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In this study, a comparative analysis between conventional solvent extraction and innovative green extraction 

methods, using microwaves and ultrasounds, has been conducted for the recovery of bioactive compounds 

and especially astaxanthin from Haematococcus pluvialis microalga. The isolation of the desired natural 

compounds as well as the environmental impact of each method has been the criteria for the different 

processes evaluation. A comparative life cycle analysis was carried out, using proper databases and software, 

in order to evaluate the selected extraction processes’ sustainability. Among the extraction procedures 

applied, ultrasound assisted extraction was found the most sustainable method so far for astaxanthin 

extraction, regarding its high yielding, low cost, short time and medium environmental impact. Moreover, 

microwave assisted extraction showed great potential as a rapid and overall eco-friendly technique suffering 

though from low yielding due to thermal degradation of carotenoids in long processing times. 

1. Introduction 

The green algae Haematococcus pluvialis (H. pluvialis) is a freshwater species of Chlorophyta from the family 

Haematococcaceae. During unfavorable growth conditions, H. pluvialis initiates carotenogenesis while 

undergoes morphological transformation from green vegetative cells to deep red (Galvão et al., 2013). The 

most abundant carotenoid in H. pluvialis is astaxanthin that can reach high concentration more than 4 % of dry 

weight (Miao et al., 2006). This carotenoid possesses various pharmacological activities, including antioxidant 

activity antitumor effects antidiabetic and anti-inflammatory properties. Astaxanthin-rich Haematococcus has 

already been marketed as a dietary supplement for human consumption. The health benefit of this product is 

mainly due to its strong antioxidant activity, which is 100 times more than a-tocopherol. Moreover, astaxanthin 

has an antioxidant action up to 500 times that of vitamin E and is the most stable antioxidant and never turns 

into a pro-oxidant. In addition, pro-vitamin A, a more effective antioxidant that other carotenoids, decelerate 

age-related macular degeneration, immunomodulatory effects, etc. (Guerin et al., 2003). The range of shades 

from astaxanthin includes red as well as orange. Therefore, it can replace synthetic ones such as Tartrazine, 

Sunset Yellow etc. Moreover, the significant antioxidant activity that astaxanthin presents can sufficiently 

compete and replace synthetic antioxidants such as BHA, BHT (Kyriakopoulou et al., 2013). For the effective 

utilization of astaxanthin, the nutrient should be extracted from the microalga. The increasing legislative 

restrictions on the presence of organic solvents in food products coupled to their negative effects on the 

nutritional and functional properties of compounds such as carotenoids have driven the search for “greener” 

alternatives than acetone, which is commonly used to extract valuable lipophilic compounds from microalgae. 

In addition, nowadays, conventional extraction methods tend to be replaced due to the several disadvantages 

such as energy usage, solvent consumption, time, etc. Ultrasound Assisted Extraction (UAE) and Microwave 

Assisted Extraction (MAE) are two proposed green extraction method for the recovery of astaxanthin.  

In this study, a comparative analysis between conventional solvent extraction and innovative green extraction 

methods, using microwaves and ultrasounds, has been conducted for the recovery of astaxanthin from H. 

pluvialis. The isolation of the desired natural compounds as well as the environmental impact of each method 

has been the criteria for the different processes evaluation. A comparative life cycle analysis was carried out, 

using proper databases and software, in order to evaluate the selected extraction processes’ sustainability. 
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The comparative analysis between conventional solvent extraction and innovative green extraction methods of 

bioactive compounds from microalgae constitutes the main scientific innovation aspect of the proposed work. 

2. Life cycle assessment methodology 

Life cycle assessment (LCA) is a methodology to quantify the potential environmental impacts associated with 

a product, process or activity throughout its life cycle or lifetime, which is known as a ‘from cradle to grave’ 

analysis. According to ISO 14,040 (ISO., 2006), the LCA methodology includes the following stages: the goal 

and scope definition, the inventory analysis (LCI), the impact assessment (LCIA) and the interpretation of 

results. The goal definition shows the reason to perform the study and the intended use of the results of the 

LCA, while the scope states the basic parameters of the study such as the functional unit (FU), the system 

boundaries, the data quality and assumptions (simplifications). 

3. Goal and Scope 

3.1 Objectives 
The objective of this study was to compare the environmental performance and impacts associated with 

different extraction methods for the recovery of astaxanthin and to identify the ‘‘hot spots’’ such processes as 

a way to potentially improve their environmental effect. A life cycle assessment from cradle to gate was 

performed including the cultivation, harvest and extraction treatment of H.Pluvialis till the production of 

astaxanthin rich extracts. 

3.2 The product and the system investigated 
The product evaluated is an astaxantin rich extract recovered from dried H. pluvialis cultivated in a 

photobioreactor under stressed condition and dried using spray drying (Wan et al., 2014). The dried biomass 

was extracted using conventional solvent extraction/maceration (CSE), soxhlet extraction (SE), microwave 

assisted extraction (MAE) and the ultrasound assisted extraction (UAE) using proper solvents (Ruen-ngam et 

al., 2011). 

3.3 Functional unit (FU) 

In this case study FU was defined 1 kg equivalent of astaxanthin in the form of oleoresin extract recovered 

from H. Pluvialis in order to be used as an additive in food, cosmetic or nutraceutical applications. 

3.4 System boundaries 

The system is modelled for the geographical location of Chios, Greece and is based on fictional microalgae 

farm. Cradle-to-grave environmental impacts of astaxanthin microalgae and products are considered, broken 

down into three discrete stages, including: the acquisition of the microalgae rich in astaxanthin (cultivation & 

harvesting), the treatment or modification of these materials prior to extraction, the extraction processing for 

the recovery of astaxanthin (see Figure 1). With regards to the extraction stage, just the extraction methods 

related with the recovery of astaxanthin rich extracts from the different matrices were involved in the analysis, 

since the rest steps such as the filtration of the samples or the evaporation of the solvents are similar in the all 

cases. Site works and land occupation for capital infrastructure, such as plumbing, pumps, sheds, processing 

plant and machinery is not taken into consideration. 

 

Figure 1: System boundaries for astaxanthin production 
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4. Life Cycle Inventory 

Life cycle inventory includes input data for the production and processing stage of each principal process for 

the recovery of astaxanthin. For electricity from the grid, average Greek electricity mix production was 

estimated as presented from Ecoinvent 2.0 references, while typical raw material extractions and 

manufacturing processes were inventoried based on readily available data from the Ecoinvent 2.0 database. 

In this study, no allocation procedure was required since algae cultivation was only focused on astaxanthin 

production. Therefore, all the environmental burdens were allocated to the amount of astaxanthin produced. 

Moreover, since the main focus of the study is on the recovery treatments suggested, information regarding 

the cultivation, harvesting and drying chain were considered the same for all examined procedures. For the 

cultivation and harvesting step information was acquired from the study of Pérez-López et al. (2014). Drying is 

an essential step for the recovery of astaxanthin, especially since the initial moisture content of H. Pluvialis 

biomass can reach up to 92 % with a concentration of TSS around 25 %. After drying treatment, the moisture 

content is less than 5 % w.b., leading to powder with 96 % TSS. In order to succeed that 6.17 MJ/kg H. 

pluvialis biomass is requested for the drying procedure (Guohua Chen and Arun S . Mujumdar, 2014). For the 

recovery of astaxanthin from the dried biomass acetone is suggested as the most common solvent. However, 

since the astaxanthin rich extracts produced are considered for food and nutraceutical applications alternative 

food grade solvents such as vegetable oils and essential oils were considered. Moreover, the selected 

solvents were assumed to be recycled and reused in a rate of 80 %, while vegetable oils were considered to 

be filtered and reused in a ratio of 50 % regarding scale up and industrial application. The extraction 

conditions, solvent system, energy consumption, yielding and recovery are presented in Table 1, as they were 

retrieved from the literature. 

Table 1: Extraction conditions, solvent system, energy consumption, yielding and recovery of Astaxanthin 

 Maceration 1 Maceration 2 Soxhlet Microwave 

Assisted 

Extraction  

Ultrasound 

Assisted 

Extraction 1 

Ultrasound 

Assisted 

Extraction 2 

Solvent (L)  10 L 

Acetone 

10 L  

Vegetable Oil  

30 L Acetone 10 L 

Acetone 

10 L 

Acetone 

10 L  

Essential Oil  

Conditions 40 oC, 24 h 40 oC, 24 h 56 oC, 4 h 75 oC, 5 min 45 oC, 20 min 45 oC, 20 min 

Electricity 

usage (Wh) 

20 20 360  750 650 650 

Yield 

(mg/g d.b.) 

28.5 43.8 27.7 37.0 36.5 35.0 

Yield % 57 87.5 70 74 73 70 

References (Ruen-ngam 

et al., 2011)  

(Kang and 

Sim, 2008) 

(Ruen-ngam et 

al., 2011) 

(Ruen-ngam et al., 

2011) 

(Ruen-ngam et 

al., 2011) 

(Ruen-ngam et 

al., 2011; Kang 

and Sim 2008)  

5. Life cycle impact assessment 

Among the different LCA impact assessment methods available with Simapro 7.1 software, the CML2 baseline 

2000 method was chosen in order to provide a measure for the potential environmental damage of airborne, 

liquid and solid emissions by means of appropriate equivalence factors to selected reference compounds for 

several impact categories such as Abiotic Depletion Potential (ADP), Global Warming Potential (GWP), Ozone 

Depletion Potential (ODP), Human Toxicity Potential (HTP), Acidification Potential (ACP) and Eutrophication 

Potential (EP), Photochemical Oxidation Potential (POP), Terrestrial Ecotoxicity Potential (TEP), Marine 

Aquatic Ecotoxicity Potential (MAEP), and Fresh Water Aquatic Ecotoxicity Potential (FWAEP). More 

specifically, the environmental impacts of cultivation and harvesting, drying and extraction procedure were 

evaluated. 

5.1 Impact of the production of dry H.pluvialis 

According to recent studies, the cultivation systems (e.g. tubular bioreactor, open ponds ) influences  

drastically the environmental impacts associated to microalgal production, specifically in terms of energy 

requirements and therefore global warming potential (Grierson et al., 2013). Cultivation represents the most 

energy demanding stage over the life cycle of microalgal production since artificial lightning is needed not only 

for the growth stage but also for the stress induced conditions that are need to convert the green H. Pluvialis 

microalga to a rich in astaxanthin biomass (Ugwu et al., 2008). Moreover, the harvest and drying stage that 

follows consumes also high amounts of energy as long as vigorous centrifugation is needed to achieve the 
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optimal TSS percentage leading to an efficient drying process. Specifically, spray drying technique is applied 

at high temperatures up to 220 °C in order to retrieve 1 kg of dry biomass from almost 10 kg of wet mass. The 

environmental impact for the production of 1 kg of dry H. Pluvialis is presented in Figure 2. Apart from the 

GWP, the eutrophication, abiotic depletion and acidification potential are also high mainly due to the use of 

nutrients and fertilizers during the growth stage. 

 

Figure 2: Environmental impact for the production of 1 kg of dry H. Pluvialis 

5.2 Impact of the recovery of 1kg Astaxanthin from dry H.pluvialis 
Astaxanthin production is optimized when H. Pluvialis is subjected to stress cultivation conditions and dried in 

order to remove the moisture content that acts as a barrier for the extraction process. The solvents selected in 

this study were mainly non-polar in order to recover the lipophilic fraction containing astaxanthin. However, 

major differences on the recovery of astaxanthin are presented among the different solvents and extraction 

procedures applied. The use of acetone as solvent is suggested in literature as the optimum system for the 

recovery of astaxanthin, therefore it is applied in all extraction processes. According to Table 1, the yielding of 

astaxanthin varies from method to method affecting the environmental footprint of the production of 1 kg of 

astaxanthin. Therefore, techniques that present high recovery are environmental friendly even though 

sometimes present high energy demands. A comparison among conventional and short processing green 

methods for the recovery of 1 kg of astaxanthin is presented in Figure 3. Specifically, although MAE and UAE 

have high electricity demands the processing time is significantly lower and the yielding is higher leading to 

low impacts. The solvent usage in such processes is also significantly lower, whilst also recycling of the 

solvent can be achieved, leading to lower impacts on the abiotic depletion potential. Furthermore, the 

replacement of organic solvents with food grade alternatives (vegetable or essential oil) leads to a slight 

reduction of the overall impact even though the yielding is lower (see Table 1, Figure 4). The advantages of 

using such solvents are counterfeited by the effect they have on Eutrophication and Marine aquatic 

ecotoxicity. The nature of the solvent makes separation of astaxanthin difficult, but with propriate handling 

these products can be incorporated to food and cosmetics high added value products since they consist of 

food grade oils avoiding potential hazards from mishandling. 

6. Interpretation of results and discussion 

6.1 General 
The weather conditions of cultivation areas could affect the selection of proper cultivation systems, although 

closed controlled indoor photobioreactors illuminated with artificial light are being currently applied for high-

value products including astaxanthin (Lorenz and Cysewski, 2000). Moreover, even though sunlight is eco-

friendlier the number of days required to obtain the same amount of microalgae cell paste under solar light 

conditions are considerably higher than under artificial illumination since the growth of microalgae and the 

composition of biomass are strongly dependent on the light supply (light source and light intensity) (Yeh et al., 

2010). Therefore, a more focused research on the optimum cultivation conditions is suggested. Harvesting 

and drying of microalgae as shown in our previous research plays an important role on the environmental 

footprint of the production of functional extracts (Kyriakopoulou et al., 2015). Selecting the right combination of 

centrifugation and drying systems can lead to highly efficient dry mass production. However, all the affirmation 

stages can significantly affect the bioactive content of the dried biomass. The selection of a suitable extraction 

procedure should be done not only based on the yielding of the process but also the overall environmental 

performance, since otherwise green processes are not so environmental friendly as they are expected. 
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Figure 3: Environmental impact of conventional and short processing green methods for the recovery of 1 kg 

of astaxanthin 

 

Figure 4: Environmental impact of selected extraction methods using vegetable oils as solvent for the recovery 

of 1 kg of astaxanthin 

7. Conclusions 

H. Pluvialis is a high rich source of astaxanthin which can be recovered sufficiently using not only organic 

solvent but also edible vegetable and essential oils. Among the extraction procedures applied, ultrasound 

assisted extraction was found the most sustainable method so far for astaxanthin extraction, regarding its high 

yielding, low cost, short time and medium environmental impact. Microwave assisted extraction is considered 

also a rapid and overall eco-friendly technique suffering though from low yielding due to thermal degradation 

of carotenoids in long processing times. The maceration and the soxhlet extraction techniques are highly time 

consuming, expensive and potentially hazardous due to the large amount of solvents used, soxhlet also 

exhibits low yielding due to thermal degradation and high energy demand. The extraction techniques 

examined showed their potential for the recovery of astaxanthin rich extracts which can be used in 

nutraceutical, cosmetic and food industries. The overall environmental impacts of the processes showed that 

extraction of astaxanthin affects mainly the eutrophication, marine aquatic ecotoxicity and global warming, 

while abiotic depletion impact is minimized through the recycling of solvents and other materials though the 

cradle to gate process. 
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