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Abstract: The use of fruit and vegetable wastes in biogas production is an 

attractive option, as it provides simultaneous waste treatment and energy 

production. The use of the CO2 in biogas for algae cultivation with a zero waste 

approach would make this process even more attractive. In this way, biogas 

enrichment, which is traditionally done using economically costly and non-

environmentally friendly methods, would be improved, and algae cultivation 

would become more economical. In the first part of this study, the operation 

conditions for the biogas reactor and the algae reactor for astaxanthin 

production were optimized separately. Rates of up to 1.2 L CH4/day and yields 

up to 0.5 L CH4/g volatile solids were obtained with a 2.5 g dry matter/L day 

organic loading rate with an anaerobic bioreactor, and 5.1 mg/g astaxanthin 

was produced by air feeding. When it was decided that sufficient astaxanthin 

was produced, astaxanthin was obtained using vegetable oils (olive and nut), 

an environmentally friendly extraction method. In the second part of this study, 

the anaerobic bioreactor and the algae reactor were integrated, and 6 mg/g 

astaxanthin production was observed using fruit and vegetable wastes as the 

substrate for biogas production and the CO2 in biogas for cultivation of 

Haematococcus pluvialis and therefore astaxanthin production. The integrated 

system resulted in higher astaxhantin production with a zero waste approach. 

Moreover, the residual biomass remaining after extraction was fed back into 

the biogas reactor as a substrate, adopting a zero waste biorefinery approach. 

ARTICLE HISTORY 

Received: January 01, 2020 

Revised: February 16, 2020 

Accepted: March 09, 2020 

 

KEYWORDS 

Fruit-Vegetable Waste,  

Biogas, 

Astaxhanthin,  

Biorefinery, 

Microalgae 

1. INTRODUCTION 

The depletion of fossil fuel resources has led researchers to investigate alternative sources 

of clean energy. Biogas, one of those clean energy sources, is based on the conversion of 

carbon-containing substrates to methane (CH4) and carbon dioxide (CO2) by anaerobic 

microorganisms. Biogas is a clean energy source with a high CH4 content compared to 

petroleum-based natural gas. At the same time, increasing air and land pollution has adversely 

affected living conditions in recent years, especially in developing countries. One of the reasons 

for the increase in environmental pollution is the uncontrolled release of organic wastes. 

Vegetable and fruit wastes make up an important component of organic wastes. One of the 
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most-studied alternative methods for renewable energy production is the use of vegetable and 

fruit wastes for biogas production.  

Although biogas, a renewable energy source, has an established production process, there 

are aspects that can be improved. The most important of these is the purification step required 

to increase the CH4 concentration of biogas and reduce CO2 emissions. The use of algae for 

CO2 reduction instead of the high-cost chemical/physical methods commonly used at this stage 

will encourage increased biogas production and make it a more economical, efficient and 

environmentally friendly process [1]. Different species of microalgae have the ability to 

produce a variety of bioproducts, including proteins, unsaturated fatty acids, vitamins, and 

carbohydrates [2]. Recently, Haematococcus pluvialis, one of the increasingly popular species 

for algal production processes, has been shown to be capable of producing astaxanthin under 

stress conditions. Astaxanthin is in great demand in important industrial sectors such as animal 

feed, food and pharmaceuticals. Astaxanthin is a powerful antioxidant and has features such as 

lipid peroxidation prevention, inflammation prevention, cardiovascular disease prevention, and 

anti-diabetic and anti-cancer effects [2]. 

1.1. Biogas Production 

Biogas is one of the renewable energy sources identified by the European Union 

(Directive 2001/77 / EC). Biogas can be produced from different biomass sources, such as plant 

and animal wastes including wastes from forestry and related industries or organic fractions of 

municipal waste, through an anaerobic digestion process [3]. It is mainly a mixture of CH4 (50-

70%) and CO2 (30-40%), but different production sources (substrates) can lead to different 

specific compositions. Anaerobic digestion has four main steps: hydrolysis, acidogenesis, 

acetogenesis and methanization. Each step is related to a centrophic relationship and involved 

in different metabolic activities of microorganism consortia [4–6].  

In 2012, 598 million tons of urban solid organic waste were produced globally. This waste 

is expected to reach 1.012 billion tons annually in 2025 [7]. The type of waste making up the 

highest percentage of that total at 1.1 million tons is vegetable and fruit wastes [8]. When these 

large amounts of waste end up in regular waste storage facilities, they pollute natural 

environments. One of the best alternative ways of disposing of these wastes is anaerobic 

digestion. The main advantage of this process is that it generates biogas that can be used to 

generate electricity. In addition, the residues can be used as fertilizer [9]. The main limitation 

of anaerobic decomposition of vegetable and fruit wastes is the low pH of the wastes and their 

rapid acidification due to high volatile fatty acid (VFA) production during methanogenic 

activity [10,11]. In order to prevent this, many studies have shown that vegetable and fruit 

wastes can be mixed with different amounts of other wastes, such as cattle waste. These studies 

were able to obtain more stable systems. In addition, there are studies that have used only 

vegetable and fruit waste and eliminated the problems with acidity with the help of two-phase 

systems [10,12,13]. In these systems, the organic loading rate is first "buffered", and thus, a 

more stable system is obtained in the second stage of methanization [14]. What matters here is 

identifying an optimal organic loading rate to determine the appropriate reactor type [11,14,15].  

1.2. Biogas Enrichment 

Depending on the end use, different biogas enrichment steps are required. For direct use 

in vehicle fuel or natural gas lines, the gas must have a high energy content. The energy content 

of the biogas is directly proportional to the CH4 concentration and can be increased by reducing 

CO2 in the upstream process. However, enrichment processes are often costly, requiring high 

energy. It is also very important to minimize or prevent CH4 emissions during the enrichment 

process. Water washing, cryogenic separation, physical absorption, chemical absorption, 

membrane separation and pressure release adsorption are the most commonly used enrichment 
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methods. Furthermore, in-situ augmentation and biological augmentation methods are also 

evolving, and their use is increasing [16]. 

1.3. Astaxanthin 

Astaxanthin is a xanthophylline, an oxidative derivative of carotenes. Astaxanthin is the 

main carotenoid pigment found in aquatic animals, including seafood such as salmon, trout, 

shrimp, lobster and roe, as well as birds such as flamingos and quails [17]. In addition, some 

microorganisms are very rich in astaxanthin. H. pluvialis, a chlorophyte algae, is believed to be 

the organism capable of accumulating the highest levels of astaxanthin in nature. Astaxanthin 

production is especially high under stress conditions to protect algae from adverse 

environmental changes, such as increased UV radiation and evaporation of pools of water. 

Commercially grown Haematococcus can accumulate up to 30 g of astaxanthin per kg of dry 

biomass. Before the production of Haematococcus became so commercially widespread, 

natural astaxanthin sources included krill oil, crayfish oil and Phaffia yeast. However, these 

sources have low concentrations of astaxanthin, from 0.15% in oils to 0.40% in Phaffia yeast. 

In terms of antioxidant activity, astaxanthin is 65 times stronger than vitamin C, 54 times 

stronger than β-carotene, and 10 times stronger than cataxanthin, zeaxanthin and lutein. 

Astaxanthin is used in food, animal feed, cosmetics, animal breeding, and nutraceuticals, and it 

has a wide range of applications in pharmaceutical industries [18,19]. At this point, high energy 

requirements and costly downstream processes such as cell lysis and intracellular product 

extraction are thought to be the obstacles to microalgae-based production of astaxanthin. 

Therefore, aside from the optimization of astaxanthin production, another important subject is 

extraction [20]. 

1.4. Extraction of Astaxanthin 

Astaxanthin accumulates in the thick-walled cyst cells of H. pluvialis. The thick-walled 

cell prevents the removal of lipids and astaxanthin. Therefore, various methods of lipid and 

astaxanthin extraction from H. pluvialis, including extraction with various organic solvents and 

extraction of supercritical CO2, have been investigated. However, disadvantages such as 

toxicity, high pressure and the need for pre-treatment drying limit the use of such methods [21]. 

As an alternative to such methods, Kang and Sim [22] proposed extraction with vegetable oils 

that are eco-friendly, simple, economical and do not require high amounts of energy. Kang and 

Sim [22] carried out the extraction process by directly mixing the wet H. pluvialis culture with 

soy, corn, grape seed and olive oils without any drying process. Their best reported result was 

an astaxanthin recovery rate of 93.9% after 48 hours of extraction, obtained in olive oil. Samori 

et al. [23] managed to obtain astaxanthin with almond oil without any pretreatment. In addition, 

with the “milking” method they developed, they were able to extract without killing the algae 

or reducing photosynthetic activity.  Another advantage of these extraction methods is that they 

successfully maintain the stability of astaxanthin. In all edible oils at room temperature, such 

as rice bran, mustard, peanut, coconut and palm oils, astaxanthin in its ester form is fairly stable 

in terms of loss of content and color over four months. Rice bran oil and palm oil were even 

able to maintain 84-90% of astaxanthin when heated at 70°C for 8 hours [24]. 

This study evaluates an integrated system in which vegetable and fruit wastes were used 

as a source for biogas production and the CO2 from biogas production was used as the substrate 

for astaxanthin production using H. pluvialis. At the same time, H. pluvialis acts as a biofilter. 

Plants will be an important alternative for combining biogas and astaxanthin production. 

Furthermore, within the scope of this study, an environmentally friendly extraction method was 

used to harvest the astaxanthin produced by stress conditions created after reaching biomass. 

Instead of toxic chemicals, olive oil and hazelnut oil were used for the extraction of astaxanthin.  
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Therefore, the residual biomass remaining after extraction became another source for biogas 

production, and a zero-waste biorefinery approach was achieved. 

2. MATERIAL and METHODS 

2.1. Anaerobic Bioreactor and Biogas Production 

1 L stirred tank anaerobic reactor with 800 mL working volume was used for biogas 

production (Figure 1). The reactor has started with an anaerobic mixed consortium taken from 

a big industrial scale reactor and basal medium. Magnetic stirring was used and the temperature 

of the reactor was kept constant at 37°C with heating jacket. The biogas produced was measured 

with microflow meter and the gas content was determined by using gas chromatography. 

 

Figure 1. Anaerobic bioreactor 

To determine the optimum organic loading rate (OLR) the load was increased gradually 

as 1, 2, 2.5 and 3.5 g DM/Lreactor.day and the feeding was continued until three same data as 

biogas production obtained. The influent and effluent was taken in order to measure Chemical 

Oxygen Demand (COD), pH and dry matter content to follow the system performance. 

2.2. Fruit and Vegetable Wastes and Medium Compositions 

Fruit and vegetable wastes was used as substrate for biogas production. The composition 

of the waste is; pear, 11.74%, mandarin, 10.82%, grape, 5.86%, orange,10.71%, apple, 10.36%, 

tomato, 11.28%, carrot, 9.01%, pepper, 6.33%, cucumber, 8.02%, eggplant, 7.42% and 

zucchini, 8.41%. The wastes were collected from a local grocery and the composition was kept 

constant during study. After chopping into small pieces with grinder the waste was kept at +4°C 

refrigerator. The basal medium composition is as follows; (mg/L) NH4Cl (1200), MgSO4•7H2O 

(400), KCl (400), Na2S•9H2O (300), CaCl2•2H2O (50), (NH4)2HPO4 (80), FeCl2•4H2O (40), 

CoCl2•6H2O (10), KI (10), MnCl2•4H2O (0.5), CuCl2•2H2O (0.5), ZnCl2 (0.5), AlCl3•6H2O 

(0.5), NaMoO4•2H2O (0.5), H3BO3 (0.5), NiCl2•6H2O (0.5), NaWO4•2H2O (0.5), Cysteine (10) 

and NaHCO3 (6000). 

2.3. Astaxhantin Production 

H. pluvialis was kindly taken from the Microalgea Culture Collection of Ege University 

(EGEMACC), and cultivated in sterilized BG-11 medium at 25°C photoautrotpically (5000 

lux). The stock culture was maintained in a 250 mL sterile glass bottle. The inoculation was 

performed by using RM medium at 10% concentration to 1 L bioreactors [25]. 1 L/min rate air 

was fed into the system during stock culture growth and 0.47 L/min was fed to integrated 

system. The rate of air was controlled by using a rotameter. The biomass growth was measured 

at 680 nm using UV spectrophotometer (Sigma-Aldrich) and Nuebauer glass was used for cell 

counting at microscope (Olympus).  Astaxhantin was produced under stress condition of 22000 

lux light after biomass growth. Different culture stages can be seen in Figure 2.  
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Figure 2. Stock culture, biomass production and astaxhantin production 

2.4. Extraction and Quantification of Astaxhantin 

As it was decided that the algae were kept under stress conditions for sufficient time and 

sufficient astaxanthin was produced, the cells were harvested by centrifugation at 4500 rpm for 

7 minutes. The decision to produce sufficient astaxanthin was made by examining the cells 

under the microscope and observing that the majority entered the cystic red phase. With this 

decision, the cells were harvested and the volume of the cells was completed to 15 mL with 

distilled water. The cells were then taken to beakers where extraction would take place and 15 

mL of vegetable oil was poured onto them. The vegetable oils used were nuts and olive oils. 

The oils were poured and stirred at 480 rpm with magnetic stirrer (VELP Scientifica) at room 

temperature for 48 hours. Subsequently, the astaxanthin extract phase, which is the supernatant, 

was removed for 1 hour. The obtained astaxanthin extracts were examined under microscope 

and dilution was performed if necessary and absorbance measurement at 480 nm on 

spectrophotometer. In order to determine the best extracting oil, the best results obtained by 

Kang and Sim (2008) were compared with previously untested hazelnut oil. Cystic cells 

obtained from the test culture were extracted according to the above procedure. The extraction 

process was performed by mixing 7.5 mL of 7.5 mL of hazelnut oil and 7.5 mL of olive oil to 

7.5 mL of olive oil which was completed to 15 mL with pure water (Figure 3). 

 

Figure 3. Extraction of astaxhantin 

For the determination of the amount of astaxanthin, standard astaxanthin (Sigma-Aldrich) 

was dissolved in the selected vegetable oil (olive oil for better extraction results) and standard 

solutions were prepared in different concentrations. Then the absorbance of the extracts was 

measured at 680 nm and the concentration was determined from the calibration equation (Figure 

4). 

2.5. Integrated System 

The integrated system is prepared by connecting the anaerobic bioreactor and the 

photobioreactor, as can be seen in Figure 5 and Figure 6. A flowmeter was used before and 

after the photobioreactor to determine the quantities of gas produced and used. In addition, 

samples were taken from gas sampling ports with gas syringe and analyzed in gas 

chromatography. In addition, 0.22 micron air filter (Sartorius) was used at the inlet and outlet 

of the photobioreactor to prevent contamination. 
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Figure 4. The calibration graph of astaxhantin 
 

Figure 5. Experimental set-up (schematic) 

 

 

Figure 6. Integrated system 

2.6. Analytical methods 

pH was measured by pH meter (Sartorious), COD and Dry Matter (DM) analysis was performed 

according to standard methods. The gas composition was measured according to our previous 

studies [26]. 

3. RESULTS and DISCUSSION 

3.1. Waste Characterization 

It can be seen that the data obtained as a result of the characterization of the vegetable-

fruit waste is similar with literature values (Table 1). 

3.2. Biogas Production 

The best results in the organic loading rate optimization experiments were obtained at 2.5 

g dry matter (DM)/L day. As can be seen in Figure 7, the highest efficiency and rate values 

were obtained for this OLR value. The maximum rate obtained was 1.075 L CH4/L day, and 

the maximum yield was 0.512 L CH4 / g volatile solids (VS). The mean values were 0.737 L 

CH4/L.day and 0.351 L CH4/g VS. In comparison with the literature, Bouallagui et al. [28] and 

Scano et al. [15] reported higher yields (0.45 and 0.43 L CH4/g VS, respectively) with the same 

loading rate (2.5 g DM/L day). However, these two studies used large-scale tubular reactors 

(18 L and 0.95 m3, respectively), which is the main reason for the difference in yields. 

Moreover, inoculum and the characteristics of the input waste are also important parameters. 
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Table 1. Characterization values of fruit and vegetable wastes in literature 

Dry matter (%) Volatile matter (%) COD pH Reference 

10 88 120 g/kg (total) 4.2 [10] 

11 87 - 4.2 [10] 

9.15 84 49 g/L (soluble COD) 4.1 [27] 

8.7 86 - - [15] 

 

 

Figure 7. Rate and yield values during biogas production 

The best results in terms of total biogas and CH4 content were obtained with a 2.5 g DM/L 

day organic loading rate (Figure 8). The highest daily total biogas and CH4 values obtained with 

this OLR were determined as 1154 and 860 mL, respectively. The highest obtained CH4 content 

was 75.6%, and the average CH4 percentage was 67 ± 5 (%). Bouallagui et al. [10], Raynal et 

al. [13] and Qiao et al. [27] reported 74%, 69% and 63% CH4, respectively. It can be seen that 

the results obtained in this study are consistent with the literature data. The mean pH values 

were determined as 7.45 ± 0.34, 7.64 ± 0.09, 7.50 ± 0.13 and 7.31 ± 0.17 at rates of 1, 2, 2.5 

and 3.5 g DM/L day, respectively. The pH value was decreased by increasing OLR and reached 

a maximum value at 3.5 g DM/L day. The reasons for this decrease are that the higher the 

organic loading rate, the more acidic waste is fed into the reactor and also the occurrence of 

acidification due to the high amount of volatile fatty acid production. Methanogenic activity is 

also reduced due to this acidification. That's why better results for biogas production, rate and 

efficiency values are obtained at the feed rate of 2.5 g DM/L day rather than 3.5. In other studies 

in the literature, this phenomenon is mentioned and an optimum pH range between 7 and 8 is 

reported [11,14]. 

The chemical oxygen demand (COD) value of the effluent was measured as 200 and 600 

mg/L with 1 and 2 g DM/L day OLRs, respectively (Figure 9). By increasing the rate to 3.5 g 

DM/L day, the COD value was increased to 10,000 mg/L, and it was reduced to 2000 mg/L 

with a 2.5 g DM/L day rate. This increase in COD with OLR is due to the fact that as the feed 

rate increases, there is much more organic matter than the microorganisms can consume, and 

their concentration in the environment gradually increases. It can be seen that the amount of 

COD decreases again when the rate is reduced to 2.5 g DM/L day. The percent COD removal 

values support this argument (Figure 8). When comparing these values to the COD removal 

values in the literature, Bouallagui et al. [10] and Raynal et al. [13] reported average COD 

removal rates of 96% and 87.5%, respectively. In this study, the mean COD removal rate was 

found to be 91.4 ± 3.3% at a loading rate of 2.5 g DM/L day. 
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Figure 8. Biogas production and pH values 

 

Figure 9. Biogas production and pH values 

3.3. Astaxanthin Production 

Comparing hazelnut oil and olive oil, the best extraction was obtained with olive oil. At 

the end of 48 hours of extraction, 200 times diluted hazelnut oil extracts exhibited 0.545 ± 0.003 

absorbance at 480 nm, while 200 times diluted olive oil extract exhibited 1.265 ± 0.005 

absorbance. As can be seen in Figures 10 and 11, there is a higher number of non-lysed and 

astaxanthin-containing cells in the extraction with hazelnut oil than in olive oil.  

3.4. Integrated System 

Figures 12 and 13 show that the biogas-fed algae culture and the comparison culture (air-

fed) in the integrated system showed similar growth trends. This shows that algae grown with 

biogas can use the CO2 in biogas.  In terms of cell concentration, both cultures reached a 

concentration of 12 x 104 cells/mL and then entered the death phase. Cultivation under similar 

conditions is described in Imamoglu et al. [29], where the culture reached a concentration of 95 

x 104 cells/mL. Imamoglu et al. [29] used RM food medium, as in this study, and produced a 

similar air condition, but used a much higher air feed rate (0.8 L/min – 4 vvm). They also 

supplied intermittently pure CO2. Although this resulted in positive effects in terms of growth, 

energy costs should be reviewed in terms of profit and loss. In this study, 0.47 L/min, 0.47 vvm 

of air was fed to the air-fed culture to ensure that the amount of CO2 coming from the anaerobic 

reactor would be the same as the amount of air fed to the comparison culture. However, since 

the biogas-grown culture eliminates unwanted CO2 in the biogas inexpensively (even without 

the use of a pump), the amount of CO2 to be supplied to the culture can be easily increased by 

using an anaerobic system with higher daily biogas production. 

Biomass amounts were determined by centrifuging the cultures and removing all possible 

liquid. The wet biomass value obtained from the biogas-fed culture was 2.46 g, and the wet 

biomass value obtained from the air-fed culture was 3.29 g. Thus, biomass yields for air and 

biogas are 3.29 g/L and 2.46 g/L, respectively. As a result, the air-fed culture produced higher 

amount of biomass. This is due to the toxic effects of H2S and CH4 in the biogas-fed culture, 
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which became oxygen-limited.  The results of the experimental biogas supply for astaxanthin 

production were very positive. The biogas-fed culture underwent earlier stress than the air-fed 

culture and was more successful at astaxanthin production. In Figure 14, a comparison of the 

stress stage cultures on the 18th day supports this idea. 

At the end of the 22nd day (12 days after the green phase and 10 days after the stimulation 

of astaxanthin production under stress conditions), the astaxanthin was harvested and produced. 

In Figure 15, the results of extraction with olive oil can be seen. The cell parts were left in the 

beakers used, and the upper phase was collected and transferred to clean beakers. After 

extraction, 12-mL extracts were obtained from both the biogas-fed and air-fed cultures. 

The resulting extracted astaxanthin concentrations were 1231 mg/L from the biogas 

culture and 1385 mg/L from the air culture. The amounts of astaxanthin obtained per unit of 

biomass were determined as 6 mg/g and 5.1 mg/g for biogas and aerated cultures, 

respectively.   Thus, although the air-fed culture produced a higher amount of algae biomass 

and therefore the amount of astaxanthin produced was higher, the biogas-fed culture yielded 

more successful results in terms of astaxanthin production per unit of biomass. It has been 

observed that algae can grow and use the CO2 in biogas. 

       
Figure 10. Results of extraction with hazelnut oil Figure 11. Results of extraction with olive oil 

  

Figure 12. Cell concentration values for biogas-fed and 

air-fed algae cultures 

Figure 13. Absorbance values at 680 nm for biogas-

fed and air-fed algae cultures 

  

Figure 14. The cells on day 18 (biogas-fed (left) and 

air-fed (right)) 

Figure 15. The extracts of astaxanthin 
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4. CONCLUSION  

As a result of this study, it was concluded that H. pluvialis algae can grow using the CO2 

in biogas as a carbon source. The production results of the biogas-fed culture in the integrated 

system and the comparative (air-fed) culture under the same conditions were similar. In terms 

of both algae biomass production and the amount of astaxanthin produced, the comparative 

culture yielded better results. However, the biogas-fed culture performed better in terms of the 

amount of astaxanthin produced per unit of biomass. With this integrated system approach, 

biorefinery systems can be installed to make both biogas production and algae cultivation much 

more economical and environmentally friendly. 
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