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Abstract 

The aim of the work was to examine microalgae growth and nutrient elimination in 

various diluted digestates in the first trial, then to study CO2 removal from a simulated 

biogas mixture by the same strain in the second trial. Scenedesmus SCCP K-1826 was 

cultivated in the digestate from Sundet biogas plant diluted 10, 20 and 30 times. The 

cultures were open-air with occasional CO2 injections to control pH. On day 15, the best 

growth was obtained in the 10 times diluted sample. COD, TN and TP removal 

efficiencies were similar in each bottle as the strain didn’t perform better in any specific 

dilution. The control proved that additional mechanisms other than photosynthesis 

contributed to digestate cleaning. Using the 10 times diluted sludge, Scenedesmus was 

grown in sealed flasks filled with simulated biogas (35.3 % CO2 + 32.3 % CH4 + 32.3 

% N2). More algal biomass was produced in this batch culture. Nutrient removal 

efficiencies were close to the ones reached in the open-air flasks. After 10 days, 96 % of 

carbon dioxide was reduced. Methane content was depleted as well, possibly due to 

undesirable methane oxidizing bacteria which infiltrated the medium. 
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1. Introduction 

1.1 Background 

With climate change and the depletion of fossil resources, interest in renewable energy 

has been increasing over the years. Anaerobic digestion has garnered attention for the 

production of biogas. In absence of oxygen, biomass degrades to form biogas. It happens 

in nature, “in swamps, water-logged soils and rice fields” [1]. “Anaerobic digestion is a 

biological method to degrade organic, biodegradable raw materials in special plants in a 

controlled manner” [2]. The reaction takes place inside a digester where organic matter is 

broken down by different microbes, resulting in two end-products: biogas and digestate 

(digested slurry).  

 

Biogas is a renewable and flammable gas composed of 50 to 60 % of methane (CH4), 40 

to 50 % of carbon dioxide (CO2) and small quantities of water vapor, hydrogen sulfide 

(H2S), ammonia and other gases. 1 m3 of biogas is equivalent to 0.5-0.6 L of fuel or about 

6 kWh. Biogas can be upgraded to electricity (sold on the network) and heat in CHP 

(Combined Heat and Power) or biomethane (injected into the natural gas distribution 

network or used as transport fuel). Biomethane is obtained after meeting several 

standards. CO2 has to be removed to reach a methane content of 90 % or more depending 

on regulations.  

 

Physical absorption, chemical conversion, pressure swing adsorption (PSA), membrane 

separation and cryogenic distillation are the most known methods to upgrade biogas. 

“However, they consume large amounts of energy, auxiliary materials, and chemicals as 

well as generate wastes needing further treatment” [3]. Microalgae have garnered 

attention for carbon dioxide fixation as they can sequester CO2 through photosynthesis 10 

times more efficiently than the terrestrial plants [4]. The implementation of CO2 capture 

with microalgae is more environmentally friendly and sustainable in comparison to the 

usual technics [5].  

 

1.2 Purpose and objectives 

In this study, the objective is to upgrade biogas produced after anaerobic digestion using a 

microalgae culture. Microalgae are photosynthetic organisms using light energy which 

can produce organic substances from carbon dioxide (CO2) and water. Their capacity to 

uptake CO2 is the key to biogas cleaning. It is expected that carbon dioxide in biogas will 

be fixed by algae cells and thus, the resulting biogas will have a higher methane content 

and qualify as biomethane. 

 

The digestate (digested slurry) from the anaerobic digestion plant acts as a growth 

medium and nutrient source for microalgae. The digestate is diluted to different degrees 

to observe the effect on algal biomass growth and nutrient consumption and determine the 

suitable dilution. Then, microalgae are cultivated in the appropriate diluted digestate and 

biogas upgrading is carried out simultaneously. Biomass production, nutrient and carbon 

dioxide removal are monitored to evaluate the efficiency. 
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1.3 Limitations 

The dilution of the digestate and carbon dioxide capture from biogas by a specific 

microalgae specie are examined. Other parameters that can influence photosynthesis such 

as light source, temperature, stirring, CO2 level… remain fixed for all trials. 

 

2. Literature review 

2.1 Algae 

Algae are the most common organisms in aquatic environment, forming a very large and 

diverse group [6]. Macroalgae, usually referred as seaweed or kelp, designate marine 

algae large enough to be seen by the naked eye. Some can grow up to 50 meters. They are 

classified into three major groups: brown algae (phaeophyceae), green algae 

(chlorophyta) and red algae (rhodophyta). Microalgae are microscopic unicellular 

organisms with a size ranging from a few micrometers to a few hundred micrometers. 

They live individually or in groups. An estimation of 72 500 microalgae species has been 

given, “names for 44 000 of which have probably been published, and 33 248 names have 

been processed by AlgaeBase to date (June 2012)” [7]. Based on their pigments, life 

cycle and structure, four main categories (in terms of abundance) emerge: diatoms 

(bacillariophyceae), green algae (chlorophyceae), blue-green algae (cyanophyceae) and 

golden algae (chrysophyceae) [8]. 

 

2.2 Photosynthesis 

“By the utilization of light energy in the process of photosynthesis, microalgae are 

capable of converting inorganic compounds, e.g. H2O, CO2, nitrogen (N) and phosphorus 

(P) to chemical energy-rich organic compounds such as carbohydrates (sugars), proteins 

and lipids (oils)” [9]. The process of photosynthesis is resumed below (Equation 1). 

 

6𝐶𝑂2 + 6𝐻2𝑂 →  𝐶6𝐻12𝑂6 + 6𝑂2    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1)  
 

Described in Figure 1, photosynthesis and respiration are complementary mechanisms. 

Under sunlight, microalgae perform photosynthesis, consuming dissolved CO2 and 

releasing O2. CO2 removal leads to an increase of pH during the day. Respiration happens 

at night. Microalgae capture dissolved O2 and release CO2, resulting in a decrease of pH 

with more hydrogen ions H+. 

  

 
Figure 1. Photosynthesis and respiration mechanisms 
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2.3 Cultivation mode 

Three modes of cultivation regrouped in Table 1 can be adopted. As photoautotrophs, 

microalgae are usually cultivated by uptaking dissolved inorganic carbon (CO2) under 

light as an energy source. However, heterotrophic species use only organic substances as 

an energy and carbon source without requiring any light. With variable nutrient and light 

availability, some species are able to switch between photoautotrophy and heterotrophy. 

The mixotrophic mode is a mix of photoautotrophic and heterotrophic mechanisms.  

 

Growth mode Energy source Carbon source Light Metabolism 

Photoautotrophic Light Inorganic Obligatory No switch 

between sources 

Heterotrophic Organic Organic No 

requirements 

Switch between 

sources 

Mixotrophic Light and 

organic 

Inorganic and 

organic 

Not 

obligatory 

Simultaneous 

utilization 

Table 1. Cultivation modes of microalgae [10] 

As presented in Figure 2, five different phases of growth characterize microalgae growth: 

lag phase, exponential phase, decline phase, stationary phase and death phase. With their 

high growth rate, “it is estimated that biomass productivity of microalgae could be 50 

times more than that of switchgrass, which is the fastest growing terrestrial crop” [11]. 

 

 
Figure 2. Growth phases of microalgae 

2.4 Main nutrients 

Carbon, nitrogen and phosphorus are the main nutrients required by microalgae. Algal 

biomass is mostly composed of 45-50 % carbon, 7.6 % nitrogen and 1.4 % phosphorus. 

“However, the elemental composition can vary dramatically based on growth conditions 

and algae species used” [12]. 
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2.4.1 Carbon 

Carbon can be found in dissolved inorganic carbon (DIC) such as CO2, H2CO3, HCO3- 

and CO3
2-. The ratio of DIC species in water depends on pH (Figure 3). 

 

 
Figure 3. Distribution of CO2, HCO3- and CO3

2- as a function of pH 

Dissolved CO2 combines with H2O to form carbonic acid H2CO3 (Equation 2). H2CO3 

further breaks down into bicarbonate HCO3- and hydrogen ions H+ (Equation 3). Then, 

HCO3- can dissociate into carbonate ions CO3
2- and hydrogen ions H+ (Equation 4).  

 

𝐶𝑂2 (𝑎𝑖𝑟) ↔ 𝐶𝑂2 (𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) +  𝐻2𝑂 ↔  𝐻2𝐶𝑂3   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

 

𝐻2𝐶𝑂3 ↔  𝐻+ + 𝐻𝐶𝑂3 −   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 

 

𝐻+  +  𝐻𝐶𝑂3− ↔ 𝐶𝑂3
2− +  2𝐻+   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) 

 

At the pH range of 7-9, HCO3- is the predominant specie. Although CO2 is the preferred 

carbon source, bicarbonate can be transformed into CO2 by microalgae for later uptake. 

At higher pH, the prevalent specie CO3
2- is an “unusable form and not available for algal 

uptake” [13]. 

 

The optimal CO2 concentration changes from one specie to another. A few can tolerate 

high amounts of CO2; however, to most species, “CO2 becomes toxic above a certain 

level, mainly due to a decrease in pH” [14]. As air contains low amounts of CO2, “CO2 

uptake by microalgal cells can cause pH rising to more than 9.5–10” [15]. At high levels 

of CO2 (use of flue gases or biogas as a carbon source), “pH can drop to 5 or even lower 

in some cases. Extreme decrease in pH cause an environmental stress that leads to a 

biological reduction in the ability of microalgal cells to sequester CO2” [16]. 
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2.4.2 Nitrogen 

Nitrogen is the second most essential nutrient, it can be assimilated from inorganic 

compounds such as ammonium (NH4+), nitrite (NO2-), nitrate (NO3-) and organic 

compounds (urea, amino acids).  

 

NH3 is referred to as ammonia and NH4+ as ammonium. Ammonia is soluble in water. 

Once dissolved, it combines with hydrogen ions to form ammonium: 

 

𝑁𝐻3 + 𝐻+ →  𝑁𝐻4
+   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5)  

 

Microalgae can uptake both ammonia NH3 and ammonium NH4+ by different 

mechanisms. However, the preferred source of nitrogen is ammonium because it can be 

metabolized using less energy compared to NO3- or urea [17]. Ammonia is assumed to be 

toxic to most microalgae species. NH3 can cause the swelling and breaking of the 

membrane of algal cells [18]. The ratio between ammonia form and ammonium form is 

dependent on pH (Figure 4). At a pH of 9.25, both species are present in equal ratios. As 

pH increases, so does the ratio of NH3 and the toxicity of the culture medium. There is no 

fixed threshold concentration as toxicity is specie-dependent [18]. The toxic effect may 

be controlled by dilution. 

 

 
Figure 4. Distribution of ammonia NH3 and ammonium NH4+ as a function of pH 

The consumption of nitrogen compounds is closely related to pH. Assimilation of nitrate 

causes an increase of pH whereas pH tends to drop when ammonia is used [19].  

 
2.4.3 Phosphorus 

In water, phosphorus may be present in dissolved or particulate form. The sum of both is 

total phosphorus. Particulate matter designates “living and dead plankton, precipitates of 

phosphorus, phosphorus adsorbed to particulates and amorphous phosphorus” [20]. The 

dissolved form consists of inorganic and organic phosphorus. 

 

In natural waters, phosphates (PO4
3-) are the main forms of phosphorus: “inorganic 

(including orthophosphates and polyphosphates) or organic (organically-bound 
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phosphates)" [20]. Microalgae absorb phosphorus as inorganic orthophosphate, preferably 

as H2PO4‐ or HPO4
2- [21]. As shown in Figure 5, depending on pH, orthophosphates can 

be found as H3PO4, H2PO4–, HPO4
2–, and PO4

3–. 

 

 
Figure 5. Distribution of orthophosphate as a function of pH 

2.5 Algal biomass applications 

Carbon dioxide can be efficiently fixed by microalgae. One kg of biomass is equivalent to 

1.88 kg of fixed CO2 [22]. However, fixing CO2 is not sufficient, it needs to be reused 

before algal biomass decomposes which would generate CO2 and methane. 

 

Algal biomass is harvested before any transformation, which is challenging because of 

high water content and small size. First, a solid-liquid separation is carried out. The most 

widespread methods are “filtration, sedimentation, centrifugation and flotation”. Next, 

algal biomass is dried using technics such as “spray-drying, drum-drying, freeze-drying 

and sun-drying” [23]. 

 

Algal biomass has diverse applications: it can be found in animal feeds “ranging from 

aquaculture species to pets and farm animals” [24] or fertilizers or converted to biofuels 

such as biodiesel (esterification) or bioethanol (fermentation). It can also serve as a 

feedstock for anaerobic digestion, making the biogas unit self-sufficient. Algal biomass 

can be used for the production of long chain omega-3 fatty acid (DHA/EPA), biological 

active substances, cosmetics, pharmaceuticals [25]. “Extracts from microalgae are rich 

sources of bioactive proteins, vitamins, minerals, and carotenoid pigments such as 

astaxanthin” [26]. Thus, one can come across Chlorella and Spirulina in many skin care 

products. 

 

2.6 Digestate as a growth medium 

2.6.1 Growth medium 

Regular growth media are created and used for different intents. A few are formulated to 

replicate the habitat of a local microalga, while some provide the optimal amounts of 

nutrients for a certain strain. Nevertheless, it is a common practice to opt for a well-

known culture medium, although it is not always appropriate because nutrient 

requirements are specie dependent [27]. 
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Choix et al. [27] demonstrated that Scenedesmus obliquus grown in different culture 

media exhibited different patterns of CO2 fixation from biogas and biomass production. 

The cause may be the different nutrient composition and concentrations in each culture 

medium [27]. 

 
2.6.2 Digestate 

In anaerobic digestion, digestate refers to the digested sludge exiting the digester. In most 

cases, digestate is spread on agricultural fields as a fertilizer. This method is simple, but 

carbon dioxide is generated due to transport. Moreover, some issues can arise from this 

practice. First, any contaminant (heavy metals, pathogens, plastics) not degraded during 

digestion, remains in the digestate, which can pollute soils if used as a fertilizer. 

Ammonia NH3 is present in the digestate. After spreading, there is a risk of ammonia 

leakage to the surrounding water bodies causing eutrophication (excess amount of 

nutrients). Next, there are plans to further develop biogas plants which will lead to an 

increase in digestate production. The surrounding agricultural fields may not be sufficient 

for spreading, resulting in trucks traveling longer distances for delivery. “The value of 

liquid digestate after long-distance transport may become negative” [28]. Farmers do not 

require fertilizer all year long as crops depend on seasons. Since digestate production is 

continuous, the product is stored. Storage can result in additional greenhouse gases 

emissions. “Other digestate treatment technologies, such as membrane separation and 

evaporation, can efficiently concentrate the nutrients; however, they require high energy 

input” [28]. 

 

There is a growing interest in products derived from microalgae. However, the cost of 

growing microalgae is too high, restricting it from being commercially feasible. The cost 

of nutrients for microalgae cultures can go from 10 % up to 20 % of the total cost [29]. In 

“Microalgae cultivation for biofuels”, Slade et al. [30] affirm that if CO2, nutrients and 

water are provided at low charges, cost reduction can reach 50 %. Thus, combining 

microalgae cultivation and the digestate as a nutrient source can lower costs. 

 
2.6.3 Dilution of the digestate 

Digestate is a complex effluent with characteristics varying from one biogas unit to 

another because of different operating conditions: the type and composition of the 

substrate, the microbial community, temperature, pH, batch or continuous, single digester 

or two digesters. It contains a wide range of compounds such as nitrogen, phosphorus and 

heavy metals, making it a suitable growth medium. However, some substances are highly 

toxic and excessive concentrations of a few nutrients can inhibit algal cells. The strain 

should be resistant to a wide range of pollutants and potential high concentrations. 

Nutrient recovery from digestate with microalgae is not a widespread method. However, 

comparing it with wastewater treatment can give an indication of suitable strains. In 

wastewater treatment, the most used species are Chlorella, Oscillatoria, Scenedesmus, 

Synechocystis, Lyngbya, Gloeocapsa, Spirulina, and others [31].  

 

High ammonia content in the digested slurry can be responsible for growth inhibition. 

Although nitrogen is essential for development, undissociated ammonia NH3 known as 

free ammonia, is found to be a poison to most microalgae species. The inhibitory effect 

was observed during culture dominated by Scenedesmus sp. with initial ammonia levels 

ranging from 2 to 34 mgNH3/L [32]. Rising the initial concentration from 2 to 9 

mgNH3/L resulted in the reduction of the growth rate by 18 % on average. Next, a 
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decrease of 77 % of the growth rate was reported when increasing from 9 to 34 mgNH3/L. 

Other components might cause inhibition on microalgae (i.e. calcium, magnesium, 

potassium, sodium), “however the concentrations of such elements here are largely below 

the inhibition limits” [32]. Park et al. [33] studied Scenedesmus accuminatus for ammonia 

removal from 100 to 1 000 ppm in an anaerobic digestion effluent. The best growth rate 

and biomass production were recorded at 100 ppm. Cultures with 200 to 500 ppm NH4-N 

showed similar growth rates to 100 ppm but slowed down after 7–8 days to a final cell 

mass reduced by 30 % (compared to 100 ppm NH4). From 200 to 500 ppm, the degree of 

inhibition was comparable. “The inhibition of growth caused by ammonium was severely 

impacted when the content reached 800 ppm, with only 35 % of the final cell density 

attained in the presence of 1 000 ppm NH4-N” [33]. To provide an appropriate amount of 

nutrients and lessen the inhibitory effect, diluting the digestate appears as the most 

efficient technic [34]. 

 

One of the issues of the digestate is the high turbidity generated by suspended particles 

interfering with light scattering in water. High turbidity makes light penetration difficult, 

thus reducing the growth of algae cells. Wang et al. [34] examined the cultivation of a 

wildly isolated alga Chlorella sp. in diluted (10, 15, 20 and 25 times) digested manures in 

a batch setup. Microalgae survived in all diluted samples and no lag phases were 

reported. In the first 7 days, the culture grew faster in the most diluted volumes: it was 

attributed to lower turbidity. As the experiment kept going, suspended particles 

responsible for turbidity were removed by Chlorella, “which was another reason, why the 

growth in less diluted samples caught up later, beside the fact that continued algal growth 

could also be supported by the higher nutrient contents in lesser dilutions” [34].  

 

Chlorella vulgaris was grown in diluted wastewaters based on total nitrogen (TN) with 

250; 350; 500; 750 mgN/L. A higher nutrient content did not equate to a better growth. 

Over 500 mgN/L, the growth rate and the nutrient consumption dropped significantly, 

indication of a toxicity from the excessive amounts of nutrients or inhibitors [35]. With a 

lower dilution, the lag phase was longer as Chlorella needed more time to adapt to their 

environment, thus resulting in a lower biomass at the end. At 500 mgN/L, the highest 

removal efficiency was achieved with the highest biomass production. The algae cell 

activity was the most important during the growth phase following the lag phase. The 

longest growth phase was achieved under 500 mgN/L. “Therefore, stronger activity of 

algae cells caused the more efficient biomass production and nutrient removal” [35]. 

Scenedesmus obliquus was grown in a diluted (1:10, 1:15, 1:20, 1:25) agro-zootechnical 

digestate (cattle slurry and raw cheese whey) [36]. Cultures in the 1:20 and 1:25 diluted 

digestate developed faster in the first week. However, after the 7th day, “growth slowed 

down for all dilutions, especially in 1:20 and 1:25, probably because of the lower initial 

concentrations of digestate and the consequent faster nutrient consumption and of the 

faster increase of the biomass that diminished light penetration”. In the end, the 1:10 

diluted sample resulted in the highest biomass [36]. In this study, a higher nutrient 

content was beneficial.  

 

In conclusion, the suitable dilution depends on the microalga specie, the quality of the 

digestate and the experimental conditions. 
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2.7 Biogas as CO2 source 

The heating value of one cubic meter of methane is 10 kWh while it is zero for carbon 

dioxide. Thereby, the energy content of biogas depends on methane concentration. Raw 

biogas, the end product of anaerobic digestion, has a low calorific value as it contains 40-

50 % of carbon dioxide. Removal of carbon dioxide from biogas is necessary before use. 

After upgrading, the mixture called “biomethane” consists of 95-97 % CH4 and 1-3 % 

CO2 [37]. Capture of undesirable CO2 in biogas with microalgae known for their 

sequestration capacity appears as a potential solution.  

 

The selection of a suitable strain is essential. With a carbon dioxide content up to 50 %, 

the picked specie should be highly tolerant to CO2. “Species of the genera Chlorella, 

Scenedesmus, Spirulina, Nannochloropsis, and Chlorococcum are characterized by rapid 

growth, tolerance to stress factors, and tolerance against high concentrations of CO2” 

[38]. Hanagata et al. [39] reported a CO2 tolerance ability up to 50 % for Chlorella sp. 

K35 and 80 % for Scenedesmus sp. K34. On the other hand, Westerhoff et al. [40] found 

that Scenedesmus sp. and Chlorella sp. cultivated in batch reactors both tolerated a gas 

mixture with up to 20 % CO2. Sun et al. [37] cultivated Chlorella vulgaris, Scenedesmus 

obliquus and Neochloris oleoabundans with activated sludge under various CO2 

concentrations. Biomass productivity increased with the CO2 level. The most appropriate 

ratio was 45 % as a slight decrease in productivity was observed at 55 % CO2. Among the 

three strains, Scenedesmus obliquus exhibited the highest biomass production as well as 

the best COD, TN and TP removal efficiencies [37]. It is problematic to evaluate and 

compare the tolerance of the same algae species provided by different studies because of 

different experimental procedures. The CO2 tolerance capacity differs according to the 

species and the environment conditions. 

 

In Choix et al. [27] investigation, Scenedesmus obliquus U169 (CO2 capture and biomass 

production) was not impacted negatively by the high level of CH4 (75 % v/v) from biogas 

[27]. Kao et al. [41] reported that an increase of CH4 content from 20 to 80 % led to a 

decrease of the growth rate and the growth capacity of Chlorella sp. MM-2. 

Nannochloropsis gaditana was cultivated in atmospheres containing different levels of 

CH4 (0, 50 and 100 %) balanced with N2. No effect of CH4 over microalgal development 

was reported [42]. These studies seem to indicate that CH4 tolerance depends on 

microalgae strains. However, further investigations are needed. 

 

CO2 is often linked to pH control. Most microalgae grow well between pH 7 and 9, with 

an optimum range of 8.2-8.7 [23]. Some species can adapt to a wide pH range while 

others can only grow in a small range. As the algae cells multiply, pH of the culture 

increases because of CO2 elimination. If pH is not maintained in the suitable range, the 

algal biomass can be inhibited. To control pH, CO2 is usually injected into the culture or a 

mixture of CO2/air is used as an aeration gas. 

 

3. Experimental setup 

3.1 Material 

The microalgae strain is Scenedesmus SCCP K-1826. It was obtained from the Biology 

Department in Kalmar. Scenedesmus species are tolerant to biogas and fast growing [44].  
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f/2 medium (Cell-Hi F2P, Varicon Aqua) was used as a growth medium for starter 

cultures. 
 

The light source was a LED-ramp 15 W (Blomsterlandet) producing a cool white light 

(6 400 K) with a light intensity of 399 µmol/s/m² at 100 mm [45]. 
 

The digestate was provided by the wastewater treatment site located in Sundet. In the 

digesters, the primary input is the sewage sludge (75 %) and the secondary input is food 

waste (25 %). The digestate was collected out of the digester before dewatering indicated 

on Figure 6 below.  

 

 
Figure 6. Diagram of Sundet plant (Used with permission from [46]) 

 

3.2 Characteristics of the digestate 

The digestate was filtered through a microfiber filter (Munktell 00H, particle retention: 1-

2 µm) and then autoclaved at 120°C for 15 min to remove suspended particles and 

microorganisms. The filtrate, considered to have the same properties as the digestate, 

acted as a culture medium for microalgae. The characteristics of the filtrate were 

measured and listed in Table 2 below. 

 

pH - 8.31 

COD mg/L 3 800 

TN mg/L 1 740 

NH4-N mg/L 1 600 

TP mg/L 31.7 

Table 2. Properties of the filtrate 

3.3 Stock cultures 

All glassware was autoclaved. The nutrient solution was prepared by dissolving 100 mg 

of algal nutrient powder in 1 L of sterile distilled water. Then, it was poured at the rate of 

1 mL per liter of culture [47].  
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Scenedesmus SCCP K-1826 was used in this study. The strain was precultured in f/2 

medium in sealed 500 mL flasks to prevent any airborne contaminants. The LED-ramp 

was placed 20 cm from the flasks with a measured light intensity of 7-8 klux. The 

light/dark cycle was programmed for 12 h. The stock cultures were maintained at 25°C 

and constantly shaken. The stock cultures were renewed weekly to have fresh microalgae. 

Microalgae from the old stock culture were inoculated into fresh medium, thus cells could 

keep growing and remain healthy.  

 

After 3-4 days, microalgae were transferred to a 2 L flask to produce biomass in 

sufficient quantities for the next experiments (Figure 7). CO2 was flushed into the 

medium to improve biomass production. 

 

 
Figure 7. Diagram of stock cultures 

Measurements 

pH was checked once a day. If necessary, the culture was aerated with a mixture of air 

and carbon dioxide to maintain pH around 7.5. Absorbance was monitored to ensure 

proper growth.  

 

3.4 Culture in diluted digestate 

Preliminary tests were conducted to confirm if Scenedesmus could grow in the digestate 

and which dilution was the most suitable. The digestate was diluted 10, 20 and 30 times. 

According to the dilution factor, the digestate was mixed with distilled water and filtered 

through a glass microfiber filter (Munktell 00H, particle retention: 1-2 µm) with a 

vacuum pump. Finally, the diluted digestate was autoclaved at 120°C for 15 min. 

 

A stock culture was harvested and filtered through a glass microfiber filter (GF/A, 

Whatman, pore size: 1.6 µm) with a vacuum pump. Once the filtration was complete, 

microalgae on the filter were gently washed with the diluted digestate and poured in a 

flask until reaching 320 mL. The process was repeated 6 times with the different diluted 

digestates (Figure 8). The initial microalgae concentration was around 150 mg/L.  

 

The 6 flasks pictured in Figure 8 were placed at ambient temperature under cool white 

light at 7-8 klux with a light/dark cycle of 12 h and continuous stirring from a magnetic 

stirrer. Instead of a cap, plastic foil covered the neck of the flask, allowing more light to 

pass. The experiment lasted 15 days and was run in duplicate. Average values are 

reported in the results.  
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Figure 8. Cultures in 10, 20 and 30 times diluted digestate on day 1 

Measurements 

pH was controlled twice a day. The culture was aerated with a mixture of air and carbon 

dioxide to maintain pH around 7.5. Absorbance was monitored to ensure microalgae 

growth. 

 

A glass microfiber filter (GF/A, Whatman, pore size: 1.6 μm) was pretreated in an oven at 

105°C for 2 h [48] [49] and cooled down in a desiccator for 1 h. It was weighted and 

noted as “clean dry filter”. On day 5, 10 and 15, 50 mL of each culture were collected and 

filtered with a vacuum pump through the pretreated filter. The filter with algae cells was 

placed again in the oven at 105°C for 2 h, then in a desiccator for 1 h. It was weighted 

and noted as “algae dry filter”. The dry biomass concentration was obtained as follows: 

 

𝐷𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑚𝑔/𝐿) =
𝑎𝑙𝑔𝑎𝑒 𝑑𝑟𝑦 𝑓𝑖𝑙𝑡𝑒𝑟− 𝑐𝑙𝑒𝑎𝑛 𝑑𝑟𝑦 𝑓𝑖𝑙𝑡𝑒𝑟

𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5)  

 

The filtrate was analysed for pH, COD (chemical oxygen demand). TN (total nitrogen) 

and TP (total phosphorus). COD, TN and TP were measured with Hack Lange kits. The 

culture with the highest biomass production provided the suitable dilution factor. 

 

3.5 Batch culture in diluted digestate under simulated biogas 

The digestate was diluted according to the data from the previous experiment. 600 mL of 

culture were prepared following the same steps and introduced into a 2 L flask. The bottle 

was sealed with a cap with two sampling ports (one for the culture and the other for the 

gas mixture) and one port connected to a gas bag containing biogas (Figure 9). The gas 

bag acted as a “lung” to prevent air from getting in when samples were taken.  
 

 
Figure 9. Diagram of a sealed flask with simulated biogas 

Simulated biogas 
(35.3 % CO2 + 32.3 
% CH4 + 32.3 % N2) 
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To simulate biogas, a gas mixture (35.3 % CO2 + 32.3 % CH4 + 32.3 % N2) was prepared 

with gas cylinders and injected into a gas bag. A higher methane couldn’t be achieved to 

because the gas cylinder delivered 50 % CH4 + 50 % N2. The flask headspace was 

vacuumed for 3 min and immediately flushed with the simulated biogas. Flushing was 

repeated four times to ensure no atmospheric air remained. 

  

The flasks were placed at ambient temperature under cool white light at 7-8 klux with a 

light/dark cycle of 12 h and continuous stirring from a magnetic stirrer. The experiment 

lasted 10 days and was run in duplicate. Average values are reported in the results.  

 

Measurements 

The valve connecting the gas bag to the flask was opened when sampling was done. Once 

a day, the digestate was collected to control pH and absorbance. Every two days, the 

simulated biogas was analysed. First, 5 mL were taken and discarded to make sure the 

tube was filled with biogas. Then, 25 mL were withdrawn, and the composition was 

determined by gas chromatography. 

 

On day 10, each culture was collected and filtered through a glass microfiber filter 

(GF/A, Whatman, pore size: 1.6 μm) previously placed in an oven at 105°C for 2 h and in 

a desiccator for 1 h. The filter with algae cells was placed again in an oven at 105°C for 2 

hours [48] [49], then in a desiccator for 1 h. The dry biomass concentration was obtained 

as follows: 

 

𝐷𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑚𝑔/𝐿) =
𝑎𝑙𝑔𝑎𝑒 𝑑𝑟𝑦 𝑓𝑖𝑙𝑡𝑒𝑟− 𝑐𝑙𝑒𝑎𝑛 𝑑𝑟𝑦 𝑓𝑖𝑙𝑡𝑒𝑟

𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5)  

 

The filtrate was analysed for pH, TN (total nitrogen), NH4-N (ammonium), TP (total 

phosphorus) and COD (chemical oxygen demand). Hach Lange kits were used for 

measurements. 

 

3.6 Results analysis 

The efficiency of nutrient or CO2 removal was calculated as follows: 

𝐸 (%) = (
𝐶0−𝐶1

𝐶0
) ∗ 100   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6)  

where C0 and C1 are the nutrients or CO2 concentrations at initial time t0 and time t1, 

respectively. 

 

Biomass productivity (P) was determined according to the following equation: 

𝑃 (𝑚𝑔. 𝐿−1) =
𝑚1−𝑚0

𝑡1−𝑡0
   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7)  

where m1 and m0 are the dry weights (g/L) at initial time t0 and time t1, respectively. 

 

3.7 Methods 

3.7.1 UV-VIS spectrophotometry 

Spectrophotometry is a method which measures the amount of light absorbed by a 

sample. A light beam with a specific wavelength shines through a medium and onto a 

light meter. A part of light can be absorbed, reflected and scattered by the sample and the 

rest passes through (Figure 10). 
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Figure 10. Light transmittance, absorbance, reflection 

By comparing to the initial light intensity, the amount of light absorbed by the medium is 

known. The absorbance A is calculated with I the light intensity after it passes through 

the sample and Io the initial light intensity: 

 

𝐴 = −log (𝐼 𝐼𝑜)   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8)⁄      

 

The growth of the mother cultures was monitored by measuring the absorbance at 680 nm 

with a UV-VIS spectrophotometer. 650 nm, 680 nm and 750 nm are the most commonly 

used wavelengths to measure biomass concentration [50]. 680 nm is typically 

recommended as it is correlated to the absorbance of chlorophyll [51]. 

  
3.7.2 Gas chromatography 

A gas chromatograph (Varian CP 4900 Micro Gas Chromatograph) allowed to measure 

methane and carbon dioxide in biogas. It is equipped with four independent channels 

consisting of a gas injector, a column and a detector [52]. N2 is used as a carrier gas. 

 

For calibration, several gas mixtures were prepared with known ratios of CO2 and CH4. A 

sample was collected from the gas bag with a syringe and injected onto the column. 

Sampling lasted 1 min and data acquisition ran for 5 min. A gas chromatogram (Figure 

11) was obtained with each peak corresponding to a compound and the area under the 

peak equivalent to the amount of the compound.  

 

 
Figure 11. Example of gas chromatogram 

The peak for CO2 appeared at 0.65 min and for CH4 at 1.4 min. The corresponding area 

was noted and associated to the known ratio (%) of CO2 or CH4. This procedure was 

repeated 3 times for one gas mixture and the average area obtained after the 3 trials was 

used to build the calibration curve introduced in Figure 12 below. 
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Figure 12. Calibration curve for CO2 and CH4 

4. Results and discussion 

4.1 Stock cultures 

When the stock cultures were transferred to 2 L flasks for biomass production, the 

absorbance was controlled. For example, Figure 13 and Table 3 below present the 

evolution of the absorbance of a 2 L stock culture. On day 4, the absorbance levelled off, 

a sign of the slowdown of growth. Since a lack of nutrients was suspected, f/2 medium 

was added to the bottle and absorbance picked up the following day. 

 

 
Figure 13. Evolution of the absorbance of a stock culture over time 

Day 1 2 3 4 5 6 7 8 9 

Absorbance 0,069 0,105 0,139 0,146 0,170 0,189 0,204 0,218 0,219 

Table 3. Evolution of the absorbance of a stock culture over time 
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4.2 Culture in diluted digestate 

4.2.1 Control parameters 

pH control highlighted a pH pattern in the cultures, simplified in Figure 14 below. Upon 

the first measurement, after the light cycle starts, pH rose above the acceptable range 

because microalgae consumed dissolved CO2 through photosynthesis. Then, CO2 was 

injected into the bottle to bring pH back to 7.5. Upon the second measurement, pH 

increased again since the newly added CO2 was used by Scenedesmus. A new injection of 

CO2 decreased pH. 

 

  
Figure 14. pH change over the light cycle 

Figure 15 introduces the absorbance measured over time of the diluted digestates (see 

Appendix 1). After day 5, absorbance was checked daily to ensure the proper growth of 

each culture. From day 5 to 10, the absorbance steadily increased in all diluted samples, 

suggesting microalgae were in the growth phase (Figure 2). The values for the 10 times 

dilution were higher and climbing faster compared to the 20 and 30 times dilutions, 

implying a greater biomass production. After day 10, the curves for the 20 times and 30 

times diluted samples flattened out, an indication of the stationary phase. Measurements 

for the least diluted culture showed that the absorbance kept rising, but at a slower pace.  

  

 
Figure 15. Evolution of the absorbance over time of various diluted digestates  
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4.2.2 Microalgae growth 

 

 
Figure 16. Evolution of biomass dry weight over time in various diluted digestates 

Scenedesmus survived in every flask. Figure 16 shows the results obtained after 

cultivating microalgae in the digestate diluted 10, 20 and 30 times for 15 days (see 

Appendix 2). The initial concentration was between 154 and 170 mg/L. After 5 days, 

growth was slow for all dilutions. It could be attributed to a lag phase as microalgae 

needed a certain time to adapt to the digestate with compounds being different from those 

contained in the f/2 medium. On day 10, the growth rate picked up with the highest 

biomass obtained respectively with the 10 times, 20 times and 30 times dilution. After 15 

days of cultivation, Scenedesmus achieved the highest biomass with an average of 774 

mg/L in the 10 times diluted digestate, followed by 20 times and 30 times. Microalgae 

performed better in the 10 times dilution due to a higher concentration of nutrients which 

sustained growth until day 15. On the other hand, slower development was observed on 

day 10 and 15 in higher dilutions probably because of the lower initial quantities of 

digestate and the consequent faster exhaustion of nutrients. Self-shading could be another 

factor as reported in other works [53]. Light exposure is significantly reduced when the 

microalgae population gets too dense. However, it didn’t seem to be the cause of the 

decelerated growth since the cultures with higher biomass concentrations kept growing. 

 

The availability of nutrients affects microalgae development. Dilution is an effective tool 

to allow a suitable amount of nutrients in a culture while avoiding inhibition from 

excessive amounts of nutrients and inhibitors or from self-shading. The 10 times dilution 

exhibited the highest biomass growth. 

 
4.2.3 Nutrient removal 

COD, TN and TP were designated as indicators for nutrients present in the medium. As 

the digestate was diluted, the parameters were thereby lower than the raw sludge 

collected at the biogas plant. The cultivated specie, the experimental conditions and the 

characteristics of the digestate affect the nutrient removal efficiencies. 

 

Even if the glassware and the digestate were autoclaved at 120°C, there was no guarantee 

that the cultures remained sterile over the whole duration of the experiment. Indeed, 
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bacteria could have entered the flasks when the filter with algae was washed with the 

digestate or when the bottles were opened to collect samples. If it occurred, bacteria could 

have helped the nutrients removal. 

 

 
Figure 17. COD removal over time in various diluted digestates 

 
Figure 18. COD removal efficiency over time in various diluted digestates 

Figure 17 and 18 present the elimination and COD removal efficiency over time in 

several diluted digestates (see Appendix 3 and 4). On day 10, COD removal efficiency 

ranged between 7.9-16.3 %. This is significantly lower compared to other studies. For 

example, Ouyang et al. [54] reported a minimum COD reduction of 55 % by 

Scenedesmus obliquus in 7 days. This can be explained because organic carbon matter in 

the substrate was already broken down by bacteria during anaerobic digestion. Thereby, 

the carbon compounds remaining in the digestate were inert (not utilized by bacteria) and 

microalgae can hardly degrade those substances, explaining the low COD removal rates 

[54]. On the last day of the experiment, COD slightly rose for all dilutions, thus having a 

negative impact on COD removal rates. This phenomenon was also observed during 

cultivation of Chlorella pyrenoidosa in anaerobic digested starch. It can be attributed to 

microalgae naturally excreting “extracellular substances” or the sudden release of organic 

compounds because of cell lysis [55]. 
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Figure 19. TN removal over time in various diluted digestates 

 
Figure 20. TN removal efficiency over time in various diluted digestates 

Figure 19 and 20 present the elimination and TN removal efficiency over time in several 

diluted digestates (see Appendix 5 and 6). In Figure 19, regardless of the initial content, 

TN content decreased alike in all trials. The highest removal efficiency was found to be 

74 % in the 30 times diluted digestate on day 15. In Figure 20, the curves followed a 

similar trend for all dilutions until day 5 with an average reduction of 30 %. Then, the 

removal efficiency for the most diluted sample rose higher until the last day of the 

experiment. 

 

Aeration is a well-known method to strip ammonia from an effluent, a process facilitated 

at a pH above 9.5 [32] and at high temperature. Although the main form of nitrogen was 

reported to be ammonium, pH increasing promotes the ammonia form NH3 over the 

ammonium form NH4+. Microalgae consume dissolved CO2 by photosynthesis, causing a 

rise of pH and of the ratio of ammonia in the medium. Therefore, a part of the TN 

removal could be attributed to ammonia stripping favoured by higher pH values and 

continuous stirring of the solution. The recommendation would be to implement a control 

flask with only digestate to determine if ammonia stripping occurred. However, such a 

control would be too difficult to carry out as it would be required to follow the same pH 

pattern during the light and dark cycle. Only an automated system linked to a pHmeter 

and a CO2 injector could achieve the task. To avoid the issue in the future, it is 
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recommended to run the cultures at a constant pH with a sufficient flow of CO2 to dismiss 

any potential ammonia stripping to the air. 

 

 
Figure 21. TP removal over time in various diluted digestates 

 
Figure 22. TP removal efficiency over time in various diluted digestates 

In Figure 21, regardless of the dilution, TP was successfully removed in every culture 

(see Appendix 7 and 8). The best removal efficiency was observed in the 20 times diluted 

after 15 days. In Figure 22, the curves follow a similar pattern for all dilutions. On day 5, 

the removal ratios were low in all flasks because of the lag phase observed in Figure 15. 

The removal efficiencies sharply increased from day 5 to 10 during the growth phase 

where most of the phosphorus is depleted (70 to 80 %). As growth slowed down between 

day 10 and 15 in Figure 15, the removal efficiency curves flattened out, reaching a final 

TP elimination of 87 to 91 %. The difference in TP removal between each trial is slim, 

therefore dilution didn’t impact the consumption of phosphorus by microalgae. 

 

The stagnation of the phosphorus removal rate after 10 days can be attributed to different 

phenomena. After 10 days, COD increased because of dead cells releasing organic 

compounds (Figure 17). It could also have been the case for total phosphorus. Even if 

microalgae were still growing after 10 days, cell lysis occurred at the same time and 

phosphorus compounds were released back into the medium, thus affecting the TP 
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measurement on day 15 and the final removal efficiency. Next, the remaining 10 % of TP 

could be “bound and/or converted into a form of phosphorus by pathogens or other 

unknown materials” which is unavailable to microalgae [56]. Finally, phosphorus can be 

removed by metal precipitation using calcium, aluminium or iron at high pH. The 

precipitates are not available to algal biomass. Since pH reached high values in these 

experiments, “precipitation of phosphorus in the form of calcium phosphates” is another 

possibility [57]. Likewise, P precipitation could have contributed to TP removal from the 

digestate. The cultures were cloudy because of algal biomass, so no precipitates could be 

noticed. 

 

In conclusion, Scenedesmus didn’t perform significantly better in any diluted digestate 

concerning nutrient removal. The removal efficiencies for COD, TN and TP are very 

close regardless of the dilution factor. It suggests that for those dilutions, the digestate 

didn’t contain any inhibitory level of nutrients. Rather than considering removal 

efficiencies, the final biomass production is considered to determine the most suitable 

dilution. Since the 10 times dilution exhibited the highest biomass growth (5.2.2. 

Microalgal growth), this dilution factor is used for the following experiment under 

simulated biogas. 

 
4.2.4 Control for nutrient removal 

Determining at what extent Scenedesmus takes part in nutrient removal from the medium 

is essential. Since it was suspected that other factors could be responsible for nitrogen and 

phosphorus depletion, a control was implemented. In 3 sealed flasks, the 10 times diluted 

digestate was stirred with pH adjusted at 7, 8 and 9 for 10 days with no microalgae. pH,  

TN, NH4-N and TP were measured at the start and at the end of the control (see Appendix 

9). 

 

 
Figure 23. TN, NH4-N and TP removal efficiency in 10 times diluted digestate with no 

microalgae at pH 7, 8 and 9 

Culture C7 C8 C9 

pH (day 1) 7,24 8,12 9,12 

pH (day 10) 8,06 8,7 9,09 

Table 4. Evolution of pH in control flasks 

10,5
13,8 12,3

4,1
7,9 8,3

67,0 67,8 66,1

0,0

10,0

20,0

30,0

40,0

50,0

60,0

70,0

80,0

90,0

100,0

7 8 9 7 8 9 7 8 9

R
em

o
va

l (
%

)

pH

TN NH4-N TP 



  
 

25 

 

As shown in Table 4, pH increased for C7 and C8, but remained stable in C9. Overall, 

even if pH was different, the removal efficiencies in Figure 23 are very much alike. TN 

was partly removed from the flasks with similar ratios probably due to ammonia 

stripping. With increasing pH, more ammonia can be stripped to the air as this form is 

favoured by alkaline pHs. Thus, TN removal in the first experiment (47.7 % in Figure 20) 

was partially caused by ammonia volatilization. Regarding phosphorus, the formation of 

small precipitates was observed in the control bottles, confirming the hypothesis of metal 

precipitation. Indeed, approximately 67 % of total phosphorus was precipitated, a form 

unavailable to microalgae. In Figure 22, 87 % of phosphorus was depleted in the 10 times 

diluted digestate with Scenedesmus. The reduction cannot be entirely associated to 

precipitation: at least 20 % is attributed to algae cells. Moreover, as microalgae consumed 

dissolved phosphorus, some precipitated phosphorus dissolved back into the medium and 

was used by the algal biomass. Thus, Scenedesmus was probably responsible for more 

than 20 % of the removal. An equilibrium exists between the precipitated and dissolved 

form. However, the nature of the precipitates is unknown, so the solubility cannot be 

determined. 

 

In further experimental trials, to get a better understanding of nutrient removal and its 

effect, the recommendation is to harvest the algal biomass produced and analyse its 

content to determine to which extent Scenedesmus takes part in nutrient removal from the 

medium.  

 

4.3 Batch culture under simulated biogas 

4.3.1 Control parameters 

 

 
Figure 24. Evolution of pH over time in 10 times diluted digestate under simulated 

biogas 

Figure 24 shows the evolution of pH over time in 10 times diluted digestate under 

simulated biogas (see Appendix 10). At the start of the experiment, the headspace of the 

flasks was filled with simulated biogas. Carbon dioxide dissolved in the medium and 

lowered pH to 6.8 on the second day. The following days, pH steadily increased with 

similar values for both cultures until exceeding 8 on day 10. Compared to the first 

experiment, pH was easier to control because of a bigger and more “constant” CO2 flow. 

As microalgae captured CO2 during photosynthesis, pH rose. During respiration at night, 
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the algae cells released CO2, causing pH to decrease. The CO2 supply was not continuous, 

CO2 consumed by microalgae was not replaced since it was a batch experiment. This 

explains the gradual increase of pH. If the CO2 supply was continuous, pH would remain 

stable below 7. 

 

 
Figure 25. Evolution of absorbance over time in 10 times diluted digestate under 

simulated biogas 

Figure 25 above presents the absorbance measured during the experiment under simulated 

biogas (see Appendix 11). The absorbance rose gradually for each culture with very 

similar trends. As CO2 was exhausted by algae cells, growth slowed down starting from 

day 6 where absorbance increased at a slower pace. An absorbance of 2.5 was achieved at 

the end of the trial, superior to the absorbance (Figure 15) reached in the previous 

experiment. The greater control over pH provided by CO2 was beneficial to Scenedesmus. 

 
4.3.2 Microalgae growth 

 

 
Figure 26. Evolution of biomass dry weight over time in 10 times diluted digestate under 

simulated biogas 

Figure 26 introduces the biomass dry weight in 10 times diluted digestate under simulated 

biogas over time (see Appendix 12). Microalgae survived in each flask. The initial 

concentration was 126.5 mg/L. Since they were batch cultures, the biomass weight was 

only checked at the beginning and at the end to not disturb the system. The algal biomass 

(924 mg) was superior to the one obtained in the first experiment (687 mg) visible in 

Figure 16. As it was inferred by the evolution of absorbance in Figure 25, a smaller 
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supply of CO2 spread over 10 days was favourable to the development of the strain. Since 

pH was maintained under 8 during the trial, potential inhibitory compounds such as 

ammonia (Figure 4) favoured by alkaline pH were limited. The simulated biogas had a 

positive effect on microalgae development. 

 
4.3.3 Nutrient removal 

 

 
Figure 27. COD, TN, NH4 and TP removal over time in 10 times diluted digestate under 

simulated biogas 

 
Figure 28. COD, TN, NH4 and TP removal efficiency in 10 times diluted digestate under 

simulated biogas after 10 days 

 Culture COD TN TP 

RE (%) No biogas 10 47.7 87.3 

RE (%) With biogas 9.0 48.5 84.4 

Table 5. Nutrient removal efficiencies in 10 times diluted digestate with/without biogas 

Figure 27 and 28 show nutrient removal and removal efficiency over time in 10 times 

diluted digestate under simulated biogas (see Appendix 13). As listed in Table 5, the 

removal efficiencies for COD, TN and TP in this trial with simulated biogas are similar to 

the experiment without biogas. No clear-cut difference was made in nutrient removal 
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efficiency by the presence or not of biogas. In conclusion, the simulated biogas didn’t 

enhance nor interfere with nutrient elimination from the digestate. 

 
4.3.4 Biogas cleaning 

 
Figure 29. Evolution of CO2 and CH4 ratio over time in the simulated biogas 

 

 
Figure 30. CO2 and CH4 removal efficiency over time in the simulated biogas 

Figure 29 above shows the CO2 and CH4 ratio and removal efficiency in the simulated 

biogas during the experiment (see Appendix 14 and 15). The CO2 level in the flasks 

decreased constantly from 35.3 % to 1.4 % which equals to a removal of 96 %. The result 

is satisfactory as other researches with Scenedesmus species registered lower CO2 

reductions in Table 6 below. When photosynthesis occurred, the algae cells assimilated 

dissolved CO2 to develop, explaining its exhaustion. 

 

Specie Condition CO2 removal (%) Reference 

Sc. obliquus Bag; 7d 60.1 [54] 

Sc. obliquus + activated sludge Bag; 10d 75 [37] 

S. obliquus (FACHB-31) Bag; 7d 78.8 [58] 

Table 6. Comparison of CO2 removal by Scenedesmus species 
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In most experiments, regardless of the conditions, the CH4 concentration increased as the 

CO2 concentration decreased [59]-[61]. However, here, the CH4 content was reduced 

from 32.3 % to 10 %, a removal of 69 %. Prandini et al. [62] observed this phenomenon 

during the cultivation of Scenedesmus spp. in unsterilized digestate. After each biogas 

injection in the reactor, the CH4 level constantly decreased with losses of respectively 15 

% in mixotrophic (light-dark cycle of 12 h) conditions and 18 % in autotrophic (24 h of 

light) conditions. It was attributed to “methanotrophic bacteria” which are organisms 

using methane as the only source of carbon and energy [63]. As stated previously, the 

glassware and the digestate were sterilized by autoclave. However, bacteria could have 

infiltrated the cultures during inoculation. As methane was the wanted product in biogas, 

methanotrophs were undesirable in this experiment. 

 

The recommendation is to autoclave the digestate and the distilled water and to dilute the 

digestate right before the experiment and not in advance. It is also advised to renew and 

autoclave the f/2 medium used for the stock cultures frequently. 

 

4.4 Further recommendations 

A single specie was investigated in this trial. As explained in Table 1, microalgae have 

different metabolisms with some using exclusively inorganic or organic compounds or 

not requiring light. This characteristic is reminded because some species may be better 

adapted to the digestate than Scenedesmus SCCP K-1826. Thus, it is recommended to 

select other species and evaluate their development in the digestate. 

 

If “open-air” cultures are run, it is advised to provide a better pH control. The parameter 

needs to be controlled permanently. When the measurement derives from the ideal 

implemented value, the valve for CO2 can be opened and small doses can be injected to 

correct pH. 

 

When photosynthesis is ongoing, oxygen is produced by algal biomass. Dissolved oxygen 

(DO) can be inhibitory to microalgae growth [64], so this parameter should be monitored. 

 

5. Conclusion 

In the first trial, Scenedesmus SCCP K-1826 survived in all diluted digestates. The 

highest biomass production was achieved with the 10 times dilution. COD removal was 

not successful, and it was theorized that the remaining carbon compounds were hardly 

degradable. Scenedesmus was efficient at eliminating total nitrogen and total phosphorus 

without distinction between dilutions. However, it was suspected that other processes 

such as ammonia stripping and phosphorus precipitation were contributing to the 

removal. A control implemented at various pH in the 10 times diluted digestate showed 

that there was a slight TN removal and quite important TP elimination. It indicates that 

pollutant elimination can be partly attributed to other mechanisms. 

 

Microalgae cultivated in the 10 times diluted digestate under the simulated biogas 

experienced a better growth because of the more “constant” supply of CO2. pH control 

was easier as well, not displaying abrupt peaks as in the previous experiment. Nutrient 

removal efficiencies were comparable to the values obtained in non-batch cultures. 

Carbon dioxide was efficiently removed and consumed by algae cells during 

photosynthesis with a final elimination of 96 %. 69 % of methane was also depleted. The 
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cultures were probably contaminated at some point by bacteria which oxidized methane 

as their sole source of carbon and energy. 

 

Cultivating microalgae in effluent from anaerobic digestion enables simultaneous nutrient 

removal and CO2 capture from biogas. With its numerous applications in different fields, 

the produced algal biomass appears as valuable and renewable feedstock. Despite a 

certain interest in microalgae, several factors impacting the process need to be further 

studied such as microalgae species, variability of digestate, location, costs, energy 

balance. 
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7. Appendixes 

7.1 Absorbance over time of various diluted digestates  

Day 5 6 8 9 10 11 13 14 15 

C10a 1,134 1,370 1,731 1,941 2,102 2,150 2,223 2,262 2,257 

C10b 1,230 1,477 1,831 2,018 2,132 2,173 2,296 2,280 2,301 

Average 1,182 1,424 1,781 1,980 2,117 2,162 2,260 2,271 2,279 

C20a 1,031 1,131 1,287 1,320 1,430 1,414 1,437 1,390 1,435 

C20b 0,966 1,066 1,219 1,311 1,338 1,275 1,283 1,259 1,230 

Average 0,999 1,099 1,253 1,316 1,384 1,345 1,360 1,325 1,333 

C30a 0,950 1,124 1,217 1,295 1,264 1,297 1,238 1,213 1,264 

C30b 0,920 1,070 1,158 1,270 1,302 1,288 1,294 1,266 1,220 

Average 0,935 1,097 1,188 1,283 1,283 1,293 1,266 1,240 1,242 

 

7.2 Biomass dry weight over time in various diluted digestates  

Culture Unit Day 1 Day 5 Day 10 Day 15 

C10a mg/L 155 226 658 730 

C10b mg/L 152 268 716 818 

Average mg/L 154 247 687 774 

C20a mg/L 173 264 516 612 

C20b mg/L 168 292 492 560 

Average mg/L 170 278 504 586 

C30a mg/L 164 288 504 530 

C30c mg/L 154 270 422 458 

Average mg/L 159 279 463 494 

 

7.3 COD over time in various diluted digestates 

Culture Unit Day 1 Day 5 Day 10 Day 15 

C10a mg/L 380 372 336 341 

C10b mg/L 380 375 348 353 

Average mg/L 380 374 342 347 

C20a mg/L 190 196 160 168 

C20b mg/L 190 192 158 174 

Average mg/L 190 194 159 171 

C30a mg/L 127 123 126 144 

C30b mg/L 127 127 108 130 

Average mg/L 127 125 117 137 
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7.4 COD removal efficiency over time in various diluted digestates 

Culture Unit Day 5 Day 10 Day 15 

C10a % 2,1 11,6 10,3 

C10b % 1,3 8,4 7,1 

Average % 1,7 10,0 8,7 

C20a % -3,2 15,8 11,6 

C20b % -1,1 16,8 8,4 

Average % -2,1 16,3 10,0 

C30a % 3,1 0,8 -13,4 

C30b % 0,0 15,0 -2,4 

Average % 1,6 7,9 -7,9 

 

7.5 TN over time in various diluted digestates 

Culture Unit Day 1 Day 5 Day 10 Day 15 

C10a mg/L 174,1 125,4 100,0 59,6 

C10b mg/L 174,1 117,6 82,0 60,2 

Average mg/L 174,1 121,5 91,0 59,9 

C20a mg/L 87,0 60,0 51,8 29,6 

C20b mg/L 87,0 69,0 40,8 31,7 

Average mg/L 87,0 64,5 46,3 30,7 

C30a mg/L 58,0 42,6 18,5 15,1 

C30b mg/L 58,0 36,2 27,1 15,1 

Average mg/L 58,0 39,4 22,8 15,1 

 

7.6 TN removal efficiency over time in various diluted digestates 

Culture Unit Day 5 Day 10 Day 15 

C10a % 28,0 42,6 65,8 

C10b % 32,4 52,9 65,4 

Average % 30,2 47,7 65,6 

C20a % 31,1 40,5 66,0 

C20b % 20,7 53,1 63,6 

Average % 25,9 46,8 64,8 

C30a % 26,6 68,1 74,0 

C30b % 37,6 53,3 74,0 

Average % 32,1 60,7 74,0 
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7.7 TP over time in various diluted digestates 

Culture Unit Day 1 Day 5 Day 10 Day 15 

C10a mg/L 3,17 2,88 0,43 0,36 

C10b mg/L 3,17 2,79 0,38 0,32 

Average mg/L 3,17 2,84 0,40 0,34 

C20a mg/L 1,59 1,39 0,14 0,15 

C20b mg/L 1,59 1,26 0,15 0,14 

Average mg/L 1,59 1,33 0,14 0,15 

C30a mg/L 1,06 0,89 0,38 0,14 

C30b mg/L 1,06 0,90 0,10 0,13 

Average mg/L 1,06 0,90 0,24 0,13 

 

7.8 TP removal efficiency over time in various diluted digestates 

Culture Unit Day 5 Day 10 Day 15 

C10a % 9,1 86,6 88,7 

C10b % 12,0 87,9 90,0 

Average % 10,6 87,3 89,4 

C20a % 12,3 91,1 90,5 

C20b % 20,5 90,8 91,2 

Average % 16,4 90,9 90,9 

C30a % 15,8 63,8 86,9 

C30b % 14,8 90,2 87,8 

Average % 15,3 77,0 87,4 

 

7.9 TN, NH4-N and TP in control flask with no microalgae at pH 
7, 8 and 9 

  Day 1 Day 10 Removal 

Control at pH… Parameter mg/L mg/L % 

7 TN 155 138,8 10,5 

8 TN 155 133,6 13,8 

9 TN 155 136,0 12,3 

7 NH4-N 142,6 136,8 4,1 

8 NH4-N 142,6 131,4 7,9 

9 NH4-N 142,6 130,8 8,3 

7 TP 3,2 1,0 67,0 

8 TP 3,2 1,0 67,8 

9 TP 3,2 1,1 66,1 
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7.10 pH over time in 10 times diluted digestate under simulated 
biogas 

Day 2 3 4 5 6 7 8 9 10 

Culture 1 6,8 6,8 7,0 7,1 7,1 7,3 7,4 7,8 8,4 

Culture 2 6,8 6,8 7,0 7,2 7,2 7,4 7,5 7,8 8,1 

 

7.11 Absorbance over time in 10 times diluted digestate under 
simulated biogas 

Day 2 3 4 5 6 7 8 9 10 

Culture 1 0,9 1,2 1,7 2,0 2,2 2,3 2,5 2,5 2,5 

Culture 2 1,0 1,3 1,8 2,1 2,3 2,3 2,4 2,4 2,4 

 

7.12 Biomass dry weight over time in 10 times diluted digestate 
under simulated biogas 

Culture Unit Day 1 Day 10 

Culture 1 mg/L 131 992 

Culture 2 mg/L 122 856 

Average mg/L 126,5 924 

 

7.13 Nutrient removal and removal efficiency over time in 10 
times diluted digestate under simulated biogas 

  Concentration (mg/L) Removal (%) 

Parameter Culture Day 1 Day 10 Day 10 

TN 

Culture 1 156,0 78,2 49,9 

Culture 2 156,0 82,6 47,1 

Average 156,0 80,4 48,5 

NH4 

Culture 1 140,4 68 51,6 

Culture 2 140,4 74,2 47,2 

Average 140,4 71,1 49,4 

COD 

Culture 1 366 339 7,4 

Culture 2 366 327 10,7 

Average 366,0 333,0 9,0 

TP 

 

Culture 1 3,07 0,53 82,8 

Culture 2 3,07 0,43 83,7 

Average 3,07 0,5 86,0 
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7.14 CO2 ratio and removal efficiency over time in the simulated 
biogas 

 CO2 (%) 

 Culture 1 Culture 2 Average Removal 

Day 1 35,3 35,3 35,3 0 

Day 2 23,1 24,8 24,0 32,2 

Day 4 15,2 17,2 16,2 54,1 

Day 6 8,5 9,2 8,8 75,0 

Day 8 4,7 5,4 5,0 85,7 

Day 10 0,6 2,1 1,4 96,1 

 

7.15 CH4 ratio and removal efficiency over time in the simulated 
biogas 

 CH4 (%) 

 Culture 1 Culture 2 Average Removal 

Day 1 32,3 32,3 32,3 0,0 

Day 2 23,9 24,6 24,3 24,8 

Day 4 18,5 19,1 18,8 41,9 

Day 6 15,6 14,6 15,1 53,2 

Day 8 10,7 12,7 11,7 63,8 

Day 10 9,6 10,5 10,0 69,0 
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