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Abstract- This study aims to calculate the theoretical potential that Talara region in Peru has for biodiesel’s production from 
microalgae, capturing future emissions from the new Talara refinery which is currently in the modernization process (it will 
produce 2.5 million tons of CO2 per year). The state of the art in the production of biodiesel from microalgae was investigated, 
reviewing the research carried out worldwide about biodiesel's production from microalgae, taking as a reference existing 
plants in Almeria (Spain) and using a mixed culture system: photobioreactor and open pond. The microalgae proposed to be 
used in the extraction of biodiesel is called Dunaliella tertiolecta. The theoretical plant of this study for biodiesel’s production 
would allow to obtain 160 thousand tons per year, capturing approximately 300 tons per hour of CO2 and considering only 
30% lipids in the Dunaliella tertiolecta microalgae. 

Keywords Microalgae, Dunaliella tertiolecta, photobioreactor, open pond, biodiesel. 

 

1. Introduction 

Modern industrialized societies are faced with a complex 
global energy landscape, which faces the problem of 
depletion of natural resources and climate change. The main 
axis of reduction of the increase in average temperature on a 
global scale is the gradual decarbonization of economic 
sectors that use large volumes of fossil resources, which are 
the main pollutants of the environment and contribute 
significantly to global warming. 

In the World Energy Outlook 2012, an annual periodical 
of the International Energy Agency (IEA), the prediction of 
demand for liquid fuels in the year 2035 would reach 100 
million barrels per day [1]. In this projection to the year 
2035, it is expected that the production of crude oil from the 
current fields in operation will decrease and the production 
of Natural Gas Liquids (NGLs) will increase slightly. In 
other words, the International Energy Agency assumes that 
conventional crude oil production will be a thing of the past. 
[1]. 

In 2014, the U.S. Energy Information Administration 
published in its record called International Energy Outlook 
2014 a prediction of the production of unconventional liquid 
fuels to the year 2040. According to the aforementioned 
prediction, unconventional liquid biofuels would reach a 
production of 3 million barrels per day by 2040 [2]. 

As specified by the International Energy Agency, in 
2018, the global outcome of produced liquid biofuels reached 
154 billion liters per year. In relation to 2017, there was an 
increase of 10 billion liters. Likewise, a 25% increase in 
liquid biofuel production is expected by 2024, approximately 
40 billion liters [3]. The countries that will contribute 
significantly to the increase in liquid biofuel production 
projected for the year 2040 will be the United States, Brazil 
and China. 

On the other hand, the International Renewable Energy 
Agency, IRENA, considers that, in order to meet the 
commitments of the Paris Agreement, by 2050 the 
production of biofuels must quadruple, compared to 2018, 
and reach an annual production of approximately 650 billion 
liters per year [4]. 
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Currently Germany, France and Spain concentrate the 
majority of biomass production plants from microalgae in 
Europe. The most used systems in biomass production plants 
from microalgae are photobioreactors, representing 71% of 
the total, while open pond systems and fermenters represent 
19% and 10% of the total production units, respectively [5]. 
The importance of using microalgae as an alternative to 
produce biofuels, is fundamentally because it reduces the use 
of biomass from corn and soybeans, avoiding the reduction 
of food for people (land use change), it reduces pollution by 
the use of chemicals and pesticides for the production of 
transgenics, capture CO2 from industrial processes [6] [7]. 

In different regions of the world, policies have been 
developed to promote biofuels, with the aim of increasing 
their share of total global demand for liquid fuels [8] [9] [10]. 
Likewise, they want to diversify their energy matrix with 
renewable energies [11] [12] [13]. 

In Peru, in the last two decades there has been a 
worrying divergence between the demand and production of 
oil. As domestic demand for petroleum products increases 
rapidly, domestic oil production is inexorably reduced. 

The dependence on oil in the transport sector is the 
weakest link in the Peruvian economy. According to the 
report "National Energy Balance 2014", 85% of the 
consumption of petroleum products in Peru is destined to 
land, air and sea transport, of people and goods. Therefore, it 
is essential to propose the general guidelines of a long-term 
strategy of depetrolization of transport in Peru. 

According to information from Perupetro, in 2019, the 
maximum crude oil production in Peru was reached in 
November 2019, with a total of 63,700 barrels per day, 
which coincided with the maximum demand for liquid fuels, 
which exceeded 284,000 barrels per day, Fig. 1. Domestic 
production barely satisfies 32.8% of the total demand for 
liquid fuels, i.e., more than 67% comes from imports [14]. 

 
Fig. 1. Evolution of the demand and production of liquid 

hydrocarbons between January 2019 and February 2020 in 
thousands of barrels per day [14] 

Prior to the spread of Covid-19 in Peru, the crude oil 
trade balance already reflected symptoms of contraction. 
This one improved due to a greater reduction in local oil 
imports (7.7 MBPD) by 7% compared to the 12% drop in 
Peruvian exports (0.8 MBPD) [15]. 

Peru is currently largely an importer of fossil fuels to 
ensure the sustainability and growth of the national economy. 
Thus, a progressive change in the national energy matrix is 
necessary, opting for alternatives such as biomass-based 
biofuels. 

In 2018 the import of biodiesel was as follows: 3,552.0 
TJ of ethanol and 7,561.8 TJ of biodiesel [16]. 

In September 2021, the demand for liquid fuels in the 
country was 209.78 MBPD, equivalent to 1,162.9 TJ. DB5 
S-50 (a blend of Diesel No. 2 with S-50) constitutes 62.85% 
of the total. [17] [18]. 

It should be taken into account that, in sales to the 
Peruvian domestic market, gasoline is sold mixed with 7.8% 
of ethanol, called Gasohol, and Diesel 2 mixed with 5% 
biodiesel B100, called Diesel B5. In the National Energy 
Plan 2014–2025, they only contemplate solving the technical 
problems associated with oil of palm for the biodiesel’s 
production, but do not consider the possibility of integrating 
the production of biodiesel from microalgae into the 
domestic market. The implementation of energy audits 
should be considered to determine the reduction in energy 
consumption and the impact on the environment, calculate 
CO2 emissions and financial savings that would be obtained 
with current technology, and project targets in order to 
comply with the Kyoto agreement. The energy audit will 
serve to evaluate the feasibility of the biodiesel blends to be 
used as fuel [19]. A biofuel performance certification method 
is necessary in the biofuel industry to authenticate biodiesel 
and its blends for use in diesel engines. Brake Specific 
Energy Consumption (BSEC) is one of the key parameters 
for calculating the correct energy consumption of biodiesel 
and diesel blends [20]. 

The energy and fuel matrix in Peru must become 
progressively independent of the import of fossil fuels. This 
will allow the impacts on price variations and availability of 
fuels, not to be affected by events such as pandemics or 
others. 

The production of biofuels from vegetable oils such as 
corn and soybean – ethanol and biodiesel respectively – has 
negative environmental effects due to the use of 
agrochemicals [6]. Likewise, the change of land affects the 
production of vegetables for human consumption, also 
implying a negative effect on the livelihood of families with 
reduced purchasing power due to higher food prices. 

The production of biofuels from microalgae is projected 
as the best alternative to be used in the future due to the high 
production rates of fatty acids and lipids compared to the 
vegetables currently used [21] [22] [23]. In several 
investigations, the feedstock represents more than 75% of the 
total cost of biodiesel production, so it is important to find a 
way to optimize this so that this alternative is competitive 
compared to fossil fuels [21]. 

The use of microalgae as feedstock for the production of 
biodiesel is a great alternative due to the following 
characteristics: high lipid content, suitable profile for 
obtaining biofuel, relatively high growth rate, high 
photosynthetic efficiency, ability to develop both in marine 
waters, sweet and residual [24]. Additionally, microalgae can 
grow by bioconversion of CO2 from industrial emissions, 
that is, they can capture CO2 and reduce environmental 
pollution [25] [26] [27]. 
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Considering all generations of feedstock for biodiesel, 
microalgae seem to be the only source of biodiesel that can 
be developed in a sustainable way in the future, capable of 
covering the world’s demand for fuels, mainly for the 
transport sector [21]. 

The productivity of biodiesel from microalgae is hugely 
higher than the one from vegetables. Microalgae with 
medium oil content reach biodiesel productivities of 86,515 
kg ha-1 yr-1, microalgae with high oil content present 
productivities of 121,104 kg ha-1 yr-1. Vegetables such as 
jatropha, sunflower and oil palm present productivities of 
656.0, 946.0 and 4747.0 kg ha-1 yr-1 respectively [28]. We 
must mention that the studies carried out worldwide confirm 
that a biorefinery model for biofuel’s production and value-
added products based on microalgae makes it sustainable and 
profitable [29]. 

The technical specifications of biodiesel for the Peruvian 
Technical Standard 321.125.2008 have been taken from the 
American standard ASTM D6751. The energy content of 
biodiesel based on microalgae does not vary significantly 
with respect to fossil diesel, having a lower calorific value of 
38,115.00 kJ kg-1 [30], equivalent to 16,420.93 BTU lb-1. 

The principal objective of this study is to investigate the 
theoretical potential for the production of biodiesel in the 
Talara Refinery (Peru), once the modernization project of 
this facility is completed, as well as to confirm that the 
Talara region meets the climatic conditions necessary for 
guarantee the optimal performance of any of the microalgae 
species used commercially for the production of biodiesel. 

2. Methodology 

2.1. Microalgae selection 

The most studied species for biotechnological 
applications are green algae and diatoms [31]. 

The following figure shows the most commercialized 
microalgae species at present and their main ways of 
exploitation. Fig. 2. 

 
Fig. 2. Exploitation possibilities of the main commercialized 

microalgae species [32] 

The following factors necessary for the culture of 
microalgae should be considered [33]: 

Ø Environmental factors such as carbon dioxide, light, 
nutrients, temperature and salinity condition the 
photosynthesis and productivity of cellular biomass 

Ø Ambient temperature is the second most important 
limiting factor for microalgae growth after light. The suitable 
temperature for growing microalgae is between 20 and 24 
°C, however, this varies depending on the culture medium, 
the species and the strain of microalgae. At temperatures 
below 16 °C growth slows and temperatures above 35 °C are 
harmful to many species of microalgae [34]. 

Ø Nitrogen is a critical nutrient involved in lipid 
metabolism in microalgae. Microalgae require inorganic 
nitrogen and depending on the amount used many species 
can be induced to accumulate substantial amounts of lipids. 
The percentage of lipids varies between 1 and 70% but under 
certain conditions some species can reach 90% of dry weight 
[28]. 

On the other hand, microalgae can mitigate the effects of 
sewage effluents and industrial sources of nitrogenous waste, 
such as those originating from water treatment. Also, by 
removing nitrogen and carbon from the water, microalgae 
can help reduce eutrophication in the aquatic environment. 

Microalgae with high lipid productivity are ideal for the 
production of biodiesel. The percentage of lipids contained in 
the biomass, the growth rate, the metabolic efficiency and the 
robustness of the species are very important parameters for 
the selection of microalgae [35] [36]. Species that bring out 
more than 30% fat materials are called 'oilseeds' [31]. Not all 
microalgae lipids are satisfactory for the production of 
biodiesel, however, those appropriate for this purpose such 
as fatty acids, free and covalently bound to glycerol, are 
frequently produced and represent the highest percentage of 
total lipids, between 20% and 40% [35]. A profile of long 
chain fatty acids with a low degree of unsaturation is 
recommended for the production of quality biofuel from 
microalgae [37]. The microalgae genera that have been 
investigated for the production of biodiesel are many, but the 
most reported are green microalgae, especially Chlorella, 
Scenedesmus, Chlamydomonas, Nannochloris, 
Nannochloropsis, and Neochloris [38]. Error! Reference 
source not found.. shows that both Chlorella emersonii and 
Scenedesmus obliquus have a high lipid content, however, 
volumetric and biomass productivity are very low. The 
microalgae that stands out for its high percentage of lipids 
and high volumetric and biomass productivity is Dunaliella 
tertiolecta. 

Table 1. Lipid content and productivity of commercial 
microalgae for biodiesel production 

Marine and 
freshwater 
microalgae 

species 

Lipid 
content (% 
dry weight 
biomass) 

Volumetric 
productivity 
of biomass (g 

L-1 d-1) 

Areal 
productivity 
of biomass (g 

m-2 d-1) 

Chlorella 
emersonii 25.0 – 63.0 0.036 – 0.041 0.91 – 0.97 

Dunaliella 
tertiolecta 16.7 – 71.0 0.32 14 

Nannochloropsis 12.0 – 53.0 0.17 – 1.43 1.9 – 5.3 
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sp. 

Scenedesmus 
obliquus 11.0 – 55.0 0.004 – 0.074 2.43 -3.5 

 

Based on the information provided by the Solar Energy 
Research Institute, SERI, the most promising species are 
Nannochloropsis salina and Dunaliella tertiolecta due to 
their high concentration of fatty acids. Likewise, the National 
Renewable Energy Laboratory, NREL, in the United States, 
reported that Dunaliella, Scenedesmus and Chlorella are the 
most popular genera that have been successfully cultivated 
on a commercial scale to obtain biodiesel [39]. 

The microalgae selected for this research paper was 
Dunaliella tertiolecta. 

2.2. Site selection 

The biodiesel plant will be located in the vicinity of the 
new Talara refinery, currently in the modernization process, 
to take advantage of CO2 emissions. The proximity to the 
coast will allow the use of seawater, which will allow the 
supply of the necessary nutrients in the microalgae culture 
stage. 

The city of Talara is located in the region of Piura on the 
shores of the Pacific Ocean, with a warm, desert and oceanic 
climate. The average annual maximum and minimum 
temperature in the period 1950–2020 was 27.6 °C and 18.2 
°C respectively, and with a total annual rainfall for the same 
period of 1,673.0 mm per month. 

Dunaliella tertiolecta can easily adapt to a wide range of 
light intensity, from 50 to 2000 µmol photons m-2 s-1 [40]. 
This implies that Dunaliella tertiolecta, can grow smoothly 
in Talara region, as irradiances of 2350.1 µmol m-2 s-1 
(equals to 22.56 MJ m-2 d-1) are recorded [41]. 

The Piura region has an average solar irradiance value 
that ranges between 5.5–7.0 kWh m-2. To determine the 
hours of light and therefore of daily operation of the culture 
stage, Matlab software was used. Matlab’ calculations show 
that twelve hours of daylight are recorded in the Piura region, 
a parameter that is introduced into the biomass production 
calculations from microalgae. 

The new Talara refinery, currently under construction, 
will have a hydrotreating and selective hydrogenation unit 
for naphthas, which implies high energy consumption and 
CO2 emissions. Taking into account the modernization of the 
Talara refinery, CO2 emissions will increase to 2.5 million 
tons yr-1, some 6850 tons CO2 d-1, or 300.34 tons hr-1. This 
last value indicates the maximum amount of CO2 that could 
be used to obtain biodiesel from microalgae, once the 
refinery modernization affair has been completed [42]. 

In general, for each ton of dry biomass, 1.83 tons CO2 is 
needed. 

The oil obtained from the processed biomass will depend 
on the percentage of lipid content of the cultured microalgae 
strain. There are strains of algae with oil content greater than 
80% and less than 20%. The yield of the transesterification 

process to obtain biodiesel from the lipids of biomass from 
microalgae is of the order of 90%. That is, for each ton of oil 
we, 900 kg of biodiesel are obtained [42]. 

If the cultured microalgae strain had a lipid content of 
30%, around 86.7 tons of microalgae oil would be produced 
per year in the Talara refinery for each mixed culture unit, 
consisting of a photobioreactor and an open pond. If the 
efficiency of the transesterification process was 99.5%, the 
biodiesel production would be 160,922.32 tons yr-1, 
considering the capture of approximately 300.00 tons hr-1 of 
CO2. 

The next figure, Fig. 3., shows the theoretical location of 
the biodiesel production plant. The area that plant would 
occupy would be a total of 2465 Ha. The culture area would 
occupy approximately 1559 Ha, resulting from the 
calculations to obtain the yields of Table 4 and Table 5. As 
an initial biomass of 135 kg is considered in the culture with 
photobioreactors, to obtain the initial concentration of 337.5 
g m-2, an area of 400 m2 is needed, comprising ten (10) 
photobioreactors of 3 m3 each. In the case of the open pond, 
to obtain the concentration of 16.9 g m-2, 8000 m2 would be 
required. In total, each "photobioreactor + open pond" set 
would comprise 8400 m2 (0.84 Ha) and since 1856 
"photobioreactor + open pond" sets are required, the area that 
culture stage would occupy would be 1559.04 Ha. 

The remaining 906 Ha correspond to the downstream 
process area. For the approximate calculation, the study 
carried out by the National Renewable Energy Laboratory 
(NREL) was taken into account, which in its technical report 
NREL/TP-5100-72716 [43], indicates that they use 
approximately 311.4 Ha to process 190,000.00 tons of 
biomass per year and as our plant in theory would process 
552,744.18 tons of biomass per year, 906 Ha would be 
required for this purpose. 

 
Fig. 3. Satellite view of the Talara Refinery (Source: Google 

Earth) 

2.3. Description of the production phases 

The following figure shows the main blocks of the 
biodiesel production process from microalgae, normally 
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considered in the different studies carried out worldwide 
[28]. Fig. 4. 

 
Fig. 4. Overview of biodiesel production processes from 

microalgae (Own elaboration) 

Many studies take into account the following processes 
for the production of biodiesel from microalgae: 

Culture 

Three different metabolisms are considered for the 
production of microalgae, following the natural growth 
processes [34]: 

Ø Photoautotrophic production 

Ø Heterotrophic production 

Ø Mixotrophic production 

Photoautotrophic production uses light as the only 
source of energy, which is converted into chemical energy 
through photosynthesis reactions. The two culture systems 
most used in photoautotrophic production correspond to 
photobioreactor and open pond technologies. 

Microalgae culture in open ponds has been used since 
1950. These culture systems can be classified into [44]: 

Ø Natural waters, such as seas, rivers, lakes and ponds 

Ø Artificial ponds, road ponds, raceway ponds 

The CO2 requirements of microalgae are normally 
satisfied by surface air, but submerged aerators must be 
installed to improve CO2 fixation [44]. 

Large–scale microalgal cultures usually take place in 
open cultures [38]. In an open pond culture system, it is 
difficult to avoid biological contamination by external 
organisms. 

The water level cannot be below 15 cm or 150 L m-2 for 
photons of solar energy to reach the microalgae in the growth 
phase [45]. As the atmosphere only contains 0.03–0.06% 
CO2, microalgae cell growth is limited. 

The 'raceway' type ponds consist of circuits from 15 to 
30 cm deep, inside them a paddle wheel maintains a constant 

flow of the culture, normally 0.5 m s-1. Biomass production 
and productivity in these systems are low, close to 1 g L-1 
and 10–25 g m-2 d-1 respectively. The inherent advantages of 
open crops lie in their simplicity and low investment cost 
compared to closed systems [24]. 

Open systems have several drawbacks such as [46] [47] 
[35] [48] [49] [50] [51]: 

Ø Water losses due to evaporation 

Ø Limited transfer of CO2 to the culture due to its low 
concentration in the air, 0.035% of the dissolution volume 

Ø Diffusion into the atmosphere 

Ø Limited control of growing conditions 

Ø High susceptibility to contamination, except for 
cultures of two extremophilic species 

Ø Requirement of extensive surfaces 

Ø Long production periods, between 6 to 8 weeks 

Ø Reduced biomass productions and limited light 
penetration 

Microalgae production based on closed photobioreactors 
overcomes several of the major problems inherent in open 
pond systems. There is less risk of biological contamination 
in photobioreactors, thus allowing the culture of a single 
species of microalgae for long periods of time [44]. 

The most widely used types of photobioreactors are the 
following [52]: flat plate, tubular, suspended bags, column 
and closed tanks. 

Photobioreactors have many advantages over open 
systems. Depending on the design or shape, it is considered 
that: 

Ø Grow conditions and parameters can be better 
controlled, including: pH, temperature, N, CO2 and O2 

Ø They don’t allow the evaporation of water 

Ø They avoid CO2 losses 

Ø They achieve higher levels of biomass concentration 

With the use of photobioreactors, the microalgae 
densities are higher, which represents a higher volumetric 
productivity. Likewise, they offer a safer operating 
environment, avoiding contamination or invasion by other 
microorganisms. 

The mixed or hybrid culture, used in this study, is a 
method that combines two different growth stages, both in 
open ponds and in photobioreactors. 

In general, such systems consist of an initial stage of 
biomass production in closed photobioreactors, in which 
microorganisms are kept in continuous growth under 
conditions of nutrient sufficiency. The next stage is a phase 
of accumulation of lipid production in open ponds, which is 
induced by nutrient deficiency [50]. 

The following parameters are mostly used to evaluate 
productivity in microalgae production plants: 
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Ø Volumetric productivity (VP): It is the productivity 
for each unit of volume and its units are given in g L-1 d-1 

Ø Areal Productivity (AP): It is the productivity 
obtained by each unit of occupied area and its units are given 
in g m-2 d-1 

Ø Illuminated Surface Productivity (ISP): It is the 
productivity obtained by each areal unit of illuminated 
surface and its units are given in g m-2 d-1 

Stress conditions, associated with nitrogen limitation, 
addition of metal ions and salts such as EDTA, increase lipid 
accumulation [53] [54]. 

Harvesting 

Algae harvesting is the process of recovering biomass 
from the growing medium, which represents 20–30% of the 
total cost of biomass production [55]. To select the 
appropriate harvesting technique, the following will be taken 
into account: the type of microalgae, size, density and value 
of the target products, water content, salinity, robustness of 
the microalgae, deformation characteristics [38]. 

This stage highlights the difficulty of processing the tiny 
size of the microalgae, usually between 3–30 µm in diameter. 
The diluted state in which they are found, less than 0.5 kg of 
dry biomass per m³, implies handling large volumes to obtain 
a significant amount of product [55]. 

Acceptable humidity is another consideration when 
selecting the harvesting method. The most widely used 
harvesting methods are: centrifugation, sedimentation, 
ultrafiltration, filtration, flocculation or a combination of 
flocculation-flotation. 

The different existing harvesting techniques are 
conditioned by the following aspects: 

Ø The characteristics of microalgae 

Ø The cost of the technique to be used 

Ø The final product you want to obtain 

Chemical flocculation and centrifugation are the most 
economically viable harvesting techniques [38]. The 
sedimentation technique is based on the separation of 
suspended microalgal cells using gravity sedimentation. 

According to Stoke's Law, it is established that the 
sedimentation rate is proportional to the radius of the cells 
and the difference in density between the microalgae and the 
medium. Therefore, each species will have a specific 
sedimentation rate. Conventional sedimentation has 
collection efficiencies ranging between 60%–70% [56] and 
its reliability is low due to the variability in size and density 
that different microalgae species can record. This technique 
usually requires long periods of time for effective separation, 
observing deposition velocities that usually range between 
0.1–2.6 cm h-1. These long deposition times could lead to the 
deterioration of the biomass during the process [57]. These 
factors make this harvesting technique only viable in 
microalgae that exceed sizes of 70 µm [58]. 

The application of the sedimentation or centrifugation 
technique could be feasible in microalgae with diameters 
greater than 5 µm and relatively thick cell walls. 

The centrifugation technique is a reliable, fast and valid 
technique for a large part of the microalgae species studied. 
As in gravity sedimentation, it is based on Stokes' Law, in 
which the density and radius of microalgae conditions the 
sedimentation of suspended solids. The centrifugation 
technique uses centrifugal force for the separation of solids 
and liquids of different density, achieving the sedimentation 
of those particles of higher density and then separating the 
surplus, corresponding to the liquid phase. The efficiency of 
the centrifugation technique is conditioned by the particular 
characteristics of the microalgae species used., by the 
centrifugation speed, the residence time and the depth of the 
container in which the biomass is located [55]. In addition, it 
should be considered that the centrifugation technique can 
damage the cellular structure of microalgae, due to the 
centrifugation stresses to which they are subjected during the 
process [59]. 

Centrifugation, together with flocculation, represents one 
of the most efficient and best yielding techniques for the 
separation of biomass from microalgae culture [60]. 
Efficiencies of 95% can be achieved by increasing the 
concentration of the sludge up to 150 times [61]. However, it 
is inadvisable to use this technique to treat large volumes of 
crops because the cost and the time required would 
considerably increase the biomass collection process. 

The centrifugation is only suitable for products with high 
added value, since it implies high costs and demands a high 
energy consumption. 

Oil processing and extraction 

The oil processing and extraction phase represents an 
important economic limitation for the production of low-cost 
basic products, such as fuels and food, as well as for higher-
value products, such as β-carotene and polysaccharides. 

To improve the usefull lifetime and the final product, 
harvested biomass dehydration techniques are typically used. 
After the drying process, the cellular disruption of the 
microalgae is carried out in order to release the necessary 
metabolites. There are several methods and the use of one or 
the other depends on the wall of the microalgae and the 
nature of the final product, being able to use mechanical 
methods such as cell homogenizers, ball mills, ultrasound, 
autoclave and spray drying; or using non-mechanical 
methods such as freezing, organic solvents with osmotic 
shock and acidic, basic and enzymatic reactions [4]. 

On the other hand, there are oil extraction methods, such 
as ultrasound and microwaves, which, compared to 
conventional methods, allow to reduce extraction times and 
increase yields by 50–500%, reducing costs and minimizing 
toxicity [28]. 

The lipid extraction process can be carried out in two 
different ways: 

Ø From dried algae: the collected biomass is subjected 
to an extraction process in which it is previously dried. In 
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this way, high percentages of lipid recovery are achieved, 
although it is associated with greater energy consumption, 
due to the drying operation. This alternative is not 
recommended for the treatment of large volumes of 
feedstock, although ways to make this process more efficient 
are being investigated [62] 

Ø From wet algae: the collected biomass used in the 
extraction process contains a considerable percentage of 
moisture. In this case, the microalgae maybe subjected to a 
previous cell disruption, which allows to deteriorate or break 
the cell wall in such a way that the subsequent extraction of 
lipids is facilitated. Unlike the dry extraction process, wet 
extraction does not get percentages as high, however, the 
energy balance is much more favorable [63] 

The most widely used lipid extraction methods are the 
use of pulsed electric fields, supercritical fluids, solvents, 
microwaves and ultrasound [64] [65]. 

Supercritical extraction consists of obtaining product by 
using CO2 in a supercritical state. This technological process 
has advantages such as low extraction temperatures; no 
organic solvents are used, therefore there is no emission of 
volatile organic products. The yield of the oil extraction 
process is about 95% [66]. 

Wet extraction is an innovative method, developed by 
OriginOil Inc.; this method, called OriginOil Single-Step 
Extraction™, Fig. 5., performs the extraction directly from 
the aquatic culture environment, grouping the harvest, drying 
and extraction in a single step. To achieve the extraction, 
Quantum Fracturing™ would be used, a technology that 
combines the pulsation of electromagnetic fields with the 
modification of pH to break the cell walls, releasing the oil 
from the cells. This microalgae oil extraction process is more 
efficient and simple than the aforementioned systems, there 
is no need to use chemicals or invest in heavy machinery. 
Furthermore, the energy used to break down the microalgae 
cells is significantly less than other extraction methods, 
resulting in oil separation, water recycling, and biomass 
shedding. This innovative method allows to extract 
approximately 97% of the lipids contained in the cells of the 
algae, a value higher than the method of extraction by 
pressure (75%) and close to the method of extraction with 
supercritical fluid (100%). This process does not require 
heavy machinery, chemical reagents, or prior water 
separation. The whole process takes less than an hour. 

 
Fig. 5. OriginOil Single-Step Extraction™ method 

Biodiesel production (transesterification) 

Biodiesel is made up of fatty acid alkyl esters, produced 
by transesterification of animal fats, vegetable oils and 
microalgae oils. In this transesterification process, the 
transfer of an acyl group occurs, which can occur between an 
ester and an alcohol (alcoholysis), between an ester and an 
acid (acidolysis) or between esters (interesterification) [67]. 

These lipid feedstocks are mainly made up of 90–98% 
(weight) by triglycerides and then in smaller amounts by 
mono and diglycerides, free fatty acids (1–5%). Minimal 
amounts of carotenes, tocopherols, phospholipids, 
phosphatides, sulfur compounds and water are also present. 

Transesterification is a multi-step reaction, including 
three steps in sequence. First, the triglycerides are converted 
to diglycerides; second, the diglycerides are transformed into 
monoglycerides and finally the monoglycerides are 
transformed into esters (biodiesel) and glycerol (by-product) 
[68]. 

To improve the speed of the transesterification reaction, 
a basic or acidic, heterogeneous or homogeneous catalyst is 
commonly used. For some processes that use supercritical 
fluids such as ethanol or methanol, it is probably not 
necessary to use this catalyst. 

The most widely used catalyst is sodium hydroxide in a 
proportion of 0.5–1.0 g of catalyst for each gram of oil. 

Alternatives to alkaline transesterification include: acid 
transesterification, microwave or ultrasound assisted, sub-
critical or super-critical transesterification, heterogeneous 
transesterification, among others. These options are still 
under study. 

2.4. Operating parameters of the biodiesel system from 
microalgae 

Culture phase 

The culture phase is made up of a mixed or hybrid 
system. This phase is related to the daily values of solar 
radiation, especially photosynthetically active radiation or 
PAR. PAR radiation can be defined as a fraction of the solar 
spectrum that is between 400 nm and 700 nm, in the visible 
area of the spectrum. This radiation is absorbed by plants, 
stored and transformed through their photosynthetic systems 
[69]. 

PAR radiation is the energy source for photosynthesis, 
which is generally estimated as a constant fraction of global 
solar radiation, frequently found at 35% to 50%, depending 
on weather and climatic conditions [69]. 

For microalgae, light is considered an indispensable 
substrate for growth. The Monod equation is used to model 
the growth of photosynthetic microorganisms, with the 
growth rate (µ) being dependent on the average irradiance 
(Iav). Monod's model results in equation (1) [70]: 

                                         (1) *( )
n

máx av
av n n

k av

II
I I
µµ =

+
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Where µmáx is the maximum growth rate, Iav the average 
irradiance, Ik is the affinity to light and n is the shape 
parameter. 

In the case of closed culture, the type of continuous 
operation is used, so the mass balance results in equation (2): 

                           (2) 

Where µ is defined as the specific growth rate, m is the 
specific maintenance rate, and D is the dilution rate. 

Once the dilution rate (D) has been fixed, equation (3) is 
used to calculate the volumetric productivity based on the 
biomass concentration (Cb): 

                    (3) 

Where Pv is the volumetric productivity, Cb is the 
biomass concentration and D is the dilution rate. 

For the culture in open ponds, a batch operation is used 
with the purpose that the biomass accumulates a greater 
amount of lipids due to nutrient limitation, the corresponding 
mass balance is obtained from equation (4): 

            (4) 

Clearing the biomass concentration Cb, the final biomass 
concentrations are obtained with equation (5): 

             (5) 

Where µ is the specific growth rate, m is the specific 
maintenance rate, Cb0 is the initial biomass concentration, Cb 
is the final biomass concentration, and D is the dilution rate. 

The culture phase has the following operating 
parameters: 

Ø Ingress of algae  : 0.02% 

Ø PBR concentration : 0.45% (4.5 g L-1) 

Ø Pond concentration : 0.07% (0.664 g L-1) 

Ø Excess of CO2  : 20.0% 

Extraction phase 

The wet extraction phase has the following operating 
parameters: 

Ø Efficiency  : 97.0% 

Ø CO2 input  : 10.0% (kg CO2/kg 
algae) 

Transesterification phase 

The transesterification phase has the following operating 
parameters: 

Ø Efficiency  : 99.5% 

Ø Free fatty acids  : 15.0% 

Flash separation phase 

The flash separation phase has the following operating 
parameters: 

Ø Output of methanol : 4.0% 

Ø Output of H2O  : 2.0% 

Ø Biodiesel efficiency : 1.0% 

Ø Glycerin efficiency : 1.0% 

Methanol separation phase 

The methanol separation phase has the following 
operating parameters: 

Ø Output of methanol : 100.0% 

3. Results 

The next figure, Fig. 6., shows the main blocks of the 
biodiesel production process considered in the present 
research. It should be indicated that the extraction process is 
carried out by direct wet extraction, for this reason a block of 
harvest as such is not shown, since it is unnecessary. 

 
Fig. 6. Overview of the production processes of biodiesel 

from microalgae considered in this research (Own 
elaboration) 

The mass balance formula for the production of biodiesel 
using microalgae presents different variants in terms of the 
coefficients for nutrients [71] [72]. In the present research the 
following formula is used for mass balance: 

                 (6) 

Equation (6) results in the nutrient consumption per kg 
of biomass, Table 2.: 

Table 2. Nutrient requirement in kg per kg of biomass (Own 
elaboration) 

Supplies Quantity Units 

CO2 1.88 kg 

H2O 0.70 kg 

Nitrate (KNO3) 0.48 kg 

Phosphate (Na3PO4) 0.07 kg 

m Dµ - =

*v bP C D=

1 * b
net

b

dCm
C dt

µ µ- = =

*
0 * máx t

b bC C eµ=

2 2

0.48 1.83 0.11 0.01 2

0.915 0.11 0.01
1.2175

CO H O N P
CO H N P O
+ + +

= + + + +
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O2 1.67 kg 

3.1. Culture phase 

This phase is formed by a mixed or hybrid system. It is 
an efficient method of large-scale culture [73]. The first stage 
consists of photobioreactors and the second one of open 
ponds type raceway pond. 

The objective of the first stage is to achieve the highest 
possible cell density, minimizing the risks of contamination 
and guaranteeing ideal conditions of nutrient sufficiency. In 
the second stage, lipid biosynthesis is stimulated, but under 
nutrient-limited conditions. Therefore, it is expected to 
obtain a high cell density and a high oil content. 

The next figure, Fig. 7., shows the block diagram that 
interconnects the open pond with the photobioreactor. The 
photobioreactor block is made up of 10 vertical tubular 
serpentine photobioreactors [74]. The open pond block is 
formed by a (01) pond of 8000 m2. 

 
Fig. 7. Block diagram of the mixed or hybrid culture phase 

(Own elaboration) 

Table 3. is a summary of the values of concentrations 
required in open ponds and photobioreactors, as well as the 
percentages of excess nutrients and CO2. 

Table 3. Summary of input and output concentrations 
required in the culture stages (Own elaboration) 

Inputs 

Excess of CO2 20.00 % 

Excess of nutrients 2.00 % 

Ingress of algae 0.02 % 

Dilution air speed 0.50 % 

Outputs 

Algae concentration in PBR 0.45 % 

Algae concentration in pond 0.07 % 

 

Since an excess of CO2 of 20% is considered for the 
culture stage and 10% of CO2 is used for the extraction stage, 
approximately 240,674.03 kg h-1 of CO2 is available for the 
process, considering that for each kg of microalgal biomass 

1,881 kg of CO2 are used, approximately 127,950.04 kg h-1, 
Fig. 10., it is obtained the outcome of the culture stage. 

In this study, the values of volumetric productivity and 
areal productivity in Table 4. were considered, based on the 
design procedure proposed by Huntley [75]. 

Table 4. Design parameters for the culture phase (Own 
elaboration) 

Culture 
system 
& data 

set 

Initial 
concentration Growth 

period 
(d) 

Final 
concentration Biomass 

per day 
(kg) g m-3 g m-2 g m-3 g m-2 

PBR 4500.0 337.5 n/a   135.0 

Open 
pond 112.5 16.9 1 680.6 122.2 816.7 

 

The theoretical annual production of biodiesel from this 
study is shown in Table 5. 

Table 5. Theoretical annual production of biodiesel from 
microalgae (Own elaboration) 

Culture 
system & 
data set 

Oil 
production 

Biomass 
producti
on (g m−2 

d−1) 

Annual oil 
production 
(ton yr-1) 

Annual oil 
production 
(ton yr-1) - 
corrected % g m-2 

d-1 

PBR   337.5 14.6  

Open pond 30 31.6 105.3 91.0 86.7 

 

For the design of the photobioreactor and open pond, the 
operating values of the existing plant in Almeria, Spain, Fig. 
8., were taken as a reference. The Almeria plant has an 
annual production of 4.58 tons yr-1 of dry biomass, 
considering the species N. Gaditana, with 21.8% lipids [75]. 
It should be noted that the climatic conditions of Almeria are 
very similar to those found in Talara, so it is a good reference 
for research. 

 
Fig. 8. Vertical tubular serpentine photobioreactor of 

Almería (Spain) 

The photobioreactor of the present research covers an 
area of 400 m2 and the open pond an area of 8000 m2. 

The biomass concentrations in the photobioreactors are 
between 4–6 g L-1 [73] [76]. In other researches consulted, 
concentrations between 10–16 g L-1 have been achieved 
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using flat photobioreactors [77]. Microalgae biomass 
concentrations up to 10 g L-1 cans be achieved if 
photobioreactors are well designed [73]. 

The biomass concentration of microalgae in open ponds 
should be close to 0.65 g L-1 [76]. Microalgae biomass 
concentrations in open ponds between 0.5–1 g L-1 are 
accepted as standard [73]. 

The biomass concentrations considered in the present 
study are: in the photobioreactor it is 4.5 g L-1 and in the 
open pond it is 0.68 g L-1. These values correspond to a 
single set "photobioreactor block + open pond block". To 
take advantage of the annual CO2 production of the Talara 
Refinery, equivalent to 300,000.00 kg hr-1, 1856 
"photobioreactor block + open pond block" sets should be 
used. Each “photobioreactor block” consists of ten (10) 3000 
L photobioreactors (40 m2 area) and each “open pond block” 
consists of one (01) 1200 m3 raceway pond (area of 8000 
m2). 

The use of 1856 units "photobioreactor block + open 
pond block" would theoretically allow to obtain 160,922.32 
tons of biodiesel per year, considering the use of the species 
Dunaliella tertiolecta, with a conservative percentage of 30% 
lipids, but with the probability of reaching 70% lipids, 
increasing the concentration of NaCl [78]. 

From the Hosseini's study it was discovered that 
increasing 0.5 or 1.0 mol L-1 of NaCl in the middle or at the 
end of the logarithmic phase of the Dunaliella species 
culture, considering at the beginning a NaCl concentration of 
1.0 mol L-1, raised the cell lipid content up to 70% [79]. 

Table 6. shows the results of growth tests of the 
microalgae Dunaliella tertiolecta with nitrogen limitation, 
obtaining up to 73% of unsaturated fatty acids [78]. 

Table 6. Fatty acid (FA) composition of algae oil extracted 
from algae for different nitrogen deficiency conditions 

Composition 
FAME (%) 

Biodiesel based on D. Tertiolecta 

Normal growth Nitrogen-limited 
growth 

C16:0 28.1 ± 0.1 26.4 ± 0.06 

C16:1 0.0 0.0 

C16:2 2.8 2.3 

C16:3 1.37 ± 0.06 1.27 ± 0.06 

C18:0 0.6 0.6 

C18:1 19.3 ± 0.15 16.8 ± 0.1 

C18:2 14.67 ± 0.15 13.07 ± 0.23 

C18:3 33.2 ± 0.26 39.6 ± 0.1 

Sum of SFA 28.7 ± 0.1 27.0 ± 0.06 

Sum of UFA 71.3 ± 0.1 73.0 ± 0.06 

 

The mass balance for the photobioreactor is shown in 
Fig. 9., considering a continuous operation mode. 

 
Fig. 9. Mass balance for the Vertical tubular serpentine type 

photobioreactor (Own elaboration) 

Table 7. summarizes the mass inputs and outputs to the 
photobioreactor, based on nutrient consumption data 
obtained from the mass balance. 

Table 7. Summary of mass inputs and output in 
photobioreactors (Own elaboration) 

Inputs 

Algae (dry base) 940.00 kg h-1 

H2O 4700000.00 kg h-1 

CO2 45621.55 kg h-1 

Nitrates 9795.19 kg h-1 

Phosphates 1445.37 kg h-1 

Dilution air 30068.75 kg h-1 

Outputs 

Algae PBR 21150.00 kg h-1 

 

The mass balance for the open pond is shown in Fig. 10. 

 
Fig. 10. Mass balance for the open raceway pond (Own 

elaboration) 

Table 8. summarizes the mass inputs and outputs to the 
open pond, based on nutrient consumption data obtained 
from the mass balance. 
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Table 8. Summary of mass inputs and output in open ponds 
(Own elaboration) 

Inputs 

H2O 187978850.00 kg h-1 

CO2 241087.74 kg h-1 

Nitrates 51570.78 kg h-1 

Phosphates 7609.76 kg h-1 

Outputs 

Algae open pond 127950.04 kg h-1 

 

The photobioreactors will operate in continuous mode 
and the open ponds will have a batch type operation. 

3.2. Extraction phase 

The present study considers the method of wet extraction 
of lipids from microalgae, which performs the direct 
extraction of the aquatic culture medium. It bundles both 
harvesting, drying and extraction in one step. It combines the 
pulsation of electromagnetic fields with the modification of 
pH to break the cell walls, releasing oil from the cells. 

The extraction considers an efficiency of 97% and as 
mentioned above, a 30% lipid content in the species 
Dunaliella tertiolecta. The mass balance is shown in Fig. 11. 

 
Fig. 11. Mass balance in the biodiesel extraction phase (Own 

elaboration) 

Table 9. summarizes the inputs and outputs in the oil 
extractors. In this phase the algal biomass is transformed into 
oil. 

Table 9. Summary of mass inputs and outputs in oil 
extractors (Own elaboration) 

Inputs 

H2O 192589416.25 kg h-1 

Algae 127950.04 kg h-1 

CO2 12795.00 kg h-1 

Outputs 

H2O 192589416.25 kg h-1 

Oil 37233.46 kg h-1 

Broken algae (dry base) 90716.58 kg h-1 

CO2 12795.00 kg h-1 

 

3.3. Transesterification phase 

The process of heterogeneous catalyzation is more 
efficient than the process of homogeneous catalyzation.  The 
heterogeneous procedure, by catalytic transesterification of 
vegetable or animal oils or fats, with alcohols of low 
molecular weight, is basically carried out under conditions of 
mild temperature and atmospheric pressure. 

The transesterification stage considers an efficiency of 
99.5%. The mass balance is shown in Fig. 12. 

 
Fig. 12. Mass balance in the transesterification phase (Own 

elaboration) 

The type of transesterification reactor to be used would 
be a fixed bed, which uses a patented catalytic process, 
ENSEL®, from the company Benefuel. This process 
combines the esterification of free fatty acids and triglyceride 
transesterification within the same step [80]. 

Table 10. summarizes the inputs and outputs in the 
transesterification reactors. In this phase the oil is 
transformed into biodiesel and glycerin as a by-product. 

Table 10. Summary of inputs and outputs in 
transesterification reactors (Own elaboration) 

Inputs 

Oil 37233.46 kg h-1 

Methanol 9494.53 kg h-1 

Outputs 

Biodiesel 37325.15 kg h-1 

Glycerin 3149.02 kg h-1 

H2O 357.24 kg h-1 

Methanol 5710.42 kg h-1 

 

3.4. Separation phase of biodiesel and methanol–glycerin 

A flash separator is used. Its main function is to separate 
the unreacted methanol from the biodiesel–glycerin mixture, 
in order to return it to the process, thus making the process or 
general production of biodiesel more efficient. 
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The mass balance is shown in Fig. 13. 

 
Fig. 13. Mass balance in the separation phase of biodiesel 

and methanol (Own elaboration) 

Table 11. summarizes the mass inputs and outputs in 
flash separators. In this phase, the methanol is mainly 
separated, which is returned to the process. 

Table 11. Summary of mass inputs and outputs in flash 
separators (Own elaboration) 

Inputs 

Biodiesel 37325.15 kg h-1 

Glycerin 3149.02 kg h-1 

Methanol 5710.42 kg h-1 

Outputs 

Biodiesel 37287.83 kg h-1 

Glycerin 3142.72 kg h-1 

Methanol 125.71 kg h-1 

 

3.5. Separation phase of biodiesel and methanol 

In the last stage of the downstream processes, 37,250.54 
kg hr-1 of biodiesel are obtained and since the operating 
parameters that were taken as a reference indicate that the 
plant operates 12 hr d-1 for 360 days, the final result is that 
the biodiesel production reaches 160,922.32 tons yr-1. The 
corresponding mass balance is shown in Fig. 14. 

 
Fig. 14. Mass balance in the separation phase of biodiesel 

and glycerin (Own elaboration) 

The exhausting FAME separates 100% of the methanol 
that enters this stage, and then returns it to the process. 

Table 12. shows the summary of mass inputs and outputs 
in the exhausting FAME stage. In this phase, the methanol is 
separated to return it to the process. 

Table 12. Summary of mass inputs and outputs in the 
exhausting FAME stage (Own elaboration) 

Inputs 

Glycerin 3.14 kg h-1 

Biodiesel 37250.54 kg h-1 

Methanol 18.86 kg h-1 

Outputs 

Glycerin 3.14 kg h-1 

Biodiesel 37250.54 kg h-1 

 

4. Conclusions 

The calculations made, taking as reference scientific 
studies consulted, the climatic conditions of the Talara region 
and the operating parameters of an existing plant in Almería 
(Spain), indicate that theoretically a biodiesel production of 
160,922.32 tons yr-1can be obtained. The above considering 
only 30% lipid content in the selected species, Dunaliella 
tertiolecta. 

The irradiation conditions in the city of Talara are 
favorable so that the volumetric and areal productivities 
allow the mentioned production. The temperature variations 
in the City of Talara are similar to those registered in other 
investigations, added to the fact that Dunaliella tertiolecta 
has a greater temperature tolerance range, biodiesel 
production will not be greatly affected. 

By keeping the culture in open ponds for only one day, 
the probability of contamination of the culture is minimized, 
a problem that normally does not allow large volumes of 
production using this culture method. 

Considering that the demand for liquid fuels in Peru is 
284 thousand barrels per day (16,500.0 thousend tons per 
year), the theoretical production of biodiesel obtained (160 
thousend tons per year) in this investigation, barely 
represents 0.98% of the national demand for 2020 and this 
same percentage of consumption applies to the year 2021, 
since the Peruvian economy is just being reactivated due to 
Covid-19. It is necessary to evaluate the capture of CO2 
emissions from other industrial plants located in regions with 
the ideal climatic conditions for the growth of microalgae in 
order to determine the total potential of Peru for the 
production of biodiesel from them. 
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