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Abstract. As the global population grows, the use of fertilizers to improve land use and increase food production has 

become essential. However, the environmental damage caused by chemical fertilizers has led to a growing interest in 

sustainable alternatives, such as biofertilizers. This scientific paper presents a thermoeconomic analysis that evaluates 

the potential use of biomass microalgae as a biofertilizer in agriculture. Thermoeconomics involves applying 

thermodynamic principles, such as exergy which is a measure of the maximum amount of work that can be extracted 

from a thermodynamic system to economic systems. The analysis provides a detailed assessment of the economic and 

thermodynamic aspects of the process, considering the costs associated with the production, transportation, and 

application of the microalgae-based biofertilizer. The evaluated system includes an incinerator, heat exchanger, fixation 

column, photobioreactor, flocculator, centrifuge, dryer, and the final step of using the biomass produced as fertilizer. 

The results of the study show that microalgae-based biofertilizers offer significant economic benefits, including 

reductions in the use of chemical fertilizers and improvements in crop yields. Additionally, the study evaluates the 

environmental impact of the process and finds that microalgae-based biofertilizers can reduce greenhouse gas emissions 

and overall environmental impacts compared to traditional chemical fertilizers. In conclusion, the authors suggest that 

further research is necessary to optimize the production and application of microalgae-based biofertilizers. Nevertheless, 

the potential economic and environmental benefits make this an important area of study for sustainable agriculture.   
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1. INTRODUCTION  

 

Land and water are critical resources for both food production and human sustenance. However, these resources are 

facing increasing pressure due to population growth, economic development, and climate change. As a result, industries 

are shifting their focus towards more sustainable processes and products. Societal advancements have led to higher 

production and consumption of food and technology, resulting in improved nutrition but also less efficient supplements 

for daily life (Rask, 2011; Meyer, 1992; Lang, 2014). This has contributed to a significant increase in waste generation, 

both biological and synthetic, as manufacturing processes and related activities are not 100% efficient. The accelerated 

population growth (Schneider, 2011) further exacerbates this issue. 

Over the past decade, there has been a notable increase in carbon dioxide (𝐶𝑂2) levels (Cias et al., 2013; NOAA, 

2020; Retallack, 2020), likely attributed to the aforementioned factors. Research indicates that higher atmospheric 𝐶𝑂2 

concentrations can have negative impacts on plantations and crops, posing a threat to agricultural productivity (Myers, 

2014; Hampton, 2013). Consequently, there is a growing need to reassess the efficiency and environmental impact of 

various sectors, including fuel-based transportation, energy production, and food systems. This has led to a search for 

alternative materials that can replace environmentally harmful substances currently in use. 

Modern agriculture, in particular, is exploring more efficient methods of crop cultivation. With increased demand 

and changing climate conditions, there is a greater reliance on fertilizers and chemicals to enhance crop yield and 

resilience against plant diseases, thereby enabling production in less favorable regions (Savci, 2012). However, strict 

regulations on the use of synthetic fertilizers, driven by concerns about the environment and long-term public health, have 

prompted a search for biofertilizers. 

Microalgae biomass has emerged as a promising biofertilizer option, demonstrating positive effects on crop growth, 

such as increased plant size, root development, and nutrient absorption and storage. Additionally, microalgae biomass has 

shown potential in micropropagation of ornamental species (Navarro, 2021; Ronga, 2019; Mazepa, 2021; Corbellini, 

2020). The production of microalgal biomass involves two primary methods: the open system known as a raceway pond 

and the closed system called a photobioreactor. Each approach has its advantages and drawbacks, with horizontal tubular 

photobioreactors (PBRs) being economically challenging due to a low net energy ratio (NER) compared to flat-plate 

PBRs and raceway ponds (Jorquera, 2009). 

In light of the global fight against climate change and harmful atmospheric gases, algae-based technologies, including 

microalgae cultivation in photobioreactors, have gained significant interest (Zhang and Cai, 2018). These technologies 

have the ability to capture carbon dioxide from the atmosphere or industrial emissions, contributing to their mitigation 

(Chisti, 2007; Vo et al., 2019). The configuration discussed in this article involves a microalgae cultivation system where 

the microalgae interact with effluent gases generated in a municipal solid waste incinerator, thus aiding in carbon fixation. 

 

2. THEORETICAL BACKGROUND 

 

2.1. Microalgae 

 

Microalgae are single-celled, rapidly reproducing microorganisms that can be classified as autotrophic or 

heterotrophic (FURLAN et al., 2020). They can be grown in different conditions, from natural environments, such as 

open tanks, lakes, and ponds, to on an industrial scale using PBRs (ARUN et al., 2021), being scaled up from manual 

laboratory cultivation. Microalgae play a fundamental role in global photosynthesis, due to their widespread presence in 

the environment.  

Furthermore, they could carry out bioremediation, contributing to the cleaning of atmospheric air through 

photosynthesis, which not only promotes their growth, but also improves environmental oxygenation (SCHMITZ et al., 

2015; DERNER et al., 2006). For their growth, microalgae use carbon sources of organic and inorganic origin, as well as 

sources of nitrate and phosphate available in the environment in which they are present (BOROWITZKA, 2018). 

Biomass production from microalgae stands out due to the rapid growth and high nutritional density of these 

microscopic organisms, which perform efficient photosynthesis to convert sunlight and CO2 into biomass rich in proteins, 

lipids, and carbohydrates (LEHMUSKERO, 2018). This makes it a valuable source of raw material for biofuels, food 

supplements, animal feed and biofertilizers, contributing to sustainable agriculture. Due to the growing demand for 

renewable biomass sources, microalgae stand out due to their rapid growth, high nutritional quality and reduced resource 

use compared to traditional crops.  

 

2.2. Exergoeconomic Analysis of Microalgae CO2 Fixation for Biofertilizer Production 

 

While various studies have delved into the techno-economic aspects of microalgal biomass production, investigating 

parameters such as energy input requirements, capital investments, and overall performance, there is currently a gap in 

the literature concerning the specific exergy and exergoeconomic analysis of the process involving CO2 fixation by 

microalgae and the subsequent utilization of the biomass as biofertilizers. This type of information is of paramount 

importance. 
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Exergy, a fundamental thermodynamic concept used to measure the quality of energy, has proven to be a robust tool 

in the evaluation of energy efficiency and the identification of energy losses within diverse processes. Building on this 

foundation, exergoeconomics takes these principles a step further by seamlessly integrating exergy analysis with 

economic considerations, assigning a monetary value to every exergy flow in the system. This innovative approach not 

only enables the scrutiny of physical inefficiencies within energy systems but also provides a comprehensive insight into 

the economic ramifications associated with these inefficiencies. 

Therefore, the objective of this study is to develop a mathematical model for the thermodynamic analysis of a 

photobioreactor plant incorporating a 𝐶𝑂2 fixation column and an MSW incinerator with energy recovery. This model 

aims to optimize the system's performance and evaluate its exergoeconomic feasibility, shedding light on the potential of 

utilizing microalgae biomass as biofertilizers. 

To be able to evaluate and maximize the performance of the system, methods of entropy generation minimization 

(EGM), exergy analysis (EA), and exergoeconomics (EE) have been used. These three methods are established aspects 

of the evolution of thermodynamics in the last decades (Vargas et al., 2000; Ordonez, 2003). 

 

3. ANALYZED SYSTEM 

 

The objective of this article is to assess the benefits and costs associated with an organic fertilizer based on 

microalgae. The performance and price competitiveness of organic fertilizers are crucial in encouraging farmers to opt 

for their use over chemical fertilizers. 

 

3.1. Process Microalgae Cultivation 

 

The process begins with a gas emission source, which can range from a combustion engine to a fuel generator or 

material incinerator, including hybrid fuel systems. A heat exchange system is employed to cool the gas temperature, 

ensuring it remains below 40°C to avoid harming the microalgae cultivation. Water is utilized in this system and can be 

recycled at higher temperatures. 

The next step involves the gas fixation column, where the gases pass through and interact with the cultivation. This 

interaction primarily focuses on absorbing necessary components, especially 𝐶𝑂2 gas, which is essential for microalgae 

photosynthesis. 

A closed-type tubular photobioreactor is utilized to maintain greater control over gas flow and cultivation 

temperature. An electric pump facilitates the cultivation flow within the system and enables interaction with the gas 

fixation column, allowing for the capture of 𝐶𝑂2. Throughout the day, photosynthesis occurs, multiplying the microalgae 

biomass with the absorption of sunlight. 

To prepare the biomass for various applications, including its use as an organic fertilizer, it needs to be in a dry form. 

Several steps are involved in achieving this dry biomass state.  

The first step is flocculation, where a specific amount of flocculating agent is added to the cultivation volume. The 

volume is stirred to ensure even distribution of the flocculant. After stirring, the material settles to facilitate decantation, 

enabling the removal of a volume of water without the biomass. Following flocculation, the biomass still retains a 

significant amount of water. Therefore, centrifugation is employed to further concentrate the biomass, reaching a 

concentration of 20% per liter and facilitating additional water removal. 

The final step in producing dry biomass involves the use of heat-generating equipment, such as an oven or drying 

chamber. This equipment ensures the complete removal of remaining water from the biomass. To prevent damage to the 

biomass, a temperature of 60°C is used over an extended period. 

Once the dry biomass is obtained, it can be directly applied as an organic fertilizer without requiring any additional 

steps. By assessing the increase in material and examining potential changes in internal energy resulting from the use of 

biomass as a fertilizer, we can evaluate the benefits and costs associated with this method, this stage is called Plant growth 

production process (PPCV). 

 

3.2. Diagram of the system production process 

 

The Figure 1 shows a diagram of the system, and the stages and mass flow, also the energy flow as heat (𝑄0), work 

(𝑊𝑒), and solar irradiation (𝐼𝑠𝑢𝑛). Also show the fuel use for the combustion, in this case, a mixture of air, fuel and 

municipal solid waste (MSW). 
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Figure 1. Schematic diagram of the system under analysis 

 

 

4. EXERGY 

 

Exergy is a fundamental concept used to measure the maximum potential work or useful energy that can be obtained 

from a system. It serves as a valuable tool for assessing the efficiency and sustainability of various processes and systems. 

By analyzing the exergy of a system, we can determine its theoretical maximum efficiency and identify areas for 

improvement in energy utilization. 

In the context of this study, the analysis of the system involves conducting energy, mass, and exergy balances under 

steady-state conditions. The mass balance equation (Eq. 1) is employed to ensure that the total mass entering the system 

equals the total mass exiting the system (Bejan, 1996). 

 

       𝛴𝑚𝑖𝑛 = 𝛴𝑚𝑜𝑢𝑡           (1) 

 

Where m is the mass flow rate (kg. s−1), the subscript "in" refers to what enters the stage, and the subscript "out" 

refers to what leaves the stage of the observed system. 
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The energy balance equation (Eq. 2) accounts for the heat transfer rate (Q), work done (W), and enthalpy (h) 

associated with the mass entering and leaving the system. This balance provides insights into the energy flows within 

the system (Bejan, 1996). 

 

 𝑄 +  𝛴𝑚𝑖𝑛 ∗ ℎ𝑖𝑛  = 𝑊 +  𝛴 𝑚𝑜𝑢𝑡 ∗ ℎ𝑜𝑢𝑡         (2) 

 

The exergy balance equation (Eq. 3) focuses on the exergy rate (E), which quantifies the maximum work potential 

of the system, and the rate of exergy destruction (𝐸𝐷). This balance considers the exergy associated with the mass 

entering and leaving the system, as well as the work performed. By analyzing exergy flows, we can determine the 

efficiency of the system in terms of maximizing useful work. 

 

        𝐸𝑞  +  𝛴𝐸𝑖𝑛  = 𝑊 + 𝛴𝐸𝑜𝑢𝑡  −  𝐸𝐷         (3) 

 

To calculate the exergy rate (Eq. 4), the specific exergy (𝑒𝑥) is multiplied by the mass flow rate (𝑚𝑥). The specific 

exergy (e) is determined using Equation 5, which considers various properties such as specific internal energy (u), volume 

(v), entropy (s), kinetic energy (𝑉2/2 ), and potential energy (gz). The subscripts "0" denote the reference or initial state 

for these properties (Bejan, 1996).  

 

 𝐸𝑥 = 𝑚𝑥 ∗ 𝑒𝑥            (4) 

 

𝑒  = (𝑢 − 𝑢0)  + 𝑝0(𝑣 − 𝑣0) − 𝑇0(𝑠 − 𝑠0) +
𝑉2

2
+ 𝑔𝑧            (5) 

 

 

5. THERMOECONOMIC 

 

Thermoeconomics is a powerful methodology that combines the principles of thermodynamics and economics to 

evaluate and optimize energy systems. Its primary objective is to determine the most efficient and cost-effective ways to 

utilize energy resources in the production of goods and services while considering economic and social needs. This 

approach involves analyzing the trade-offs between different energy sources, technologies, and their environmental 

impacts. 

Exergetic and exergoeconomic analyses play crucial roles in assessing the thermodynamic and economic performance 

of processes and systems. These analyses provide valuable insights into the efficiency, cost-effectiveness, and 

sustainability of energy utilization. By quantifying the exergy flows and associated costs within a system, 

thermoeconomics enables the identification of opportunities for process optimization and the efficient utilization of 

natural resources. 

Equation 6 represents the relationship between exergoeconomics and energy systems. It highlights the interplay 

between costs and exergy flows within the system. The costs associated with each component are multiplied by their 

respective exergy rates, while the investment, maintenance, and operation capital costs of the system are captured by the 

term Z. The equation demonstrates the need to balance costs and exergy flows to optimize the economic and 

thermodynamic performance of the system (Bejan, 1996).  

 

𝛴𝑐𝑜𝑢𝑡 ∗ 𝐸𝑜𝑢𝑡  +  𝑐𝑤 ∗ 𝑊 =  𝑐𝑞 ∗ 𝐸𝑞  + 𝛴𝑐𝑖𝑛 ∗ 𝐸𝑖𝑛  +  𝑍        (6) 

 

Where c represents the costs of each component ($/kg), w is the work performed, 𝐸𝑞  is the exergy in the form of heat, 

and Z is the sum of cost rates associated with the investment, maintenance, and operation capital of the system ($/kg). 

By employing thermoeconomic analyses and considering the costs associated with different components and exergy 

flows, it becomes possible to identify inefficiencies, evaluate trade-offs, and make informed decisions regarding the 

design and operation of energy systems. This holistic approach ensures that economic and environmental factors are 

considered in the pursuit of sustainable and economically viable energy solutions. 

 

6. EQUATIONS 

   

By applying equations 3 and 6 to each stage of the system, we obtain: 

 

6.1. Incineretor 

 

       𝑾𝒇𝒂𝒏  =  𝑬𝒒𝒊𝒏𝒄
 −  𝑬𝟏  − 𝑬𝟐  −  𝑬𝑫𝒊𝒏𝒄

 

  

 𝑐1  ∗  (𝐸1  +  𝐸2)  =  𝑐𝐹  ∗  𝐸𝑞𝑖𝑛𝑐
 −  𝑐𝑒𝑙𝑒𝑡  ∗  𝑊𝑓𝑎𝑛  +  𝑍𝐶𝐼𝑖𝑛𝑐

 +  𝑍𝑂𝑀𝑖𝑛𝑐
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6.2. Heat exchanger 

 

 0 =  𝐸1  +  𝐸3  −  𝐸5  −  𝐸4  −  𝐸𝐷𝑅𝐻𝑋
  

 

 𝑐5 ∗ 𝐸5  = 𝑐1 ∗ 𝐸1 − 𝑐4 ∗ 𝐸4  +  𝑍𝐶𝐼𝑅𝐻𝑋
 +  𝑍𝑂𝑀𝑅𝐻𝑋

 

 

 

6.3. Fixation Column 

 

        𝑾𝒑𝑭𝑪
 =  − 𝒎𝟕  ∗  𝒈 ∗  𝑳𝒄𝒐𝒍  ∗  𝟏𝟎−𝟑 –  𝑬𝑫𝑭𝑪

 

 

        𝒄𝟔  ∗  𝑬𝟔  =  𝒄𝟓 ∗  𝑬𝟓 +  𝒄𝒆𝒍𝒆𝒕  ∗  𝑾𝒑𝑭𝑪
 +  𝒁𝑪𝑰𝑭𝑪

  

 

𝑔 =  9.8 𝑚/𝑠2             𝐿𝑐𝑜𝑙 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑥𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 

 

 

6.4. Photobioreactor 

 

 𝑊𝑝  =  𝐸8  +  𝐸9  +  𝐸10  +  𝐸𝑠𝑢𝑛𝑃𝐵𝑅
 −  𝐸7  −  𝐸12  −  𝐸11  −  𝐸𝐷𝑃𝐵𝑅

 

 

  𝑊𝑝  ∗  𝑐𝑒𝑙𝑒𝑡  =  𝐸8  ∗  𝑐8  +  𝐸9  ∗  𝑐9  +  𝐸10  ∗  𝑐10  +  𝐸𝑠𝑢𝑛𝑃𝐵𝑅
 ∗  𝑐𝑠𝑢𝑛  −  𝐸7  ∗  𝑐7  −  𝐸12  ∗  𝑐12  −  𝐸11  ∗  𝑐11  

+  𝑍𝑂𝑀𝑃𝐵𝑅
 +  𝑍𝐶𝐼𝑃𝐵𝑅

  +  𝑍𝐶𝐻𝑈 

 

 

6.5. Flocculator 

 

  𝑾𝒇  =  𝑬𝟏𝟐  −  𝑬𝟏𝟒  −  𝑬𝟏𝟓  −  𝑬𝑫𝒇𝒍𝒐𝒄
 

 

 𝑊𝑓  ∗  𝑐𝑒𝑙𝑒𝑡  =  𝐸12  ∗  𝑐12  −  𝐸14  ∗  𝑐14  −  𝑐15  ∗  𝐸15   +  𝑍𝑂𝑀𝑓𝑙𝑜𝑐
 +  𝑍𝐶𝐼𝑓𝑙𝑜𝑐

 +  𝑍𝑓𝑙𝑜𝑐  

 

 

6.6. Centrifuge 

 

 𝑊𝑐  =  𝐸15  −  𝐸16  −  𝐸17  −  𝐸𝐷𝑐𝑒𝑛
 

 

 𝑊𝑐  ∗  𝑐𝑒𝑙𝑒𝑡  =  𝐸15  ∗  𝑐15  −  𝐸16  ∗  𝑐16  −  𝐸17  ∗  𝑐17   +  𝑍𝑂𝑀𝑐𝑒𝑛
+ 𝑍𝐶𝐼𝑐𝑒𝑛

 

 

 

6.7. Dryer 

 

 𝑊𝑑  =  𝐸17  −  𝐸18  −  𝐸19  −  𝐸𝐷𝑑𝑟𝑦
 −  𝐸𝑞𝑑𝑟𝑦

 

 

 𝑊𝑑  ∗  𝑐𝑒𝑙𝑒𝑡  =  𝐸17  ∗  𝑐17  −  𝐸18  ∗  𝑐18  −  𝐸19  ∗  𝑐19  +  𝑍𝑂𝑀𝑑𝑟𝑦
+ 𝑍𝐶𝐼𝑑𝑟𝑦

 

 

 

6.8. Plant growth production process (PPCV) 

 

Using the biomass produced as fertilizer. 

 

 0 =  𝐸19  −  𝐸20  −  𝐸𝐷𝑃𝑃𝐶𝑉
 

 

 0 =  𝑐19  ∗  𝐸19 –  𝑐20  ∗  𝐸20 
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7. RESULTS 

 

The results of this study will provide valuable insights into the energy system analysis and optimization of a biomass-

based fertilizer production process. Through the application of exergy and exergoeconomic analyses, the performance 

and efficiency of each stage of the system have been evaluated. The equations derived for the various components, 

including the incinerator, heat exchanger, fixation column, photobioreactor, flocculator, centrifuge, dryer, and fertilization 

process, serve as a foundation for understanding the energy flows, costs, and potential improvements within the system. 

The Table 1 below we have the dimensions of the results of the flows resulting from the thermoeconomic analysis: 

 

Table 1. Data used on the model for each working fluid/fuel/product. 

 

nº Mass Flow Rate (kg/day) E (kW/day) e(kJ/kg) c ($/kJ) C ($/day) 

1 Gas Mass 4150000 328.1 126 5,24E+02 

2 Ashes Mass 17900 748.4  2,26E+00 

3 Mass of Water 0 0 4.25E-06 0,00E+00 

4 Hotter Mass of Water 3260000 23.65 4.25E-06 1,39E+01 

5 Gas Mass Lower Temperature 28400 2.244 1.854 5,27E+02 

6 Gas Mass Lower Mass CO2 28400 - 1.889 5,36E+02 

7 Mass Medium Rich With CO2 1708 - 4.25E-06 7,26E-03 

8 Mass Medium 1709 - 4.25E-06 7,26E-03 

9 Synthetic Medium 0 0 4.25E-06 0,00E+00 

10 Air Mass 0 0 0 0 

11 Cleaner Air Mass 0 0 0 0 

12 Biomass/Mass Medium 1973 16100 1897 3742781 

13 Flocculant Agent - - - 0,00E+00 

14 Water Mass 0 0 4.25E-06 0,00E+00 

15 Flocculated Biomass/Medium 1973 16100 1956 3859188 

16 Water Mass 0 0 4.25E-06 0,00E+00 

17 Pieces Biomass 1973 16100 1956 3859188 

18 Mass Water 4.841 9.884 4.25E-06 2,06E-05 

19 Dry Biomass 1973 16100 1956 3859188 

20 Mass Gain by use of Biostimulant 125.5 627.6 3.08E+04 4,37E-03 

21 Mass of Cultivation when use Biostimulant 753.1 627.6 - - 

22 Mass of Cultivation without use Biostimulant 627.6 627.6 - - 

23 Sprouts - - - - 

 

 

While the specific results are pending, it is anticipated that the analysis will shed light on the energy consumption, 

exergy losses, and economic aspects associated with each stage. The results will also contribute to identifying areas for 

optimization, such as reducing energy losses, enhancing energy conversion efficiency, and minimizing costs. 

Additionally, the sustainability and environmental impacts of the biomass-based fertilizer production process will be 

assessed, providing valuable insights into its ecological footprint.  

In Table 2 therefore brings together the daily energy costs, based on the equipment or process to be used, as follows: 
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Table 2. Energy cost in a day based on equipment or process. 

 

Process E($kJ/day) 

Centrifuge 1.393 

Oven 282.5 

Fixing column 12900 

Flocculator 4.29E-05 

Incinerator 2200000 

FBR 306000 

PCV 1847 

RHX 860000 

 

 

Overall, the results of this study will provide a comprehensive understanding of the technical and economic 

performance of the biomass-based fertilizer production system, allowing for informed decision-making and potential 

enhancements to promote more efficient and sustainable use of energy resources in agricultural practices. 

 

8. CONCLUSION  

 

In addition to the technical and economic insights, the results of this study have the potential to foster innovation and 

collaboration within the agricultural and environmental sectors. The detailed analysis of the biomass-based fertilizer 

production process can serve as a foundation for industry stakeholders, researchers, and policymakers to engage in 

discussions about sustainable practices and energy conservation. Furthermore, it opens the door for cross-disciplinary 

efforts to develop more environmentally friendly and economically viable alternatives, thus fostering a sense of shared 

responsibility for a greener future.  

Moreover, the findings underscore the interconnectedness of energy, economics, and ecology. By shedding light on 

the environmental impact and sustainability aspects of this production system, it encourages a holistic perspective on 

agricultural practices. This holistic view is essential in the context of a world facing increasing environmental challenges. 

The study not only adds to our understanding of how to optimize energy use but also reminds us of the critical need to 

balance economic viability with ecological responsibility in our pursuit of more sustainable agricultural systems. 

The thermoeconomic analysis of the microalgae based biofertilizers is crucial for assessing efficiency, both in 

thermodynamic terms and in terms of costs. It provides a comprehensive view of the interactions between thermodynamic 

and economic aspects, being essential to ensure the long-term viability of this process. When identified as efficient and 

advantageous, thermoeconomic analysis enables more confident investments, driving innovation and competitiveness 

while also contributing to sustainability by reducing environmental impact. 

 

9. ACKNOWLEDGEMENTS 

  

To the Brazilian National Council of Scientific and Technological Development - (CNPq) - [projects 407198/2013-0, 

403560/2013-6, 407204/2013-0, 430986/2016-5, 443823/2018-9, 313646/2020-1, 310708/2017-6, 308460/2020-0, 

446787/2020-5, no. 25/2021, 405864/2022-1, 408073/2021-7, 408080/2022-1, and to project 300093/2022]; CAPES; 

Ministry of Education (MEC), Brazil - (projects 062/14 and CAPES-PRINT-UFPR-88881.311981/2018-01); Araucaria 

Foundation of Parana, Brazil (project 115/2018, no. 50.579 – PRONEX), to FUNDEP, Renault and UFPR for the funding 

and the development of the project called “ROTA 2030”. 
  

10. REFERENCES 

 

ARUN, J.; GOPINATH, K. P.; SIVARAMAKRISHNAN, R.; RAJAN, P. S. S.; MALOLAN, R.; PUGAZHENDHI, A. 

Technical insights into the production of green fuel from CO2 sequestered algal biomass: A conceptual review on green 

energy. Science of The Total Environment, v. 755, n. 142636, 2021. 

Bejan, A. Moran, M. Tsatsaronis, G. THERMAL DESIGN AND OPTIMIZATION, 1996. 

BOROWITZKA, M. A. Biology of Microalgae. In: LEVINE, I. A.; FLEURENCE, J. (Ed.). Microalgae Health and Disease 

Prevention. Amsterdam: Academic Press, Elsevier, 2018. p. 23–72 



27th ABCM International Congress of Mechanical Engineering 
December 4-8, 2023. Florianopolis, SC, Brazil 

Chisti, Y. Biodiesel from microalgae. Biotechnology Advances, [S.L.], v. 25, n. 3, p. 294-306, maio 2007. Elsevier BV. 

http://dx.doi.org/10.1016/j.biotechadv.2007.02.001. 

Ciais, P., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway, J., Heimann, M., Jones, C., Le 

Quéré, C., Myneni, R.B., Piao, S., Thornton, P. (Eds.), 2013. Climate Change 2013: The Physical Science Basis. 

Cambridge Univ. Press, Cambridge. https://doi.org/10.1017/CBO9781107415324.015. 

Corbellini, Joana Rosar; Ribas, Luciana Lopes Fortes; de Maia, Fabiano Rodrigo; Corrêa, Diego de Oliveira; Noseda, Miguel 

Daniel; Suzuki, Rogério Mamoru; Amano, Érika. Effect of Messastrum gracile and Chlorella vulgaris on the in vitro 

propagation of orchid Cattleya labiate. Journal of Applied Phycology, v. 32, p. 4013-4027, 2020. DOI: 10.1007/s10811-

020-02251-9. 

Derner, R. B.; Ohse, S.; Villela, M.; Carvalho, S.M.; Fett, R. Microalgas, Produtos E Aplicações. Ciência Rural, V. 6, P. 

1959 -1967, 200 

FURLAN, Beatriz Jacob; ZATTA, Pedro Henrique Siqueira; ANTENAZA, Valeria Cristina Pereira; MARTINS, Lauber de 

Souza; MARIANO, André Bellin., 2021. Estudo do crescimento de microalgas em meio de cultivo CHU e dejetos suínos. 

Meio Ambiente, Sustentabilidade e Tecnologia, Volume 6. 1ed. Belo Horizonte, Minas Gerais.: Editora Poisson, v. 6, p. 

204-211. http://dx.doi.org/10.36229/978-65-5866-094-1.CAP.24. 

Hampton, J. G., et al. "Effects of elevated CO2 and temperature on seed quality." The Journal of agricultural science 151.2 

(2013): 154-162. 

Jorquera, Orlando, Asher Kiperstok, Emerson A. Sales, Marcelo Embiruçu, and Maria L. Ghirardi. "Comparative Energy 

Life-cycle Analyses of Microalgal Biomass Production in Open Ponds and Photobioreactors." Bioresource Technology 

101.4 (2010): 1406-413. Web. 

Lang, T I M. "Sustainable Diets: Hairshirts or a Better Food Future?" Development (Society for International Development) 

57.2 (2014): 240-56. Web. 

Lehmuskero, A., Skogen Chauton, M., Bostr ̈om, T. Light and photosynthetic microalgae: a review of cellular- and 

molecular-scale optical processes, Prog. Oceanogr. 168 (2018) 43–56. 10.1016/j.pocean.2018.09.002. 

Mazepa, Ester, et al. "Plant growth biostimulant activity of the green microalga Desmodesmus subspicatus." Algal Research 

59 (2021): 102434. 

Meyer, William B., and Billie L. Turner. "Human population growth and global land-use/cover change." Annual review of 

ecology and systematics (1992): 39-61. 

Myers, Samuel S., et al. "Increasing CO2 threatens human nutrition." Nature 510.7503 (2014): 139-142. 

Navarro, Quezia Rocha, et al. "Efficient use of biomass and extract of the microalga Desmodesmus subspicatus 

(Scenedesmaceae) in asymbiotic seed germination and seedling development of the orchid Cattleya warneri." Journal of 

Applied Phycology 33.4 (2021): 2189-2207. 

NOAA, 2020. Earth System Research Laboratory Website. http://www.esrl.noaa.gov/ gmd/ccgg/trends/weekly.html 

(accessed December, 2022). 

Ordonez, J.C., Integrative Energy-Systems Design: System Structure from Thermodynamic Optimization, Duke University, 

2003. 

Rask, Kolleen J., and Norman Rask. "Economic development and food production–consumption balance: a growing global 

challenge." Food Policy 36.2 (2011): 186-196. 

Retallack, Gregory J., and Giselle D. Conde. "Deep Time Perspective on Rising Atmospheric CO2." Global and Planetary 

Change 189 (2020): 103177. Web. 

Ronga, Domenico, et al. "Microalgal biostimulants and biofertilisers in crop productions." Agronomy 9.4 (2019): 192. 

Savci, Serpil. "An agricultural pollutant: chemical fertilizer." International Journal of Environmental Science and 

Development 3.1 (2012): 73. 

Schneider, Uwe A., et al. "Impacts of population growth, economic development, and technical change on global food 

production and consumption." Agricultural Systems 104.2 (2011): 204-215.  

SCHMITZ, R. et al. Lipídios microalgais como biossurfactantes em processo de biorremediação de diesel e biodiesel em 

solo. Ciência & Engenharia, v. 24, n. 1, p.63-70, 2015. 

Vargas, J., Ordonez, J., and Bejan, A., Power Extraction from a Hot Stream in the Presence of Phase Change, Int. J. Heat 

Mass Transf., vol. 43, no. 2, pp. 191–201, 2000. 

Vo, H.N.P., Ngo, H.H., Guo, W., Nguyen, T.M.H., Liu, Y., Liu, Y., Nguyen, D.D., and Chang, S.W., A Critical Review on 

Designs and Applications of Microalgae-Based Photobioreactors for Pollutants Treatment, Sci. Total Environ., vol. 651, 

pp. 1549–1568, 2019. 

Zhang, Z. and Cai, J., Preface: Energy Issues in Carbon Capture Int. J. Energy Clean Environ., vol. 19, nos. 3-4, 2018. 

 

 
11. RESPONSIBILITY NOTICE 

  

The authors are the only responsible for the printed material included in this paper. 

http://dx.doi.org/10.1016/j.biotechadv.2007.02.001
http://dx.doi.org/10.36229/978-65-5866-094-1.CAP.24

