(Goldman et al., 

1974; Novak & 

Brune, 1985) 

Nitrogen 
𝜇 = 𝜇𝑚𝑎𝑥

𝑆𝑁

𝑆𝑁 + 𝑘𝑆,𝑁
 

𝑆𝑁: nitrogen concentration 

𝑘𝑆,𝑁: Half-saturation constant 

(Aslan & 

Kapdan, 2006) 
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Nitrogen 

(Ammonia) 𝜇 = {

𝜇𝑚𝑎𝑥(𝑆 − 𝑆𝜇)

(𝐾 + 𝑆 − 𝑆𝜇)
𝑖𝑓 𝑆 > 𝑆𝜇

0                     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

𝑆𝜇: Finite ammonium 

concentration 

k: Half-saturation constant 

(Sunda et al., 

2009) 

Phosphorus  
𝜇 = 𝜇𝑚𝑎𝑥

𝑆𝑃

𝑆𝑃 + 𝑘𝑆,𝑃
 

𝑆𝑃: Phosphorus 

concentration 

𝑘𝑆,𝑃: Half-saturation constant 

(Aslan & 

Kapdan, 2006) 

Phosphorus 
𝜇 = 𝜇𝑚𝑎𝑥 (1 −

𝐾𝑞

𝑞
) 

𝐾𝑞: Limiting cell quota for the 

limiting nutrient 

q: Cell quota for the limiting 

substrate 

(Grover, 1991) 

Light 
𝜇 = 𝜇𝑚𝑎𝑥

𝐼

𝐼 + 𝑘𝑆,𝐼
 

𝐼: Light Intensity 

𝑘𝑆,𝐼: Saturation light intensity 

(Chojnacka & 

Zielińska, 2012; 

Sasi et al., 2011) 

Light 𝜇 = 𝜇𝑚(1 − 𝑒−𝐼/𝐾𝑆,𝐼) 𝑘𝑆,𝐼: Saturation light intensity (Martínez et al., 

1997) 

Temperature 𝜇 = (𝐴𝑒
−𝐸𝑎

𝑅𝑇⁄ ) 𝐸𝑎: Activation Energy 

T: Temperature 

(Goldman & 

Carpenter, 1974) 

Light & 

nitrogen 
𝜇 = 𝜇𝑚𝑎𝑥 (1 −

𝑄𝑚𝑖𝑛

𝑄
) 

(𝐼𝑖𝑛 − 𝐼𝑜𝑢𝑡)𝐴/(𝑉𝑋)

𝑘∈ + (𝐼𝑖𝑛 − 𝐼𝑜𝑢𝑡)𝐴/(𝑉𝑋)
 

Q: intracellular nitrogen quota  

𝑄𝑚𝑖𝑛: minimum intracellular 

nitrogen quota  

𝐼𝑖𝑛, 𝐼𝑜𝑢𝑡: incident and outgoing 

light intensities  

A,V: PBR area and volume 

𝑘∈: light saturation constant 

X: cell concentration 

(Clement-

Larosiere, 

2012) 

 

In the present study, a kinetic model was developed and validated for the growth 

of Chlorella vulgaris in a batch reactor under nitrate and CO2 limiting conditions, 

considering the effect of light and temperature.   
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5.3 MATERIALS AND METHODS 

C. vulgaris strain (UTEX Number: 2714 ) was maintained and grown in modified 

Bristol medium (all chemicals were purchased from Sigma-Aldrich) with modification of 

three times nitrate concentration under 12/12 hour light and dark times with continuous 

supply of air through a filter. The medium and flasks were sterilized in an autoclave for 

20 min at 121ºC in order to prevent any contamination during growth.  

5.3.1 Effect of Temperature on Growth Rate 

Chlorella vulgaris was grown in Bristol media under three temperature conditions 

(20°C, 25°C and 30°C) with other factors kept constant. Biomass concentration was 

measured every 24 hours by OD reading at 680 nm using a spectrophotometer. The 

culture was grown for 5 days and biomass concentration was plotted with time. The 

specific growth rate was measured by using the relation expressed in equation 1 in the 

exponential growth phase. 

𝜇 =
𝑙𝑛𝑁2−𝑙𝑛𝑁1

𝑡2−𝑡1
          (5.1) 

Where, N2 and N1 are the biomass concentrations at time t2 and t1. The values of 

specific growth rates variation from optimum temperature were used in the Arrhenius 

equation (Eqn. 5.2) and solved using excel solver to calculate the optimum temperature 

(𝑇𝑜𝑝𝑡) and activation energy (𝐸𝑎). 

𝜇 = 𝐴𝑒
−𝐸𝑎

𝑅(𝑇−𝑇𝑜𝑝𝑡)
⁄

         (5.2) 
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Where, “𝐴” is the prefactor (dimensionless), “𝐸𝑎” is the activation energy (J/mol), “𝑇” is 

the absolute temperature (K), “𝑇𝑜𝑝𝑡” is the optimum temperature for maximum growth 

and “𝑅” is the universal gas constant (J K-1 mol-1). 

5.3.2 Measurement of Mass Transfer Co-efficient (kLa) 

Gas-liquid transfer is described by boundary layer and the transfer flux of 

component i from gas to liquid is given by 𝑁𝑖 = 𝑘𝐿(𝜉𝑖
∗ − 𝜉𝑖), where, 𝑘𝐿 is the global 

transfer coefficient of the component i; 𝜉𝑖 is the concentration of the component i in the 

liquid phase and 𝜉𝑖
∗ is the theoretical concentration in liquid in equilibrium with gas 

phase. To calculate the mass flow rate transferred per unit liquid volume, the flux is 

multiplied by the interfacial area per unit liquid volume available between the 2 phases. 

Therefore,  

𝑄𝑖 = 𝑘𝐿𝑎(𝜉𝑖
∗ − 𝜉𝑖)         (5.3) 

where, 𝑘𝐿𝑎 is the mass transfer coefficient , dependent on the reactor hydrodynamics and 

operating conditions. 

Experimental kLa was measured to provide an estimate of the parameter for 

model fitting. CO2 was bubbled from a 100% CO2 cylinder at the rate of 80ml/min into a 

30-L reactor with constant mixing. Samples were withdrawn at different time points to 

measure the change in the dissolved CO2 concentration with time. Hach CO2 kits were 

used for measuring the dissolved CO2 concentration. pH was also measured at each 

sampling point. Change in CO2 concentration and pH with time of bubbling CO2 was 

plotted. Slope of the plot from equation 5.4 was used to estimate the mass transfer 

coefficient (𝑘𝐿𝑎) value. 
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𝑙𝑛[𝐶𝑂2
∗] − 𝑙𝑛[𝐶𝑂2] = −𝑘𝐿𝑎. 𝑡       (5.4) 

5.3.3 Growth Experiment 

For conducting the growth experiment, three replicates cultures of C. vulgaris in 

5L culture bottles were grown in 4L Bristol media under a cycle of 15 hours light and 9 

hours dark with continuous supply of air at 25°C. The starting culture was taken from the 

exponential growth phase of a continuously maintained culture. Samples for 

measurements of biomass, nitrate and dissolved CO2 concentration were taken every 3 

hours in the light period for 90 hours (6 days). Biomass concentration was calculated 

from the optical density (OD) measurement at 680nm using a spectrophotometer. The 

measurement was converted to the dry biomass weight using a previously developed 

calibration curve between OD and biomass dry weight. Nitrate concentration was 

measured using the nitrate measurement kits (Hach NitraVer X Nitrogen-Nitrate Reagent 

Set, HR). Hach CO2 kits (Hach model CA-23) were used for measurement of the 

dissolved CO2 concentration.  

5.3.4 Model Equations 

Monod’s model is one of the most intensively used models to describe microbial 

growth kinetics. It considers the effect of limiting nutrient on the growth. The Monod’s 

multiplicative growth model was used to model the growth curve for C. vulgaris and is 

given by equation 5.5. 

𝜇 = 𝜇𝑚𝑎𝑥 (
𝐼

𝑘𝐼+𝐼
) (

𝑁

𝑘𝑁+𝑁
) (

𝐶

𝑘𝐶+𝐶
)       (5.5) 

Where, “µ” is specific growth rate (hr-1), "𝜇𝑚𝑎𝑥" is maximum specific growth rate 

achieved at high, non-limiting nutrient concentrations. It factors in the temperature with 
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Arrhenius equation (𝐴𝑒
𝐸𝑎
𝑅𝑇) (Goldman & Carpenter, 1974) as presented in equation 5.2.  

I, N and C are the light intensity (Em-2s-1), nitrate concentration (mg/L) and dissolved 

carbon dioxide concentration (mg/L) respectively available to the culture, KI, KN and KC 

are the half-saturation constant (the nutrient concentration at which the specific growth 

rate is half of the maximum) for light (Em-2s-1) , nitrate (mg/L) and dissolved CO2 

(mg/L) respectively.  

Mass balance equations for biomass (X), nitrates (N), and carbon (C) in the batch 

reactor can be expressed as equations 5.6 - 5.8.  

𝑑𝑋

𝑑𝑡
= 𝜇𝑋 − 𝑘𝑑𝑋         (5.6) 

𝑑𝑁

𝑑𝑡
= −

𝜇𝑋

𝑌𝑋
𝑁⁄

          (5.7) 

𝑑[𝐶𝑂2]

𝑑𝑡
= 𝑘𝐿𝑎([𝐶𝑂2]

∗ − [𝐶𝑂2]) −
𝜇𝑋

𝑌𝑋
𝐶⁄

      (5.8) 

where, 𝑘𝑑 is the specific death rate, 𝑌𝑋
𝑁⁄

and 𝑌𝑋
𝐶⁄
 are the yield coefficient for nitrate and 

CO2 as substrate respectively, [𝐶𝑂2]* is the saturation concentration of the dissolved CO2 

in the liquid phase in equilibrium with the CO2 in the bubbles, which can be calculated by 

P*/H, where P* is the saturation pressure and H is the Henry’s constant of CO2. 

Total utilized carbon and nitrogen was used to calculate the yield coefficients of 

carbon and nitrogen (YX/C, YX/N) respectively using equation 5.9 (Vaccari et al., 2005): 

𝑌𝑋/𝑆 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
       (5.9) 

Five parameters, µmax, KN, KC, Kd and kLa, were estimated using the model and 

the experimental results. Algal growth models were developed using M ATLAB R2015a 
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software with mass balance equations displayed in Eqn. 5.6 – 5.8. The system of ordinary 

differential equations (ODE’s) were solved for user-defined initial conditions using 

ODE15 solver provided by MATLAB. The average of three replicates of experimental 

data was used in MATLAB for parameter fitting using lsqnonlin function. 

5.3.5 Validation Experiments 

The parameters of the kinetic model were validated with two different initial biomass 

concentrations and two different initial nitrate concentrations. The four conditions 

validated are summarized in table 5.2. 

Table 5.2 Condition of validation for kinetic parameters 

Validation Experiment No. Initial biomass 

concentration (mg/L) 

Initial nitrate concentration 

(mg/L) 

1 83.66 370.51 

2 297.70 283.38 

3 282.90 575.10 

4 54.78 79.16 

 

5.4 RESULTS AND DISCUSSION 

5.4.1 Temperature Dependent Growth 

Three temperature conditions (20ºC, 25ºC and 30ºC) were used to grow algae and 

calculate the specific growth rates of algae under these conditions. Weight of dry biomass 

(growth of algae) taken every 24 hours under these temperature conditions plotted with 

time is shown in figure 5.1. Specific growth rates calculated during exponential growth 

phase using equation 1 are presented in table 5.3.  
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Fig. 5.1 Algal growth curves under three temperature conditions 

 

Table 5.3 Specific growth rates with standard deviation (with n=3) 

Temperature (ºC) Specific Growth rates (hr-1) 

20ºC 0.016 ±6.93E-05 

25ºC 0.022±0.003 

30ºC 0.020±0.001 

 

The specific growth rates for Chlorella vulgaris grown in M8 media (0.75g/L) 

measured at 25ºC and 30ºC were previously reported as 0.0109 and 0.017 hr-1 

respectively (Cassidy, 2011), in comparison to 0.022 and 0.020 hr-1 calculated in this 

study for growth in Bristol media with triple concentrations of nitrate (0.75g/L). The 

change in growth rates with temperature (deviation from optimum temperature) was 

plotted as Arrhenius equation to calculate the parameters Ea (activation energy) and the 

optimum temperature. The equation 5.2 was solved using excel solver and the parameters 

calculated are presented in table 5.4. 
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Table 5.4 Parameters calculated from Arrhenius equation (equation 5.2) 

Parameter Value 

Optimum Temperature 300.6 K 

Activation energy (for variation from 

optimum temperature) 

3.66 J/mol  

 

The optimum temperature for growth of C. vulgaris is reported as 25ºC-30ºC in previous 

studies (Cassidy, 2011; Chinnasamy et al., 2009; Converti et al., 2009), which confirms 

the Topt value of 300.6K (27.6ºC) estimated in this study. 

5.4.2 Calculation of Mass Transfer Coefficient 

CO2 was continuously bubbled in water with starting concentration of 23.75 mg/L 

dissolved CO2. The plot of change in CO2 concentration with time of bubbling CO2 at 80 

mL/min flow rate is shown in figure 5.2. It also shows the change in pH of carbonated 

water with amount of dissolved CO2. This data was used to plot the difference between 

saturation concentration and current concentration of dissolved CO2 in water versus time 

(Fig. 5.3). The slope of the resulting plot provided the negative value of the mass transfer 

coefficient, kLa, as per equation 5.4.  
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Fig. 5.2 Change in dissolved CO2 concentration during continuous bubbling of CO2 with 

time 

 

 

Fig. 5.3 Plot to calculate the mass transfer coefficient (from equation 5.3) 

 

Value of 𝑘𝐿𝑎 calculated in this study was 0.0053 min-1, which is close to the 

literature reported value of 0.00446 min-1 (Watson, 2009). This 𝑘𝐿𝑎 estimate was 

provided to the MATLAB model for prediction of all parameters.  
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5.4.3 Algal Growth Profile 

Experiments to characterize the influence of nitrate and inorganic carbon uptake 

rates on growth rates were conducted. Figure 4 shows the change in algal biomass and 

nitrate and inorganic carbon consumption with time. The experiment was conducted in 

15/9 hour light/dark cycle, and the data is plotted only for light hours. In the batch 

experiment conducted, there was negligible lag phase as the starting culture was obtained 

from another culture growing in exponential phase. The culture stayed in exponential 

phase for about 60 hours after which stationary phase was experienced. This can be a 

result of decreasing nitrate concentration, which was limiting for the growth of biomass 

after 60 hours (135mg/L). The maximum concentration of biomass achieved during the 

experiment was 153.8 mg/L from a starting concentration of 41 mg/L. The specific 

growth rate achieved during the growth of algae was 0.196 hr-1. The concentration of 

dissolved CO2 was close to its saturation value ([𝐶𝑂2]
∗) of 280 mg/l during the entire run 

of experiment except during the peak exponential phase. 

 

Fig. 5.4 Biomass growth curve of Chlorella vulgaris and uptake of nitrate and dissolved 

CO2 
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5.4.4 Model Fitting 

Kinetic model was used to fit the experimental data and find the key parameters 

using the ‘lsqnonlin’ function in MATLAB. The model fitted the experimental results 

relatively well, as shown in figure 5.5. The parameters estimated by the model are 

presented in table 5.5. The maximum specific growth rate of Chlorella vulgaris was 

estimated to be 0.2321 hr-1, which was in between the two literature reported value of C. 

vulgaris growth, 0.058hr-1 (Griffiths et al., 2014) and 1.07 (Tebbani et al., 2014a). The 

𝑘𝐿𝑎 value estimated from the model was 0.2403 hr-1 (0.0040min-1), which was close to 

the experimentally determined value of the mass transfer coefficient.  

 

Fig. 5.5 MATLAB simulation of the model fitting the experimental values of algal 

growth and nutrient uptake curves  
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Table 5.5 Estimated kinetic model parameters used in simulations. 

Parameter Value 

𝜇𝑚𝑎𝑥 0.23 hr-1 

𝑘𝑁 26.53 mg/l 

𝑘𝐶 7.64 mg/l 

𝑘𝑑 0.08 hr-1 

𝑘𝐿𝑎 0.24 hr-1 

 

5.4.5 Validation Results 

The kinetic parameters validated with two initial biomass concentrations and two 

initial nitrate concentrations are shown in figure 5.6 - 5.9 respectively. The model was 

found to well fit all the initial conditions (0.86≤R2 ≤0.97). The variation in the growth 

obtained using the model and the experiment could be attributed to the change in death 

rate (kd) with the age of the culture (time difference in conducting the experiments for 

fitting and validation). The validation results show that this model can be used for a 

varying initial concentrations of biomass and nitrate and a vast scale. 

 

Figure 5.6: Validation of kinetic model at biomass initial biomass concentration = 83.66 

mg/L and initial nitrate concentration = 370.51 mg/L. 
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Figure 5.7: Validation of kinetic model at biomass initial biomass concentration = 

297.70 mg/L and initial nitrate concentration = 283.38 mg/L. 

 

Figure 5.8: Validation of kinetic model at biomass initial biomass concentration = 

282.69 mg/L and initial nitrate concentration = 575.10 mg/L. 
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Figure 5.9: Validation of kinetic model at biomass initial biomass concentration = 54.87 

mg/L and initial nitrate concentration = 79.16 mg/L. 

 

5.5 CONCLUSION 

A kinetic model was developed for the growth of algae, Chlorella vulgaris, with 

nitrate and carbon dioxide as limiting nutrients. Experiments were conducted to find the 

growth pattern of C. vulgaris under nitrate and CO2 limiting conditions. MATLAB model 

used to estimate the parameters fitted well with the experimental values. Specific growth 

rates during the experimental growth of algae was calculated as 0.196 hr-1, whereas the 

maximum specific growth rate estimated by the model was 0.2321 hr-1. The values of 

mass transfer coefficient calculated from experiment was very close to model estimate 

and the literature value reported earlier. The model parameters determined validated the 

experiments performed under various initial conditions. This model can be used to further 

optimize the growth conditions of algal growth. 
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CHAPTER 6 

 

DESIGN AND VALIDATION OF MODEL PREDICTIVE 

CONTROLLER FOR OPTIMUM ALGAL GROWTH 

 

6.1 INTRODUCTION 

Microalgae offers various perspectives for applications in diverse areas such as 

pharmaceuticals (Pulz & Gross, 2004), animal feed (Becker, 2007), cosmetics (Spolaore 

et al., 2006) and renewable energy. As a feedstock for renewable fuel, microalgae have 

been exploited for various processes and routes such as biodiesel production by hexane 

extraction (Halim et al., 2011), renewable diesel production by hydrothermal liquefaction 

(Jones et al., 2014), biomethane production (González‐Fernández et al., 2012), 

biohydrogen production (Kruse & Hankamer, 2010) and bioethanol production by 

fermentation (Harun et al., 2010a). Another interesting advantage that algae offers is the 

assimilation of nutrients from wastewater for their growth, treating the wastewater on the 

other side (Ahmad et al., 2013). Their ability to utilize nitrates and phosphates contribute 

in reduction of phenomenon of eutrophication of certain aquatic environments (Tebbani 

et al., 2014a). Despite of all these advantages, microalgae still faces limitation in 

successful commercialization due to high cost of production and harvesting along with 

low productivities. Therefore, there is requirement for a solution which can help in 

consistent and optimum production of algae.  

Biological processes have complicated dynamics, therefore their control is a 

challenging task. Most biological systems are non-linear which makes modeling and 

parameter estimation particularly difficult. The scarcity of on-line measurements of the 
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component concentrations makes this task more sophisticated (Renard & Wouwer, 2008). 

Operational complexity of biological processes, resulting in labor intensive operations, 

has necessitated the need for systems that can optimize and control these processes 

(Horiuchi, 2002). For algal systems, deterministic mathematical models have been 

presented in the literature (Cornet et al., 1992; Heinrich & Irazoqui, 2015; Kim et al., 

2015; Nyholm, 1977; Quinn et al., 2011), however, there are limitations of describing the 

complex intracellular reactions of the algae due to  interaction of numerous physical and 

biological factors involved.  

Model predictive control, based on using a model based prediction to optimize 

future inputs, is an industrially successful control strategy that has been applied in 

optimal control of various nonlinear stochastic processes such as distillation columns, 

CSTRs, rocket and aerospace applications.  MPC works by creating an anticipative effect 

by predicting the future behavior of the system over a finite horizon (figure 6.1), from the 

solution of an optimization problem, using the current state of the plant as the initial state 

(Mattingley et al., 2010). The optimization yields an optimal control sequence. With 𝑥 as 

state variables and 𝑢 as controls, the future control trajectory at the sampling instant 𝑡𝑖 is 

denoted by  

∆𝑢(𝑡𝑖), ∆𝑢(𝑡𝑖 + 1), ∆𝑢(𝑡𝑖 + 2),……… . . , ∆𝑢(𝑡𝑖 + 𝑁𝑐 − 1)   (6.1) 

where, 𝑁𝑐 is the control horizon. Model predictive control is also known as receding 

horizon control, as the first control in this sequence is applied to the plant and the rest of 

the sequence is ignored. At the next time instance, more recent measurement is taken to 

form the state vector 𝑥(𝑘𝑖 + 1), which calculates the next control sequence. The ability to 

anticipate the future events is what differentiates the MPC from other advanced standard 
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controls. One of the major advantages of MPC is the ability to embed hard constraints on 

states and controls in the optimization problem due to finite control horizon used. With 

known information, the future state variables are predicted for 𝑁𝑃 number of samples, 

where 𝑁𝑃 is the prediction horizon or the optimization window. The basic structure of 

MPC is shown in figure 6.2.  

 

Figure 6.1: Principle of model predictive control (adapted from (Dai et al., 2012)) 

Model predictive control has previously been successfully applied to biological 

systems such as pencillin production in a fermenter (Ashoori et al., 2009), yeast 

bioreactors (Renard & Wouwer, 2008), fed batch ribolflavin production (Kovárová-

Kovar et al., 2000), and more. Non-linear model predictive control approach has also 
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been tested on Chlorella vulgaris (C. vulgaris) for biofixation of CO2 in CSTR (Tebbani 

et al., 2014b). In the current study, model predictive control strategy based on a discrete 

linearized kinetic equations model (considering nitrate and CO2 limitation, and 

temperature and light disturbance) for C. vulgaris is proposed to optimize the algal 

productivity subject to economic and environmental factors. 

 

Figure 6.2: Basic structure of MPC (adapted from (Camacho & Alba, 2013)) 

6.2 MODEL FORMULATION 

The basic framework for the design of model predictive control is provided by 

kinetic equations (converted from batch to CSTR) outlined in chapter 5 (Eq. 6.2).  

𝜇 = 𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎

𝑅(𝑇−𝑇𝑎)) (
(𝐼𝑎)

𝑘𝐼+(𝐼𝑎)
) (

𝑁

𝑘𝑁+𝑁
) (

[𝐶𝑂2]

𝑘𝐶+[𝐶𝑂2]
)  
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𝑑𝑋

𝑑𝑡
= 𝜇𝑋 − 𝐷𝑋 − 𝑘𝑑𝑋 

𝑑𝑁

𝑑𝑡
= 𝐷𝑁0 − 𝐷𝑁 −

𝜇𝑋

𝑌𝑋
𝑁⁄

+ (
𝐹𝑛

𝑉⁄ ) ∗ 𝑁𝑒   

𝑑[𝐶𝑂2]

𝑑𝑡
= 𝑘𝐿𝑎([𝐶𝑂2]

∗ − [𝐶𝑂2]) −
𝜇𝑋

𝑌𝑋
𝐶⁄

− (𝐷 +
𝐹𝑛

𝑉⁄ ) ∗ [𝐶𝑂2]    

(6.2) 

Where N, X, and [CO2] are the concentrations (mg/L) of biomass, nitrates and dissolved 

CO2; 𝐸𝑎 is the activation energy; T is the absolute temperature (K); R is the universal gas 

constant (J K-1 mol-1); 𝜇 = specific growth rate (hr-1); 𝜇𝑚𝑎𝑥 = maximum specific growth 

rate achieved at high, non-limiting nutrient concentrations; 𝑘𝑑 is the specific death rate 

(hr-1); 𝑌𝑋
𝑁⁄

and 𝑌𝑋
𝐶⁄
 are the yield coefficient for nitrate and carbon as substrate 

respectively (g substrate/g biomass); [𝐶𝑂2]* is the saturation concentration (mg/L) of the 

dissolved CO2 in the liquid phase in equilibrium with the CO2 in the bubbles; D is the 

dilution rate (hr-1), calculated as F/V, F being the flow rate of the media (L/hr) into the 

reactor and V being the volume of the reactor (L); 𝑁0 is the inlet concentration of nitrate 

in the media (mg/hr); 𝑁𝑒 is the additional nitrate concentration (mg/hr); 𝐹𝑛 is the flow rate 

of additional nitrate (L/hr); Ta is the available temperature and (T-Ta) is the temperature 

variation from the optimum temperature; and Ia is the available light intensity and (I-Ia) is 

the light disturbance from mid-day solar intensity.  

The model equations were used to develop the controller for maximum algal 

productivity while minimizing the cost and GHG emissions (later discussed in the 

chapter). The equations were used in state space description, which allows for an easier 

expression of stability and robustness criteria (Camacho & Alba, 2013). The states (x) for 
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this study were biomass concentration (𝑥1), nitrate concentration (𝑥2) and dissolved CO2 

concentration (𝑥3) in the culture.  The controls (manipulated variables) were flow of 

media (F), flow of additional nitrate (𝐹𝑛) and flow of CO2. To simplify actual 

implementation, the controls were modified to be 𝑡1 (time fraction of 𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 for which 

media pump stays open at maximum flow rate), 𝑡2 (time fraction of 𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 for which 

additional nitrate pump stays open at maximum flow rate) and 𝑡3 (time fraction of 

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 for which CO2 pump stays open at maximum flow rate) and the equations are 

converted to equation 6.3.  

𝜇 = 𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎

𝑅(𝑇−𝑇𝑎)) (
(𝐼 − 𝐼𝑎)

𝑘𝐼 + (𝐼 − 𝐼𝑎)
) (

𝑁

𝑘𝑁 + 𝑁
)(

[𝐶𝑂2]

𝑘𝐶 + [𝐶𝑂2]
) 

𝑑𝑋

𝑑𝑡
= 𝜇𝑋 − (

𝐹

𝑉
) ∗ (

𝑡1
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

) 𝑋 − 𝑘𝑑𝑋 

𝑑𝑁

𝑑𝑡
= (

𝐹

𝑉
) ∗ (

𝑡1
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

)𝑁0 − ((
𝐹

𝑉
) ∗ (

𝑡1
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

) + (
𝐹𝑛

𝑉
) ∗ (

𝑡2
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

))𝑁 −
𝜇𝑋

𝑌𝑋
𝑁⁄

+ (
𝐹𝑛

𝑉
) ∗ (

𝑡2
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

) ∗ 𝑁𝑒 

𝑑[𝐶𝑂2]

𝑑𝑡
= 𝑘𝐿𝑎([𝐶𝑂2]

∗ − [𝐶𝑂2]) ∗ (
𝑡3

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) −

𝜇𝑋

𝑌𝑋
𝐶⁄

− ((
𝐹

𝑉
) ∗ (

𝑡1
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

) + (
𝐹𝑛

𝑉
) ∗ (

𝑡2
𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

)) ∗ [𝐶𝑂2] 

  (6.3) 

Therefore, the states and controls can be written as  

[

𝑥1

𝑥2

𝑥3

] = [
𝑋
𝑁

[𝐶𝑂2]
] ;         [

𝑢1

𝑢2

𝑢3

] = [

𝑡1
𝑡2
𝑡3

] ;       [
𝑑1

𝑑2
] = [

𝐼 − 𝐼𝑎
𝑇𝑜𝑝𝑡 − 𝑇𝑎

] 

 (6.4) 
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Since it is not feasible to control the levels of light and temperature in open ponds, they 

were considered as disturbance variables in the model. Additionally, it is noted that while 

light and temperature are measured disturbances (i.e. their measurements are available), 

there could be other unmeasured disturbances which impact the operation of the algal 

culture (such as presence of other algal species, zooplankton and micronutrient 

deficiencies) that are not included in the model. It is expected that the model predictive 

controller designed here would be able to compensate for the effects of both measured 

and unmeasured disturbances. The system equations (equation 6.3) can be written as 

𝑓1 (𝑥, 𝑢, 𝑡) = (𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

(𝐼 − 𝑑1)

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
)) ∗ 𝑥1 − (

𝐹

𝑉
)

∗ (
𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) 𝑥1 − 𝑘𝑑𝑥1 

𝑓2 (𝑥, 𝑢, 𝑡) = (
𝐹

𝑉
) ∗ (

𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) 𝑁0 − ((

𝐹

𝑉
) ∗ (

𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) + (

𝐹𝑛

𝑉
) ∗ (

𝑢2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)) ∗ 𝑥2

−

(𝜇𝑚𝑎𝑥 (𝑒
−

𝐸𝑎
𝑅𝑑2)(

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
)) 𝑥1

𝑌𝑋
𝑁⁄

+ (
𝐹𝑛

𝑉
) ∗ (

𝑢2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) ∗ 𝑁𝑒 
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𝑓3 (𝑥, 𝑢, 𝑡) = 𝑘𝐿𝑎([𝐶𝑂2]
∗ − 𝑥3) ∗ (

𝑢3

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)

−

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
))𝑥1

𝑌𝑋
𝐶⁄

− ((
𝐹

𝑉
) ∗ (

𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) + (

𝐹𝑛

𝑉
) ∗ (

𝑢2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)) ∗ 𝑥3 

(6.5) 

6.2.1 Equilibrium point 

The equilibrium point for the system were found by equating the equations in 6.5 

to zero. The values of manipulated variables (𝑢1,  𝑢2, 𝑢3) which provided maximum 

productivity of algae (calculated using equation 6.6) were used to find the equilibrium 

point. Equation 6.6 was solved as optimization function (using fmincon in MATLAB) 

for the system described in equation 6.2. The values of variables used in the equation 6.5 

are tabulated in table 6.1. The equilibrium points calculated were 

 (𝑥1 𝑥2 𝑥3)𝑒𝑞 = (292.5  240.5  8.2) at (𝑢1 𝑢2 𝑢3)𝑒𝑞 = (3.512  0.1399  14.99) 

𝑑(𝐷𝑋)

𝑑𝐷
= 0 

(6.6) 

Where, D is the dilution rate (hr-1) and X is the biomass calculated in equation 6.2.  

Table 6.1: Values of parameters used for MPC design 

Parameter Value Parameter Value 

𝐹 2.5 L/hr V 30 L 

𝑁0 370 mg/L 𝐹𝑛 0.5 L/hr 
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𝑁𝑒 10000 mg/L 𝑑1 0 

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 15 minutes 

(0.25hrs) 

𝑑2 0 

  

6.2.2 Linearizing the model 

The function represented in equation 6.5 is linearized around an equilibrium point 

(𝑥𝑒 , 𝑢𝑒) to analyze the behaviors of the non-linear function near the equilibrium point the 

model was linearized using a Taylor series expansion for the RHS, using the first order 

term and ignoring the higher order terms. The linearized model is written as state-space 

representation as described in equation 6.6. 

�̇� = 𝐴𝑐𝛿𝑥 + 𝐵𝑐𝛿𝑢 + 𝑊𝑐𝛿𝑑 

𝑦 = 𝐶𝛿𝑥 + 𝐷𝛿𝑢 
(6.6) 

Where Ac, Bc and Wc can be expressed as  

𝐴𝑐 =

[
 
 
 
 
 
 
𝜕𝑓1
𝜕𝑥1

𝜕𝑓1
𝜕𝑥2

𝜕𝑓1
𝜕𝑥3

𝜕𝑓2
𝜕𝑥1

𝜕𝑓2
𝜕𝑥2

𝜕𝑓2
𝜕𝑥3

𝜕𝑓3
𝜕𝑥1

𝜕𝑓3
𝜕𝑥2

𝜕𝑓3
𝜕𝑥3]

 
 
 
 
 
 

𝑥𝑒,𝑢𝑒

; 𝐵𝑐 =

[
 
 
 
 
 
 
𝜕𝑓1
𝜕𝑢1

𝜕𝑓1
𝜕𝑢2

𝜕𝑓1
𝜕𝑢3

𝜕𝑓2
𝜕𝑢1

𝜕𝑓2
𝜕𝑢2

𝜕𝑓2
𝜕𝑢3

𝜕𝑓3
𝜕𝑢1

𝜕𝑓3
𝜕𝑢2

𝜕𝑓3
𝜕𝑢3]

 
 
 
 
 
 

𝑥𝑒,𝑢𝑒

;𝑊𝑐 =

[
 
 
 
 
 
 
𝜕𝑓1
𝜕𝑑1

𝜕𝑓1
𝜕𝑑2

𝜕𝑓2
𝜕𝑑1

𝜕𝑓2
𝜕𝑑2

𝜕𝑓3
𝜕𝑑1

𝜕𝑓3
𝜕𝑑2]

 
 
 
 
 
 

𝑥𝑒,𝑢𝑒

 

(6.7) 

Subscript “c” implies continuous model. The values 𝛿𝑥, 𝛿𝑢 and 𝛿𝑑 are the 

deviations from the equilibrium points of 𝑥, 𝑢 and 𝑑 respectively. The partial derivatives 

of the functions w.r.t. states, controls and disturbances in equation 6.5 (terms in the 
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matrices Ac, Bc and Wc) are written in equation 6.8, 6.9 and 6.10 respectively. The model 

was discretized with time step of 15 minutes. 

𝜕𝑓1
𝜕𝑥1

= (𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
)) − (

𝐹

𝑉
) ∗ (

𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) − 𝑘𝑑  

𝜕𝑓1
𝜕𝑥2

= (𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑘𝑁

(𝑘𝑁 + 𝑥2)2
) (

𝑥3

𝑘𝐶 + 𝑥3
)) ∗ 𝑥1 

𝜕𝑓1
𝜕𝑥3

= (𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑘𝐶

(𝑘𝐶 + 𝑥3)2
)) ∗ 𝑥1 

𝜕𝑓2
𝜕𝑥1

= −

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
))

𝑌𝑋
𝑁⁄

 

𝜕𝑓2
𝜕𝑥2

= −

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑘𝐶

(𝑘𝐶 + 𝑥3)2)) ∗ 𝑥1

𝑌𝑋
𝑁⁄

− ((
𝐹

𝑉
) ∗ (

𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) + (

𝐹𝑛

𝑉
) ∗ (

𝑢2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)) 

𝜕𝑓2
𝜕𝑥3

= −

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑘𝐶

(𝑘𝐶 + 𝑥3)2)) ∗ 𝑥1

𝑌𝑋
𝑁⁄

 

𝜕𝑓3
𝜕𝑥1

= −

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
))

𝑌𝑋
𝐶⁄
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𝜕𝑓3
𝜕𝑥2

= −

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑑1

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑘𝐶

(𝑘𝐶 + 𝑥3)2)) ∗ 𝑥1

𝑌𝑋
𝐶⁄

 

𝜕𝑓3
𝜕𝑥3

= −𝑘𝐿𝑎(𝑥3) ∗ (
𝑢3

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)

−

(𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝐼 − 𝑑1

𝑘𝐼 + 𝐼 − 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑘𝐶

(𝑘𝐶 + 𝑥3)2)) ∗ 𝑥1

𝑌𝑋
𝐶⁄

− ((
𝐹

𝑉
) ∗ (

𝑢1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) + (

𝐹𝑛

𝑉
) ∗ (

𝑢2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)) 

(6.8) 

𝜕𝑓1
𝜕𝑢1

= −(
𝐹

𝑉
) ∗ (

𝑥1

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) 

𝜕𝑓1
𝜕𝑢2

=
𝜕𝑓1
𝜕𝑢3

= 0 

𝜕𝑓2
𝜕𝑢1

= (
𝐹

𝑉
) ∗ (

𝑁0

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) − (

𝐹

𝑉
) (

𝑥2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) 

𝜕𝑓2
𝜕𝑢2

= −(
𝐹𝑛

𝑉
) ∗ (

𝑥2

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) + ((

𝐹𝑛

𝑉
) ∗ (

𝑁𝑒

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
)) 

𝜕𝑓2
𝜕𝑢3

= 0 

𝜕𝑓3
𝜕𝑢1

= −(
𝐹

𝑉
) ∗ (

𝑥3

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) 

𝜕𝑓3
𝜕𝑢2

= −(
𝐹𝑛

𝑉
) ∗ (

𝑥3

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
) 
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𝜕𝑓3
𝜕𝑢3

=
𝑘𝐿𝑎([𝐶𝑂2]

∗ − 𝑥3)

𝑡𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 

(6.9) 

𝜕𝑓1
𝜕𝑑1

= 𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑘𝐼

(𝑘𝐼 + 𝐼 − 𝑑1)2
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
) 𝑥1 

𝜕𝑓1
𝜕𝑑2

=
−𝐸𝑎

𝑅
(𝜇𝑚𝑎𝑥 (𝑒

−𝐸𝑎
𝑅𝑑2) (

(𝐼 − 𝑑1)

𝑘𝐼 + 𝑑1
) (

𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
)) 𝑥1 

𝜕𝑓2
𝜕𝑑1

= −

𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑘𝐼

(𝑘𝐼 + 𝐼 − 𝑑1)2) (
𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
) 𝑥1

𝑌𝑋
𝑁⁄

 

𝜕𝑓2
𝜕𝑑2

=

−𝐸𝑎

𝑅 (𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

(𝐼 − 𝑑1)
𝑘𝐼 + 𝑑1

) (
𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
)) 𝑥1

𝑌𝑋
𝑁⁄

 

𝜕𝑓3
𝜕𝑑1

= −

𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑘𝐼

(𝑘𝐼 + 𝐼 − 𝑑1)2) (
𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
) 𝑥1

𝑌𝑋
𝐶⁄

 

𝜕𝑓3
𝜕𝑑2

=

𝜇𝑚𝑎𝑥 (𝑒
−𝐸𝑎
𝑅𝑑2) (

𝑘𝐼

(𝑘𝐼 + 𝐼 − 𝑑1)2) (
𝑥2

𝑘𝑁 + 𝑥2
) (

𝑥3

𝑘𝐶 + 𝑥3
) 𝑥1

𝑌𝑋
𝐶⁄

 

(6.10) 

The matrices Ac, Bc and Cc were calculated as  

𝐴𝑐 = [
−0.0115 0.0036 0.8114
−0.0098 −0.0209 −0.2837
−0.0143 −0.0019 −0.4560

] , 𝐵𝑐 = [
−1.6259 0 0
0.7193 10.8439 0

−0.0456 −0.0091 0.4041
] ,

𝐶𝑐 = [
1 0 0
0 1 0

] 
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6.2.3 Stability, Controllability and Observability 

Stability, controllability, and observability are properties of control systems that 

are of particular importance in control theory as well as practice. The system needs to be 

asymptotically stable at the equilibrium point, which can be checked by calculating the 

eigen values of the system.  Eigen values inside the unit circle for a discrete system 

correspond to a Lyapnov stable system (−1 ± 1𝑖 ≤ 𝑒𝑖𝑔(𝐴) ≤ 1 ± 1𝑖). The eigen values 

for the discrete system were 

𝑒𝑖𝑔(𝐴) = [
0.8983
0.9902
0.9951

] 

These eigen values show that the system is marginally stable. The system was 

fully controllable as indicated by the full rank (3) of the controllability matrix M 

(equation 6.10) . Similarly, the system was fully observable as indicated by the full rank 

(3) of the observability matrix N (equation 6.11).  

𝑀 = [𝐵 𝐴𝐵 𝐴2𝐵]         (6.11) 

𝑁 = [
𝐶
𝐶𝐴
𝐶𝐴2

]          (6.12) 

6.3 CONTROLLER DESIGN 

6.3.1 Steps of MPC application  

The basic idea of an MPC  (Fig. 6.4) is to calculate a sequence of future control 

signals in such a way that it minimizes a multistage cost function defined over a 

prediction horizon (Camacho & Alba, 2013). The first step in use of a MPC is to obtain 
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real time measurement of the plant. In order to avoid physical biomass measurement, the 

control strategy was coupled to an observer (genome scale model developed and 

presented in chapter 3) to provide accurate estimates of the biomass concentrations. Due 

to unavailability of reliable non-pH based CO2 sensors, measurement/estimation of CO2 

concentration was not possible. Therefore, a full state observer of pole placement design 

(A,C pair) is used. The estimates of states using observer are used by the controller to 

solve a quadratic problem defined in terms of controls. The first set of controls predicted 

are implemented and the MPC algorithm is rerun to optimize the controls with the next 

available set of measurements. 

 

Figure 6.3: Flow chart explaining the overall steps of MPC application 
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6.3.2 Formulation of MPC 

The discretized state space model is written as equation 6.12. 

𝑥(𝑘𝑖 + 1) = 𝐴𝑥(𝑘𝑖) + 𝐵𝑢(𝑘𝑖) 

𝑦(𝑘𝑖) = 𝐶(𝑘𝑖) 

(6.13) 

Future state variables (prediction horizon long) are predicted with current state 

information. Sequential calculation of the set of future control parameters using the state 

space model (A, B, C) can be summarized as equation 6.13. 

𝑋𝑝 = 𝐴𝑝∆𝑥(𝑘𝑖) + 𝐵𝑝∆𝑈𝑝 + 𝑊𝜛(𝑘𝑖) 

𝑌 = 𝐹∆𝑥(𝑘𝑖) + 𝜙∆𝑈𝑝 + Θ𝜛(𝑘𝑖) 

(6.14) 

Where, 𝜛(𝑘𝑖) is the disturbance term (∆𝑑 used in the derivation) which is assumed to be 

zero for all times except at current time 𝑘𝑖 .  

𝑋𝑝 =

[
 
 
 
 
𝑥(𝑘𝑖+1)
𝑥(𝑘𝑖+2)

.

.
𝑥(𝑘𝑖+𝑁𝑝

)]
 
 
 
 

 ,     ∆𝑈𝑝 =  

[
 
 
 
 
 

∆𝑢(𝑘𝑖)
∆𝑢(𝑘𝑖 + 1)
∆𝑢(𝑘𝑖 + 2)

.

.
∆𝑢(𝑘𝑖 + 𝑁𝑐 − 1)]

 
 
 
 
 

 , 𝑌 =

[
 
 
 
 
𝑦(𝑘𝑖+1)
𝑦(𝑘𝑖+2 )

.

.
𝑦(𝑘𝑖+𝑁𝑝

)]
 
 
 
 

   

𝐴𝑝 =

[
 
 
 
 

𝐴
𝐴2

.

.
𝐴𝑁𝑝]

 
 
 
 

 , 𝐵𝑝 =

[
 
 
 
 
 

𝐵 0 . . 0
𝐴𝐵 𝐵 0 . 0
𝐴2𝐵 𝐴𝐵 𝐵 . .

. . . . .

. . . . .
𝐴𝑁𝑝−1𝐵 𝐴𝑁𝑝−2𝐵 . . 𝐴𝑁𝑝−𝑁𝑐𝐵]

 
 
 
 
 

, 𝑊 =

[
 
 
 
 

𝐵𝑑

𝐴𝐵𝑑

𝐴2𝐵𝑑

.
𝐴𝑁𝑝−1𝐵𝑑]
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𝐹 =

[
 
 
 
 

𝐶𝐴
𝐶𝐴2

.

.
𝐶𝐴𝑁𝑝]

 
 
 
 

 , 𝜙 =

[
 
 
 
 
 

𝐶𝐵 0 . . 0
𝐶𝐴𝐵 𝐶𝐵 0 . 0
𝐶𝐴2𝐵 𝐶𝐴𝐵 𝐶𝐵 . .

. . . . .

. . . . .
𝐶𝐴𝑁𝑝−1𝐵 𝐶𝐴𝑁𝑝−2𝐵 . . 𝐶𝐴𝑁𝑝−𝑁𝑐𝐵]

 
 
 
 
 

, Θ =

[
 
 
 
 

𝐶𝐵𝑑

𝐶𝐴𝐵𝑑

𝐶𝐴2𝐵𝑑

.
𝐶𝐴𝑁𝑝−1𝐵𝑑]

 
 
 
 

  

Where 𝑁𝑝 is the prediction horizon and 𝑁𝑐 is the control horizon.  

6.3.3 Observer Design 

Due to practical constraints, only two states were measured/estimated. Therefore, 

a full state observer of pole placement design was used to estimate all three states. 

Predicted estimations, �̂�, can be calculated using the equation 6.14. 

𝑍𝑝 = 𝐴𝑜𝑏 �̂�(𝑘𝑖) + 𝐵𝑜𝑏∆𝑈𝑝 + 𝐾𝑜𝑏𝑌𝑚𝑜𝑑 

(6.15) 

Where, 

𝑍𝑝 =

[
 
 
 
 
�̂�(𝑘𝑖+1)

�̂�(𝑘𝑖+2)
.
.

�̂�(𝑘𝑖+𝑁𝑝
)]
 
 
 
 

 , 𝐴𝑜𝑏 =

[
 
 
 
 

(𝐴 − 𝐻)

(𝐴 − 𝐻)2

.

.
(𝐴 − 𝐻)𝑁𝑝]

 
 
 
 

 

𝐵𝑜𝑏 =

[
 
 
 
 
 

𝐵 0 . . 0
(𝐴 − 𝐻)𝐵 𝐵 0 . 0

(𝐴 − 𝐻)2𝐵 (𝐴 − 𝐻)𝐵 𝐵 . .
. . . . .
. . . . .

(𝐴 − 𝐻)𝑁𝑝−1𝐵 (𝐴 − 𝐻)𝑁𝑝−2𝐵 . . (𝐴 − 𝐻)𝑁𝑝−𝑁𝑐𝐵]
 
 
 
 
 

 

𝑌𝑚𝑜𝑑 =

[
 
 
 
 

𝑦(𝑘𝑖)
𝑦(𝑘𝑖+1 )

.

.
𝑦(𝑘𝑖+𝑁𝑝−1)]

 
 
 
 

  ,  
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𝐾𝑜𝑏 is the matrix with repeated values of 𝑘𝑜𝑏, which can be calculated using pole 

placement method (A,C pair)  (𝑘𝑜𝑏 = 𝐻′ and H is calculated in MATLAB using  

H = place(A',C',eig_observer_desired) 

6.3.4 Cost Function 

The cost function to be optimized included the regression equations from techno-

economic analysis and life cycle assessment (chapter 4) representing relation between 

cost/GHG emissions with all the controls. These relations provide the weightage of these 

controls in the cost function. These relations are shown in figures 6.4-6.9. Increasing the 

flow rate 𝑢1would mean use of nitrate with lower algal productivity due to lower 

residence time. This leads to an increase in the overall RD production price. However, 

more use of nutrients, especially CO2 implies more sequestration and therefore reduced 

overall GHG emissions. Same argument can be made for other controls, as more 

utilization of nutrients would lead to increased price but lower overall GHG emissions. 

Overall weightage given to cost was 0.7 and GHG emissions was 0.3. The values of these 

parameters reflect higher importance assigned to cost compared to environmental impacts 

in this study. These weights are user defined parameters that can be changed to tune the 

importance of economic and environmental goals. 
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Figure 6.4: Relation between control 𝑢1 (flow rate of media) with cost of renewable 

diesel 

 

 

Figure 6.5: Relation between control 𝑢1 (flow rate) with GHG emissions produced in RD 

production process 
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Figure 6.6: Relation between control 𝑢2 (additional nitrate) with cost of renewable diesel 

 

 

Figure 6.7: Relation between control 𝑢2 with GHG emissions produced in RD 

production process 

 

y = -0.0022x + 0.1276
R² = 0.9924

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 5 10 15 20 25 30 35 40 45

In
cr

ea
se

 i
n
 c

o
st

 o
f 

R
D

 (
$

/g
al

)

Additional nitrate (mg/hr)

y = 1.5791x - 149.17
R² = 0.9795

-120

-100

-80

-60

-40

-20

0

30 35 40 45 50 55 60 65 70 75

G
H

G
 E

m
is

si
o

n
s 

(k
g
 C

O
2

 e
q

./
1

0
0

0
M

J 
R

D
)

Nitrate (mg/hr)



174 

 

 
 

 

Figure 6.8: Relation between control 𝑢3 (flow rate of CO2) with cost of renewable diesel 

 

 

Figure 6.9: Relation between control 𝑢3 with GHG emissions produced in RD 

production process 
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predicted system output and reference signal over the prediction horizon and a quadratic 

function measuring the deviation of control effort from the reference signals for controls. 

It can be defined as (Wang, 2009) 

𝐽 = Λ +
1

2
∆𝑈𝑝

𝑇Ω∆𝑈𝑝 + ∆𝑈𝑝
𝑇Ψ 

Where,  

Λ = (𝐴𝑝�̂�(𝑘𝑖))
𝑇

𝑄 (𝐴𝑝�̂�(𝑘𝑖)) + (𝑊𝜛(𝑘𝑖))
𝑇
𝑄(𝑊𝑑𝜛(𝑘𝑖)) + 2(𝑊𝑑𝜛(𝑘𝑖))

𝑇
𝑄 (𝐴𝑝�̂�(𝑘𝑖)) 

Ω = 2(𝐵𝑝
𝑇𝑄𝐵𝑝 + 𝑅) 

Ψ = 2𝐵𝑝
𝑇𝑄𝐴𝑝�̂�(𝑘𝑖) + 2𝐵𝑝

𝑇𝑄𝑊𝜛(𝑘𝑖) 

After the formulation of the objective function, it can be solved using quadprog 

function in MATLAB (Gill et al., 1981). The code is provided in Appendix A3. 

6.3.5 Constraints 

One of the inherent advantages of a model predictive control is the ability to 

incorporate hard constraints into the optimization problem. The manipulated variables 

(controls) to most real systems are bounded and can be expressed as linear inequalities. 

The constraints on the amplitude of controls (u) and states (x) can be written as  

∆𝑈𝑝,𝑚𝑖𝑛 ≤ ∆𝑈𝑝 ≤ ∆𝑈𝑝,𝑚𝑎𝑥 

𝑋𝑝,𝑚𝑖𝑛 ≤ 𝑋𝑝 ≤ 𝑋𝑝,𝑚𝑎𝑥 

Where ∆𝑈 represents the vector [𝑢1 𝑢2 𝑢3]𝑇 and ∆𝑋 represents [𝑥1 𝑥2 𝑥3]𝑇 (∆𝑈 

and X are the deviations from reference control and reference states). Integration of these 
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inequality constraints is accomplished by subjecting the objective function to the 

following equation  

[
𝑀1

𝑀2
] ∆𝑈 ≤ [

𝑁1

𝑁2
] 

Where the data matrices are  

𝑀1 = [
−𝐼
𝐼

] ; 𝑀2 = [
−𝐵𝑝

𝐵𝑝
] 

𝑁1 = [
−∆𝑈𝑚𝑖𝑛

∆𝑈𝑚𝑎𝑥
] ;  𝑁2 = [

−𝑋𝑚𝑖𝑛 − 𝐴𝑝 ∗ �̂�(𝑘𝑖)

𝑋𝑚𝑎𝑥 − 𝐴𝑝 ∗ �̂�(𝑘𝑖)
] 

6.4 EXPERIMENTAL SETUP 

The experimental setup (figure 6.10) consisted of two continuous algae reactor 

with one pump each to continuously mix the culture. One of the reactors was set to be 

controlled by MPC and the other one was without any control. Both the reactors had 

individual LED panels used as light source (P450, Platinum LED Lights LLC, Lake 

Mary, FL). Other than the MPC applied to one of the reactors, the conditions of growth in 

in them were identical. A thermocouple (K-type, Omega, Stamford, CT) for temperature, 

nitrate sensor (Supra Sensors, Eugene, OR) for nitrate concentration, and pH probe (PHE 

7352, Omega, Stamford, CT) for pH measurement were immersed in the culture to obtain 

real time measurements, taken on Arduino uno board (Arduino, Scarmagno, Italy) 

connected to a laptop. MPC designed had three manipulated variables, all of which were 

controlled using Arduino board, which was connected to a peristaltic pump (Model 

number 7553-71, Masterflex, Vernon Hills, IL) for the flow of media, another peristaltic 

pump (Master-flex Model number 77120-62, Vernon Hills, IL) for the flow of additional 
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nitrate and a CO2 cylinder for flow of CO2. The on/off switch on all the three controls 

was achieved using PowerSwitch Tail II (Makershed). The Arduino board were used to 

control the flows with a code written in MATLAB (Appendix A4). The reactor with no 

MPC was provided with the optimum flow rate of media as calculated in section 6.2.1.  

 

Figure 6.10: (a) Schematics of experimental setup and (b) actual photograph for setup 

used in MPC experiments 

 

6.4.1 Calibrations 

Calibration curves were generated for nitrate sensor and pH probe. Voltage 

signals were obtained at interval of 5 s until stabilization for nitrate concentration and pH 

(6.11 and 6.12). 
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Figure 6.11: Nitrate concentration calibration curve 

 

Figure 6.12: pH calibration curve 

6.4.2 Testing of model predictive controller  

The experiments were performed to test the performance of the model predictive 

control under combinations of two external measured disturbances tested using the 

experimental setup as described below. 
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1. No disturbance (optimal growth conditions): Simulating  mid-day sun (110W/m2 

light and 303.5 K temperature) 

2. Light disturbance (level 1): Simulating a  low light day (69 W/m2 light and 

303.5K temperature) 

3. Light disturbance (level 2): Simulating a  cloudy day (34 W/m2 light and 303.5K 

temperature) 

4. Temperature disturbance: Simulating a  mid-day in summer (110W/m2 light and 

308 K temperature) 

5. Light and temperature disturbance: Simulating a low light summer day (69 W/m2 

light and 308K temperature) 

The experimental conditions were provided to two identical reactors with one of 

them having an MPC and the other without an MPC. All measurements were taken at an 

interval of 5 seconds, which were averaged over 15 minutes to provide for one real time 

measurement for MPC. Each disturbance was run for 12 hours and 6 hours were provided 

after every experiment for stabilization (where both the reactors would run as chemostat). 

Three replicate experimental runs were conducted for each treatment. Physical 

measurements for biomass concentration were taken by measuring the absorbance at 

680nm with spectrophotometer every 4 hours. Make up water was added up to the 30L 

mark before every sample point to account for evaporation. During stabilization time, 

culture from both the reactors were mixed and redistributed to avoid any initial culture 

bias. Pearson correlation coefficient was calculated to compare the statistical significance 

between two growth conditions. The statistical analysis was performed using GraphPad 
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Prism version 6.00 for Windows, GraphPad Software, San Diego California USA, 

www.graphpad.com. 

6.5 RESULTS AND DISCUSSION 

6.5.1 Light Disturbance 

Light disturbance was tested on two levels (69 W/m2 (L1) and 34 W/m2 (L2)) to 

simulate two extents of cloudy conditions. Under disturbance L1, the MPC showed better 

performance than the reactor with no MPC (figure 6.13). The two growth rates were 

found to be statistically different (statistical analysis for all conditions provided in table 

6.2). However, for L2, the growth curves of MPC reactor were statistical similar to the 

one with no MPC (figure 6.14). This shows that while MPC can improve performance 

compared to reactors without MPC, the performance is similar if light levels decrease 

beyond the compensating ability of MPC. This is the case of light limitation, where the 

rate of photosynthesis slows down due to inadequate light intensity, and cannot be 

compensated by addition of nitrate or CO2 (controls in this study that MPC could 

manipulate). The control profile at each instant changed only for 𝑢2, whereas 𝑢3 and 𝑢3 

remain unchanged during the run of experiment. One representative control profile from 

the three replicates is shown in figure 6.15 for L1 and 6.17 for L2, whereas profile of 𝑢2 

for all three replicates is shown in figure 6.16 for L1 and 6.18 for L2. The physical 

biomass (manual) and nitrate measurements (with the sensor) were also compared with 

the model output of states at each instant (figure 6.19 and 6.20 for biomass and nitrate 

respectively for L1, and figure 6.21 and 6.22 for biomass and nitrate respectively for L2). 
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Figure 6.13: Growth profiles in MPC and no MPC reactor under light disturbance 1 (L1)  

 

Figure 6.14: Growth profiles in MPC and no MPC reactor under light disturbance 2 (L2)  
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Figure 6.15: Control profile for one replicate under L1 disturbance 

 

Figure 6.16: Profile variation in control 𝑢2 for three replicates of L1 disturbance 
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Figure 6.17: Control profile for one replicate under L2 disturbance 

 

Figure 6.18: Profile variation in control 𝑢2 for three replicates of L2 disturbance 
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Figure 6.19: Variation in physical measurement and model output for biomass under L1 

disturbance (all three replicates) 

 

 

Figure 6.20: Variation in physical measurement and model output for nitrate under L1 

disturbance (all three replicates) 
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Figure 6.21: Variation in physical measurement and model output for biomass under L2 

disturbance 

 

 

Figure 6.22: Variation in physical measurement and model output for nitrate under L2 

disturbance 
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the reactor with no MPC (figure 6.23) . A representative control profile for all three 

controls is shown in figure 6.24, and the control 𝑢2 for all three replicates is shown in 

figure 6.25. Variation between model states and physical meausrements for biomass and 

nitrate are presented in figure 6.26 and 6.27 respectively. 

 

Figure 6.23: Growth profiles in MPC and no MPC reactor under TD 

 

Figure 6.24: Control profile for 1 replicate inder L2 disturbance 
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Figure 6.25: Profile variation in control 𝑢2 for three replicates of temperature 

disturbance 

 

 

Figure 6.26: Variation in physical measurement and model output for biomass under 

temperature disturbance 
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Figure 6.27: Variation in physical measurement and model output for nitrate under 

temperature disturbance 
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Figure 6.28: Growth profiles in MPC and no MPC reactor under LTD 

 

Figure 6.29: Control profile for one replicate under LTD 
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Figure 6.30: Profile variation in control 𝑢2 for three replicates of LTD 

 

Figure 6.31: Variation in physical measurement and model output for biomass under 

LTD 
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Figure 6.32: Variation in physical measurement and model output for nitrate under LTD 

6.5.4 No disturbance (ND) 
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Figure 6.33: Growth profiles in MPC and no MPC reactor under ND 

 

Figure 6.34: Control profile for one replicate under ND 
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Figure 6.35: Profile variation in control 𝑢2 for three replicates of ND 

 

Figure 6.36: Variation in physical measurement and model output for biomass under ND 
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Figure 6.37: Variation in physical measurement and model output for nitrate under ND 

The calculation of biomass state was not similar to the physical measurements 

taken, because the growth is, in real time, a non-linear process whereas the model was 

linearized. This was a limitation of the model which can be overcome in future by using 

nonlinear model predictive control (NMPC). 

 Table 6.2 Statistical analysis of the growth rates in MPC reactor and that with no MPC 

Disturbance Pearson r R2 value 2-tailed p-value (at 

α=0.05) 

Statistically 

different? 

L1 0.63 0.39 0.37 Yes 

L2 0.99 0.99 0.01 No 

T -0.80 0.65 0.20 Yes 

LT 0.60 0.36 0.40 Yes 

ND 0.96 0.92 0.04 No 
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Table 6.3 Statistical analysis of the growth rates for no disturbance case compared to all 

the disturbances in MPC reactor 

Disturbance 

comparison 

Pearson r R2 value 2-tailed p-value (at 

α=0.05) 

Statistically 

different? 

L1 & ND 0.82 0.68 0.18 Yes 

L2 & ND 0.98 0.95 0.02 No 

T & ND -0.78 0.61 0.22 Yes 

LT & ND 0.63 0.39 0.37 Yes 

 

6.6 CONCLUSION 

A model predictive control was designed for optimum growth of algae, to 

maximize productivity and minimize the total cost and GHG emissions. The results show 

an efficient system which can aid in optimum growth even under different disturbances. 

However, the MPC was not effective in low light condition, as the growth was light 

limited and none of the manipulated variables could help in increasing the photosynthesis 

rate. Also, in the absence of light or temperature disturbances, the growth rates although 

higher for the MPC reactor compared to no MPC case, they were not statistically 

different. This shows that the MPC is not required during normal days with no 

disturbances, however, under conditions deviating from the optimum conditions (which is 

usually the case for open ponds), MPC proved to be an important tool to maintain a 

steady growth of algae.  
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CHAPTER 7 

 

CONCLUSION 

 

In the course of work, we have 1) developed a genome scale metabolic 

reconstruction model of Chlorella variabilis, 2) performed an intensive techno-economic 

analysis of renewable diesel production from algae via thermochemical liquefaction, 3) 

accessed the life cycle GHG emissions and fossil energy used from growth of algae to 

renewable diesel production, 4) developed and validated a kinetic model for the growth 

of Chlorella vulgaris, and 5) designed and validated a model predictive control (MPC) 

for optimum production of algae under external disturbances. The design of MPC was 

based on the equations and parameters obtained in the kinetic model developed. The 

optimization function of the controller was developed from the regression equations 

obtained for the relation between the various controls and cost/GHG emissions of the 

process using techno-economic analysis and life cycle assessment models. The 

reconstruction model provided for the estimation of biomass as on-line measurement of 

biomass is expensive. Individual conclusions from each study performed are summarized 

here. 

The reconstructed genome scale model developed was capable of reliably 

capturing the growth of C. variabilis NC64A under three light sources, when compared 

with experimental data. The model was not able to capture growth kinetics and 

photoinhibition, which led to some variation between experimental and model values of 

growth rate. Blue and red light photons were found to be favorable for the growth of C. 

variabilis, which was also observed from the model simulation, where higher 
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stoichiometry of red and blue light photons in a light source predicted higher growth 

rates. This was also confirmed by 100% utilization efficiency of red and blue light 

photons, which demonstrates their importance for algal growth. 

Economic feasibility and environmental impact of the production of renewable 

diesel (RD) from algae via the hydrothermal liquefaction process was evaluated by 

performing a comprehensive techno-economic analysis and life cycle assessment. Cost of 

production of RD was calculated to be $6.62/gal, major part of which was algae culturing 

and harvesting. The cost hydrotreating the bio-crude oil to renewable diesel estimated to 

be $0.84/gal. Sensitivity analysis of the parameters affecting the final cost of RD decided 

on lipid content of the algae and plant size as the two critical factors. The total fossil 

energy used in the process of RD production was 241.6 MJ per 1,000 MJ of energy 

produced. The total greenhouse gas emissions (GHG) in the process were -110 kg CO2 

equivalent per 1,000 MJ of renewable diesel, where the negative value of GHG emissions 

is dependent on the system boundary used in the life cycle analysis. Techno-economic 

and life cycle assessments indicated that production of RD from algae is competitive to 

other alternatives to diesel production. 

A kinetic model was developed for the growth of algae, Chlorella vulgaris, with 

nitrate and carbon dioxide as limiting nutrients. Growth pattern of C. vulgaris under 

nitrate and CO2 limiting conditions were found experimentally, the data for which was 

used to fit the model and find the kinetic parameters using MATLAB. Specific growth 

rates during the experimental growth of algae and the maximum specific growth rate 

estimated by the model were calculated as 0.196 hr-1 0.2321 hr-1 respectively. A vast 

range of initial conditions for biomass and nitrate was validated with the parameters 
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determined from the model which fitted closely. This model formed the basis of the 

model predictive control designed. 

A model predictive control was designed for optimum growth of algae, which 

embedded maximizing productivity and minimizing the total cost and GHG emissions as 

optimization function. MPC proved to be an efficient system, which can be used to avoid 

the effects of different disturbances. Under low light and no disturbance condition, MPC 

was similar, if not better than the system  without controller. This was attributed to light 

level limitation that was outside the realm of MPC controller capabilities. This shows that 

the MPC is more effective under conditions varying from optimum which is common in 

algae ponds growing in the outdoors. MPC proved to be helpful in keeping a steady 

growth of algae. Even though only two disturbances have been considered in this study, 

MPC can be looked into other variances too, such as contamination or heavy rainfall to 

wash out the algae. 
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APPENDIX A1: MATLAB code for flux balance analysis 

initCobraToolbox 
model=readCbModel('iAJ526'); 
% model = changeRxnBounds(model,{'WhiteLight'},0,'b'); 
model = changeRxnBounds(model,{'incandescent_60W'},0,'b'); 
model = changeRxnBounds(model,{'fluorescent_warm_18W'},0,'b'); 
model = changeRxnBounds(model,{'fluorescent_cool_215W'},0,'b'); 
model = changeRxnBounds(model,{'metal_halide'},0,'b'); 
model = changeRxnBounds(model,{'high_pressure_sodium'},0,'b'); 
model = changeRxnBounds(model,{'growth_room'},0,'b'); 
model = changeRxnBounds(model,{'solar_litho'},0,'b'); 
model = changeRxnBounds(model,{'red_LED_array_653nm'},0,'b'); 
model = changeRxnBounds(model,{'red_LED_674nm'},0,'b'); 
model = changeRxnBounds(model,{'design_growth'},0,'b'); 
model = changeRxnBounds(model,{'redblue_LED'},0,'b'); 
model = changeRxnBounds(model,{'EX_co2'},-10.49,'l'); 
model = changeRxnBounds(model,{'EX_mg2'},-2.5,'l'); 
model = changeRxnBounds(model,{'EX_na1'},-4.6,'l'); 
model = changeRxnBounds(model,{'EX_no3'},-72.09,'l'); 
model = changeRxnBounds(model,{'EX_nh4'},0,'l'); %the organism was 

simulated for nitrate as N source rather than ammonia 
model = changeRxnBounds(model,{'EX_no2'},0,'l'); 
model = changeRxnBounds(model,{'EX_pi'},-21.07,'l'); 
model = changeRxnBounds(model,{'EX_so4'},-0.99,'l'); 
model = changeRxnBounds(model,{'FBAh'},0,'b'); 
model = changeRxnBounds(model,{'EX_o2'},-10,'l'); 
model = changeRxnBounds(model,{'EX_o2'},10,'u'); 
model = changeRxnBounds(model,{'EX_ac'},0,'l'); 
model = changeRxnBounds(model,{'G6PbDHh'},0,'b'); 
model = changeRxnBounds(model,{'PFKh'},0,'b'); 
model=changeRxnBounds(model,'PCHLDR',0,'b'); 
model = changeRxnBounds(model,{'CHLDA1tu'},0,'b'); 
model = changeRxnBounds(model,{'H2Oth'},0,'u');%can not enter back to 

chloroplast during autotrophic growth 
solution=optimizeCbModel(model,'max','one'); 
biomass=solution.f; 
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Appendix A2: Cost of the major equipment used in the renewable diesel production 

facility 

 

Equipment Unit cost Number of units Total cost 

Open Pond 155,000 85 13,175,000 

Clarifier 1085000 3 3255000 

Centrifuge 277000 3 831000 

Hydrothermal liquefaction reactor 485000 1 485000 

Hydrothermal gasification reactor 638000 1 638000 

Centrifugal pump (high capacity) 140000 5 700000 

Centrifugal pump (low capacity) 24000 1 24000 

Electricity production turbine 982000 1 982000 
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Appendix A3: Core code for Model Predictive Control 

clear all 
global T biomass CO2 NO3_conc NO3_conc_cont I I_flux pH  d1 d2 Nc Np  A 

B C D k H Ad Bd Cd Dd W Wd F Fn delta_u; 
global q r Q R  
delta_T=15/60; 
initx=[360 180 114];  % Initial value of states 

  

     

     
%Step 1: Define Linearized model (Continuous and Discretized) 
%Continuos  
t0 = 0; tf = 24*10; %initial and final times hours 
t_segment = 4*24*10; %number of time segments 
Tu = linspace(t0, tf, t_segment);    % discretize time 

  
A=[-0.0115    0.0036    0.8109; 
   -0.0098   -0.0209   -0.2835;  
   -0.0143   -0.0019   -0.4557]; 
B=[-1.6248         0         0; 
    0.7185   10.8437         0; 
   -0.0456   -0.0091    0.4041]; 
C=[1 0 0;0 1 0]; 
D=zeros(2,3); 
W=[0.000003999368053  -0.001881062633365; 
  -0.000408977798576   0.192358603803294; 
  -0.000596773726493   0.280686534121132]; 

  

  
%Descretizing the model 
[Ad,Bd,Cd,Dd]=c2dm(A,B,C,D,delta_T); 
Wd=delta_T*W; 
Np=32; 
Nc=8; 

  
% Defining Ap (dimensions should be Np.n X n => 96X3 
for n=1:Np 
    n=n+2*(n-1); 
    Ap(n:n+2,1:3)=Ad^n; 
end 

  
% Defining Bp (dimensions should be Np.n X m.Nc => 96X24 

  
Bp=zeros(Np*3,Nc*3); 

  

  
for n=1:Np 
    n=n+2*(n-1); 
    Bp(n:n+2,1:3)=Ad^(n-1)*Bd; 
end 
clear n 

  
Bp(1:3,4:Nc)=0; 
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for m=1:Nc-1 
    m=m+2*(m-1); 
for n=1:Np-1 
    n=n+2*(n-1); 
    Bp(n+3:end,m+3:m+5)=Bp(n:end-3,m:m+2); 
end 
end 

  
clear n m 

  
% Defining F (dimensions should be Np.p X n => 64X3 
F=zeros(Np*2,3); 

  
for n=1:Np 
    n1=2*n-1; 
    F(n1:n1+1,1:3)=Cd*Ad^(n+1); 
end 
clear n n1 
% Defining phi (dimensions should be Np.p X m.Nc => 64X24 

  
Phi=zeros(Np*2,Nc*3); 

  

  
for n=1:Np 
    n=2*n-1; 
    Phi(n:n+1,1:3)=Cd*Ad^(n-1)*Bd; 
end 
clear n 

  
Phi(1:2,4:Nc)=0; 

  
for m=1:Nc-1 
    m=m+2*(m-1); 
for n=1:Np-1 
    n=2*n-1; 
    Phi(n+2:end,m+3:m+5)=Phi(n:end-2,m:m+2); 
end 
end 

  
clear n m 
% Defining theta (disturbance) (dimensions should be Np.p X t => 64X2 

  
theta=zeros(Np*2,2); 

  
for n=1:Np 
    n1=2*n-1; 
    theta(n1:n1+1,1:2)=Cd*Ad^(n+1)*Wd; 
end 
clear n n1 

  
% Defining WD (disturbance) (dimensions should be Np.n X t => 96X2 

  
WD=zeros(Np*3,2); 
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for n=1:Np 
    n1=n+2*(n-1); 
    WD(n1:n1+2,1:2)=Ad^(n-1)*Wd; 
end 
clear n n1 

  

  

  
u_eq=[3.5120    0.1399   14.99]; %this u comes from optimum 

productivity 
x_eq=[ 292.4653  152    112]; 
dki=[0 0]'; 
zki=[0 0 0]'; 

  

  
x1=x_eq(1); 
x2=x_eq(2); 
x3=x_eq(3); 
u1=u_eq(1); 
u2=u_eq(2); 
u3=u_eq(3); 

  
%Cost functions 

     
w1=0.7;%W-economic  
w2=1-w1;%W-LCA 

  
a1=2.5*1.35; a2=-0.5*2.2; a3=0.5*4.8; %Taken e-7 common out 
a4=-2.5*2e-2; a5=0.5*1.58; a6=-4.8*3e-1;%Taken e-4 common out 

  

  
%Change in cost with change in controls 
cost_u1= w1*a1*u1; 
cost_u2= w1*a2*u2 ; 
cost_u3= w1*a3*u3; 

  
%Change in GHG emissions with change in controls 
emi_u1= w2*a4*u1; %u1 is time for which pump is open 
emi_u2= w2*a5*u2;%u2 is time for which pump is open 
emi_u3= w2*a6*u3; 

  

  
q=[ 100 0 0; 0 1 0; 0 0 0.01];%eye(3); 

  
% Extract out diagnal elements 
q_el=diag(q); 

  
%Make the bigger Q with stacked q 
Q_el=repmat(q_el,Np,1); 
Q=diag(Q_el); 

  
 r=[w1*a1^2+w2*a4^2 0 0; 
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    0 w1*a2^2+w2*a5^2 0; 
    0 0 w1*a3^2+w2*a6^2]; 

  
% Extract out diagnal elements 
r_el=diag(r); 

  
%Make the bigger Q with stacked q 
R_el=repmat(r_el,Nc,1); 
R=diag(R_el); 

  
E=2*(Bp'*Q*Bp+R); 

  
%Design of observer 
[k,P]=dlqr(Ad,Bd,q,r); 
eig_desired=eig(Ad-Bd*k); 

  
eig_observer_desired= eig_desired-[0; 0.5; 0.5]; %place the eigen 

values to the left of the closed loop eigen values 
HT=place(Ad',Cd',eig_observer_desired); 
k_ob=HT'; 

  

  
H=k_ob*Cd; 

  
%Defining K_OB (dimension should be  
K_OB_el = repmat({k_ob}, 1, Np); 
K_OB = blkdiag(K_OB_el{:}); 

  
% Defining A_ob (dimension should be n.Np X n => 96X3) 

  
for n=1:Np 
    n=n+2*(n-1); 
    A_ob(n:n+2,1:3)=(Ad-H)^n; 
end 
clear n 

  
% Defining B_ob (dimensions should be Np.n X m.Nc => 96X24 

  
B_ob=zeros(Np*3,Nc*3); 

  

  
for n=1:Np 
    n=n+2*(n-1); 
    B_ob(n:n+2,1:3)=(Ad-H)^(n-1)*Bd; 
end 
clear n 

  
B_ob(1:3,4:Nc)=0; 

  
for m=1:Nc-1 
    m=m+2*(m-1); 
for n=1:Np-1 
    n=n+2*(n-1); 
    B_ob(n+3:end,m+3:m+5)=B_ob(n:end-3,m:m+2); 
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end 
end 

  
clear n m 

  

  
xki=(initx-x_eq)'; 
del_u=[0 0 0]'; 
delta_U=repmat(del_u,Nc,1); 

  

  
biomass(1)=initx(1); 
NO3_conc(1)=initx(2); 

  
%Defining arrays for X_p, Z_p, Y_mod and delta_U 

  
dt=5;%5 seconds sampling time 
time_step=delta_T*60; 

  
        T=308; 
        I=13000; 
%          
        I_flux=I*0.0185; 

%I(micromol/s/m2)=0.0185*I(lux)http://www.apogeeinstruments.com/convers

ion-ppf-to-lux/ 

     
    y=C*xki 

         
    X_p=Ap*xki+Bp*delta_U+WD*dki; 
    Y=F*xki+Phi*delta_U+theta*dki; 

    

     
    % Make a matrix for output values 
    Y_mod=[y-x_eq(1,1:2)'; Y(1:end-2,1)]; 

     
    Z_p=A_ob*zki+B_ob*delta_U+K_OB*Y_mod;    

         

  
S=2*Bp'*Q*Ap*zki+2*Bp'*Q*WD*dki; 

  

  
%Constraints on control and states 

  
M1=[-eye(3*Nc); eye(3*Nc)]; 
M2=[-Bp; Bp]; 

  

  
% %Actual constraints on control 
% %0<=u1<=4.1 
% %0<=u2<=15 
% %7.5<=u3<=15 
%  
% %Delta_control constraints (limits-u_eq) 
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%  
% %-3.512<=u1<=0.588 
% %-0.1399<=u2<=14.86 
% %-7.49<=u3<=0.01 

  

  
u_min=[-3.512; -0.1399; -7.49]; 
U_min=repmat(u_min,Nc,1); 

  
u_max=[0.588; 14.86; 0.01]; 
U_max=repmat(u_max,Nc,1); 

  
N1=[-U_min; U_max]; 

  
% %Actual constraints on states 
% %0<=x1<=2000 
% %0<=x2<=300 
% %0<=x3<=1000 
%  
% %Delta_x constraints (limits-x_eq) 
%  
% %-280<=x1<=2000 
% %-245<=x2<=100 
% %-11<=x3<=1000 

  
x_min=[-280; -150; -100]; 
X_min=repmat(x_min,Np,1); 

  
x_max=[2000; 1000; 2000]; 
X_max=repmat(x_max,Np,1); 

  
N2=[-(X_min-Ap*zki); X_max-Ap*zki]; 

  
M=[M1; M2]; 
N=[N1; N2]; 

  
J=delta_U'*E*delta_U/2+delta_U'*S 
delta_U=quadprog(E,S,M,N); 

     
xki=X_p(1:3,:); 
zki=Z_p(1:3,:); 
dki=[(I-13000); abs(T-303.5)]; 
%For application of control 
Delta_u=delta_U(1:3,:); 
u=Delta_u+u_eq'; 
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Appendix A4: MATLAB code for Arduino controls 

 

% Initialize the arduino 

a=arduino('com5','uno') 

 

 

% To read Voltage values from the analog pins 

nitrate_V=readVoltage(a,'A1'); 

temp_V=readVoltage(a,'A0'); 

pH_V=readVoltage(a,'A4'); 

light_V=readVoltage(a,'A3'); 

nit_cont_V=readVoltage(a,'A5'); 

 

 

% To write values on the digital pins (0 for off and 1 for on) 

writeDigitalPin(a,'D5',1) 

writeDigitalPin(a,'D6',1) 

writeDigitalPin(a,'D7',1) 

 

 

 

 


