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5.1 Introduction 

 
In order for the treatment process to claim success in removing a significant load of perhaps the 

most important and potentially offensive component of the wastewater: i.e. the ammonia 

component; effective capture of ammonia, whether by biological uptake or other means is 

necessary. Under the best circumstances demonstrated so far it appears that microalgae are 

likely to capture only part of the ammonia present in the ADPE, and loss to the atmosphere will 

tend to occur in an open system. For these reasons the experiment reported herein has been 

performed within a closed system so as to avoid loss of ammonia nitrogen to the atmosphere 

and enable capture (and potential reuse) of the volatilised component, as well as the algal 

biomass component. Due to the chemical properties of ammonia, stripping to the atmosphere 

is prone to occur mainly at high pH and high concentrations of ammonium. The pKa of 

ammonia is around 9.7 at 10 °C and around 9.1 at 30 °C (Emerson, 1975) which, although high 

is not unusual for undiluted ADPE. Unfortunately the ammonium concentration of ADPE is 

difficult to regulate as it depends mainly on the rates of water being flushing into the system 

via water use at the piggery. As freshwater is a limited resource, dilution of the ADPE is 

generally not considered practical under most real-world circumstances (Ayre et al. 2017). 

Fortunately pH can be adjusted via addition of readily available chemical additives, and 

importantly pH can be lowered by addition of CO2, effectively reducing the tendency of 

ammonia to strip into the air. As large volumes of CO2 are freely available as an output of the 

anaerobic digestion system, naturally occurring in biogas and also via combustion of the 

methane component of the biogas. Therefore lowering of the pH can be realistically achieved 

in a real world microalgae cultivation system using ADPE media. 

The tendency for ammonia loss to the atmosphere is one of the main   factors responsible for 

odour problems around agricultural facilities and specifically piggeries. Use of concentrated 

effluent as a fertiliser for crops is often restricted due to odour concerns. However, the high 
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concentration of ammonia nitrogen in the effluent is certainly a rich nutrient source to be valued 

under the right circumstances. For this reason, closed bioreactors are an attractive target for 

research investigating removal of ammonia nitrogen from ADPE (Nwoba et al. 2016). The 

overall aim of current study was to reveal the optimal balance of ammonia concentration and 

pH for growth of microalgae while reducing ammonia loss to the air. 

5.2 Materials and methods 

 
The experiment documented in this chapter included growth of a  microalgae culture with two 

starting pH conditions: pH 7 in order to test a system with lower tendency for ammonia 

volatilisation, and also pH 9 in order to reveal the properties of a system where volatilisation is 

elevated. Typically fresh ADPE has been found to have a pH around 8.5 tending toward 

significant volatilisation and odour concern. Different ammonium N concentrations were also 

tested to cover a range of likely ADPE concentrations: 500, 1000 and 1500 mg N-NH4.L−1. The 

untreated ADPE obtained for this study tended to have a concentration around 1100 mg 

N-NH4.L−1. The range of variables used in this study should offer adequate coverage of the 

properties likely to occur in real-world ADPE microalgae cultivation systems. The experiment 

was performed within a tightly controlled, indoor bioreactor tracking dissolved oxygen levels 

in the wastewater, pH conditions (in both the growth and ammonia capture flasks containing 

DI water) and most of the nitrogen changes occurring during the course of the study were 

measured.  Due to the limitations of the   experiment atmospheric NOX was unable to be tested, 

and some ammonia remaining in the air within the system was not able to be measured, 

however, starting and end point concentrations of ammonium, nitrite and nitrate were analysed. 

5.2.1 Microalgae stock culture 

 
Stock cultures were established indoors to acclimate the microalgae to the experimental 

conditions. Anaerobic digestate of piggery effluent (ADPE) was obtained from the Medina 
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station piggery and sand filtered in batches before having ammonium concentration and pH 

adjustments made immediately prior to use as a growth media. Several laboratory and vacuum 

flasks were used for growth of the cultures during acclimation. These included aerated 2L 

vacuum flasks containing 1L of media each with continuous aeration via an aquarium air pump 

and also larger 5L flasks containing 3L unaerated media. These were continually mixed via 

magnetic stirrer at 4000 rpm. The 2L flasks were aerated using an aquarium air pump and 1mm 

pipette tips as air outlets into the media.  

Lighting was provided using LED tubes at around 200 - 550 µmol photons m−2s−1 illumination 

for a period of 16 hour light and 8 hours dark. Laboratory temperature was maintained at 

24.5±0.5 °C. The two 5L flasks containing 3L each were left in batch phase growth without 

further intervention, and served primarily as backup  cultures in case needed. The three culture 

flasks containing 1L volume each were maintained at an ammonium concentration matching 

the experiment conditions (ie. 500, 1000 and 1500 mg N-NH4.L-1 depending on the upcoming 

experiment). Due to volatilisation of the ammonia from the media, occasional replacement of 

the growth media was performed for these stock cultures (roughly once every 1 to 4 weeks). 

Replacement of the growth media was performed via centrifugation and resuspension of the 

wet algal biomass into newly prepared ADPE at the desired dilution level using DI water. 

5.2.2 Collection and storage of anaerobic digestate of piggery eluent (ADPE) 

 

Samples of anaerobic digestate of piggery effluent (ADPE) were taken from Medina Research 

Station, Kwinana, Western Australia via submersible pump and transported in 1000L liquid 

transport containers (IBC). Filtration was performed using a simple sand filtration system 

gravity fed from one IBC container through a 30L volume of sand and gravel and allowed to 

gravity flow through to another IBC (Ayre et al., 2017). Samples were then put aside in 30L 

drums for longer term storage. 
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5.2.3 Preparation of growth media  

 
Determination of ammonium concentration from the stored ADPE was performed and the 

appropriate dilution level calculated. Where necessary ammonium concentration was increased 

using ammonium chloride. Dilution was performed using DI water and the media was mixed 

on a magnetic stirrer while pH adjustment was carried out using 1 molar HCl to reduce the pH 

or 1 molar KOH to increase to the desired level. 

5.2.4 Suspension of microalgae 

 
The stock culture was centrifuged at 3000 rpm for around 10 min and the supernatant poured 

off. The wet algal biomass was then weighed and resuspended into the growth media at 9.9g 

wet weight biomass per litre of medium. 

5.2.5 Setup of the algae growth chamber 

 
Algae growth under each set of experimental conditions was carried out over 4 days. Systems 

inoculated with microalgae with replicates staggered so that two pH conditions were tested 

together in duplicate, and then repeated again to provide four replicates in total. Controls with 

no algal biomass inoculation were carried out in duplicate. Light levels of the growth chamber 

were set at 550 µmol photons m−2s−1. Temperature of the enclosed growth system varied from 

24.5 ±0.5 °C under dark conditions to 29.5 ±0.5 °C under light conditions. Aeration was 

provided through the growth flasks via large aquarium air pumps enclosed within sealed 30L 

polyethylene drums and supplied to the growth flasks with silicon tubing. Aeration was 

provided in a continuous cycle of 15 minutes on then 15 minutes off. Magnetic stirrers were 

mixing the growth cultures continuously at 1500 rpm. Growth flasks were fitted with DO and 

pH probes to monitor growth conditions. Probes were connected to electronic units outputting 

analogue voltage or milliamp data signal to either a USB data logger or DT80 model DataTaker 

device connected to a PC to facilitate recording of the pH and DO readings. 
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Samples of 10mL for ammonia and other nutrient analysis was withdrawn daily via syringe, 

and either analysed immediately or frozen for later analysis. 

5.2.6 Setup pf the ammonia capture chambers  

 
Silicon tubing also recirculated the airflow from the headspace of the growth flasks through to 

the ammonia capture flasks. These flasks consisted of 1L of DI water. Monitoring of pH was 

performed via enclosed probes, and 10mL samples were withdrawn for ammonium and 

alkalinity analysis daily via a syringe, and either analysed immediately or stored frozen for 

analysis at a later date. 

5.2.7 Analytical 

 
Analyses of Ammonium, Nitrite, Nitrate and Alkalinity were carried out using a Merck 

‘Spectroquant Move 100’ test kit. Ash-free dry weight determination was carried out in 

triplicate using the method of Zhu and Lee Zhu and Lee (1997). Concentrations of pCO2 were 

determined by using the CO2sys software for Microsoft Excel (Lewis et al., 1998). Software 

used for data processing were Apple Numbers, Microsoft Excel, the R scripting language and 

DataGraph for graphical presentation. For graphical presentation of the data where n=4, 

Standard Errors were used for the ribbon graphs. Where n=2 Min and Max values were used 

for the ribbon graphs. 

5.3 Results and discussion 

 
Under all experimental conditions the concentration of biomass in the culture medium remained 

relatively stable (Figures 1 to 3). Although this appears to indicate no obvious growth, for the 

given four day period no obvious culture crash was evident either (Figures 1 to 3). The 

introduced biomass appeared to have  a significant impact on the oxygen levels under most 

conditions, and a quicker reduction and stabilising of the pH close to 7, even for the pH=9 
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starting conditions. Interestingly, during the course of the experiment nitrogen appears to be 

released into the system which may come from organics in the ADPE or biomass (Figure 4), 

although the ammonium concentration and pH both decrease during the four day period in the 

growth flask for all conditions. 

The inoculated ADPE grown culture systems at a concentration of 1500 mg N-NH4.L−1 

appeared to have an inhibition effect limiting the overall reduction in ammonium concentration 

in the ADPE media (Figure 3). Little to no difference between the inoculated and uninoculated 

outcome for the change in ammonium concentration was seen, although the inoculated systems 

still exhibit a benefit of reduced migration of the ammonium to the capture flasks which appears 

to be due to a reduction of pH due to inoculation of the biomass (Figure 3). Although there was 

little observed nitrate conversion, this pH reduction might be expected under conditions of 

nitrification (Brewer and Goldman, 1976), and nitrification was certainly evident in the lower 

ammonium concentration conditions.   
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Figure 2. Results of ammonium loss and changes at starting conditions: 500mg N-NH4⋅L-1, (a) - (e): 

Growth medium flasks containing the wastewater medium. (f) - (i): Ammonia capture flasks containing 
DI water. (a), (c), (e), (f) and (h): Systems including growth flasks inoculated with biomass. (b), (d), (g) and 
(i): Systems without inoculation. The following symbols and shading patterns are used in the panels on the 

graph. The ±values are standard error where n=4, or min and max values where n=2. 
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Figure 3. Results of ammonium loss and changes at starting conditions: 1000 mg N-NH4+⋅L-1, (a) - (e): 
Growth medium flasks containing the wastewater medium. (f) - (i): Ammonia capture flasks containing 

DI water. (a), (c), (e), (f) and (h): Systems including growth flasks inoculated with biomass. (b), (d), (g) and 
(i): Systems without inoculation. The following symbols and shading patterns are used in the panels on the 

graph. The ±values are standard error where n=4, or min and max values where n=2. 
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Figure 4. Results of ammonium loss and changes at starting conditions: 1500 mg N-NH4+⋅L-1, (a) - (e): 
Growth medium flasks containing the wastewater medium. (f) - (i): Ammonia capture flasks containing 

DI water. (a), (c), (e), (f) and (h): Systems including growth flasks inoculated with biomass. (b), (d), (g) and 
(i): Systems without inoculation. The following symbols and shading patterns are used in the panels on the 

graph. The ±values are standard error where n=4, or min and max values where n=2. 
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Figure 5. Gross nitrogen changes in ADPE wastewater media across different growth conditions. (a), (c) 
and (e): Growth systems starting at pH 7. (b), (d) and (f): Growth systems starting at pH 9. (a) and (b) : 

Growth systems starting at 500mg N-NH4⋅L-1. (c) and (d) : Growth systems starting at 1000mg N-NH4⋅L-1 

(e) and (f) : Growth systems starting at 1500mg N-NH4⋅L-1 
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At the end of the four day period both 500 and 1000 mg N-NH4.L−1 conditions resulted in very 

similar ammonium concentrations (Figure 1 and 2 panel c). This seems to be largely due to 

nitrification driving the N conversion under the higher N concentration conditions (Figure 2). 

Although the N has been largely converted to nitrate for the 1000 mg N-NH4.L−1 starting 

conditions, the ammonium was reduced by 86% and 88 % for pH starting conditions 7 and 9 

(Figure 2). For starting pH 7 and 9 at 500 mg N-NH4.L−1 ADPE ammonium concentration 

reduced by 73% and 84% (Figure 1). Although the pollution potential of the ADPE has not 

been eliminated in the case of high nitrate levels, the reduction in odour and potential for N 

volatilisation seems to be a positive effect of this cultivation system. 

5.4 Conclusion 

 
In conclusion. the results of this experiment demonstrated that with a relatively unsophisticated 

system, merely driving a stream of air through the ADPE based algal culture and into a neutral 

pH medium such as DI water can facilitate capture of a large portion of ammonia that would 

otherwise be   lost to the atmosphere. The introduction of the microalgal inoculum into the 

ADPE medium also further reduces loss of ammonia when compared to an uninoculated 

system, even with only a stable concentration of algal biomass present and minimal to no 

growth observed. At the starting pH of pH=9 most of the volatilisation tends to occur quickly 

often within one day or so, however the lower pH of pH=7 leads to a slower and steady loss of 

ammonia to the capture media. Also at ammonium concentrations of 1000 mg N-NH4.L−1 and 

lower nitrification is a very significant component of ammonia nitrogen conversion pathways 

in the inoculated system. With regards to overall reduction of ammonium concentration and 

potential for volatilisation of ammonia to the atmosphere both starting ammonium 

concentration of 500 and 1000 mg N-NH4.L−1 coped equally well. Under all inoculated systems, 

the final properties of the DI water based ammonia capture medium are a low ammonium 
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(around 250 mg N-NH4.L−1 or less) concentration solution with no observable colour and no 

obvious biological contamination. With careful addition of phosphate and micronutrients this 

could serve as a cultivation medium for further microalgal cultivation and could be an 

interesting target for further study. This research raises the potential for development of a multi-

stage stepwise reduction in the   nutrient load across several systems perhaps comprising closed 

photobioreactors leading onto larger outdoor cultivation systems. 
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6.1 Abstract 

 
 Microalgal biomass grown in wastewater can be a sustainable source of animal feedstock. We 

have previously shown the feasibility of mass algal cultivation on undiluted anaerobic digested 

piggery effluent (ADPE). In this study, we evaluated the nutritional value, pathogen load, in 

vitro digestibility and potential physiological energy (PPE) of ADPE-grown microalgae as a 

potential pig feedstock. Pathogen load of ADPE-grown microalgae was within regulatory 

limits. Crude protein and essential amino acid content was comparable with a number of other 

vegetable protein sources for pig, but was slightly lower in some essential amino acids than 

soybean meal (SBM). Fatty acid composition of the microalgae was favourable with an omega-

3:omega 6 ratio of ~1.9, which may offer potential for value-adding uses in some diets. In vitro 

digestibility, the digestibilities were higher in faeces than at the ileum and were lower for the 

defatted microalgae biomass. The (theoretical) net energy values of ground and bead-milled 

algae samples were found to be comparable to conventional de-hulled sunflower meal used as 

a feeding ingredient for pigs but were lower than SBM.  

 

6.2 Introduction 

 
The surge in world population coupled with increase in average household income is projected 

to double the requirement of animal-based products (e.g. meat, milk and eggs) and challenge 

the bio-capacity (e.g. forestry, fishery and crop reserves) of our planet (McMichael et al., 2007). 

The apparent increase in meat demand will most certainly overextend current livestock 

agricultural practices for conventional food crops such as corn and soybean, commonly used 

for the nourishment of food producing animals (Lum et al., 2013). In addition, the consumption 

of corn and soybean as human food and their current exploitation as bioenergy feedstock poses 

a direct conflict to global nutrition security (Lum et al., 2013). Thus, there is great need for 
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alternative raw materials for animal feed production that are not only economical but also 

environmentally tenable.  

Microalgal biomass is a potential candidate for the production of various commodities such as 

animal feed (Vanthoor-Koopmans et al., 2013). Microalgae have a significantly higher biomass 

productivity than any other photosynthetic organisms (Spolaore et al., 2006) and most 

importantly, microalgal cultivation does not compete with food crops over arable land 

(Spolaore et al., 2006). Microalgal biomass can impact animal growth and development by 

supplying a range of nutrients such as vitamins, minerals and essential fatty acids, affecting 

immune responses and fertility as well as improving animals external appearances through skin 

pigmentation (Spolaore et al., 2006). It is estimated that approximately 30% of total microalgal 

biomass cultivated around the world is currently sold as animal feed (Becker, 2004).  

Nonetheless, various challenges and obstacles remain in realizing the true potential of 

microalgae biomass as a source of animal feed. Among the prominent factors, limiting the 

commercialization of any algal production system is the overall economics (Milledge, 2011). 

Elevated cost factors such as the capital (Capex) and operating expenses (Opex) have 

significantly hampered the scaling up of these facilities especially for the production of low 

cost commodities such as bioenergy and animal feed (Spolaore et al., 2006). Thus, a first 

priority should be focussed on optimizing production efficiency while successfully minimizing 

energy use and associated costs to achieve feasible yields of microalgae. Fertilisers are a major 

Opex for any algal production and the use of wastewater is an ideal solution for reducing such 

cost (Cai et al., 2013). Anaerobically digested piggery effluent (ADPE) is a wastewater that has 

to be treated before being released to the environment (Tucker et al., 2010). The cultivation of 

microalgae on ADPE would serve as an innovative strategy for animal waste management and 
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low-cost algal-based animal feed production. Such an integrated system would most certainly 

allow for the following benefits (Zhou et al., 2012): 

1) The ADPE produced in piggeries is rich in nutrients that cannot be directly released into 

environmental water bodies. 

2) Cultivation of microalgae on ADPE would allow for the assimilation of inorganic nutrients 

by algal cells to be converted into valuable components such as lipids, protein and 

carbohydrate. 

3)  The consumption of nutrients by algal cells would allow for the bioremediation of the 

ADPE. 

4) Algal biomass produced from ADPE could be used a high nutritious feed source for animals 

such as pigs. 

Previously, we isolated a microalgal consortium capable of growing on undiluted ADPE with 

up to 1600 mg L-1 ammonium NH4
+ (Ayre et al., 2017). This selected microalgal consortium 

can also efficiently and reliably strip nutrients (e.g. over 40 mg NH4-N L−1 d−1) from ADPE 

when using paddle-wheel driven raceway ponds and closed photobioreactors (Ayre et al., 2017; 

Nwoba et al., 2016). 

In the current study, we evaluated the potential use of ADPE-grown microalgal biomass as a 

feed ingredient for pigs by 1) examining the nutritional and biochemical properties of ADPE 

grown harvested biomass, 2) testing the bacterial load of biomass; and (3) evaluating in vitro 

digestibility of this biomass as a potential feed ingredient for pigs. Such a study would prove to 

be vital in the total risk analysis of the use of ADPE-grown microalgae a feedstock for pigs. 

 



121 
 

6.3 Materials and methods 

 

6.3.1 Microalgae consortium and cultivation conditions 

 
The microalgal consortium (Chlorella sp. and Scenedesmus sp) used in this study was  

described in our previous studies (Ayre et al., 2017; Nwoba et al., 2016). Anaerobic digestate 

piggery effluent (ADPE) was obtained from the Medina Research Station (MRS) located in 

Kwinana, Western Australia (32.2376° S, 115.8285° E). Medina Research Station employs a 

covered biological anaerobic digestion pond to treat its wastewater (Ayre et al., 2017). Despite 

the anaerobic treatment process, the ADPE is still enriched with a very high inorganic nutrient 

load (e.g. nitrogen and phosphorous) at the point of discharge to the evaporation pond. The 

ADPE collected was sand-filtered and used for the cultivation of microalgae without any further 

pre-treatment (Ayre et al., 2017). Physiochemical properties of the sand-filtered ADPE were 

characterized using standard protocols and are summarized in Table 1. An 11 m2 open raceway 

pond with a single paddle wheel (4 blades = approximately 30 cm.s-1 mixing velocity) operated 

at a depth of 15 cm was employed for microalgal cultivation using ADPE. Samples were 

collected for determination of nitrogen concentration (N-NH3 and N-NO3
-) and COD at 11am 

every second day during the batch and semicontinuous culture to 

An 11 m2 open raceway pond with a single paddle wheel (4 blades = approximately 30 cm.s-1 

mixing velocity) operated at a depth of 15 cm was employed for microalgal cultivation using 

ADPE. Samples were collected for determination of nitrogen concentration (N-NH3 and N-

NO3
-) and COD at 11am every second day during the batch and semicontinuous culture to 

calculate nutrient removal rates. Samples for water nutrient analysis were centrifuged at 3,000 

rpm for 10 min. Supernatants were adequately diluted for analyses. Ammonia and chemical 

oxygen demand (COD) in cultures were measured using Hanna HI 83099 COD and 

Multiparameter Photometer. Microalgal biomass concentration as ash-free dry weight (AFDW) 
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was measured in cultures during the growth period to calculate productivity rates (Moheimani 

et al., 2013).  

 

Table 1. Chemical composition of untreated and undiluted ADPE used for the growth of the microalgae  
(Ayre et al., 2017) 

 
Parameter Value 
Ammonia (mg L-1 NH4

+-N) 960-1000  
Total Phosphate, (mg L-1 PO4-P) 25.0 – 26.5 

Nitrite (µg L-1 NO2-N) 8.0 – 8.5 

Magnesium (Mg L-1 mg) 165 - 175 

Potassium (mg L-1 K) 530 - 545 

Total Iron (mg L-1 Fe) 8.5 -9.5 

Nitrate (mg L-1 NO3-N) 14.0 14.5 

Chemical Oxygen Demand, COD (mg L-1) 1200 - 1350 

Total nitrogen (mg L-1 N) 1050 - 1101 
 

 

6.3.2 Analytical method 

 
The algal biomass required for all analytical measurement in this study was harvested from the 

raceway pond using an industrial scale bucket centrifuge. The harvested algal paste was 

subsequently dried at 60 o C using a conventional oven. After drying, the dried biomass was 

ground using a domestic grinder and sieved down to 1mm in size. For the purpose of in vitro 

digestibility analyses, a portion of the ground and sieved biomass was subjected to further pre-

treatments such as bead milling and defatting. Milling was performed using a planetary ball 

mill (Across International PQ-N2). Agate jars and balls were used for milling the samples. The 

following combination of ball sizes were used: 4 pieces of the 20 mm size, 200 pieces of the 10 

mm size, and 500 pieces of the 6 mm size (around 510 g of the balls per 100 g of dried and 

sieved algal biomass). This protocol used followed the manufacturer’s recommendation of 

maintaining a ratio close to 1:5 of sample to grinding balls. The milling was performed at 
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several intervals arriving at a total of one hour milling time. This consisted of four repeats of 

15 minutes milling:  7.5 minutes rotating clockwise, followed by a one minute pause; then 7.5 

minutes anticlockwise followed by a one-minute pause. Approximately 3 g of processed sample 

were collected after each 15-minute interval for chlorophyll a measurement as a method to 

determine the effectiveness of the grinding on the rupture of the algal cell walls (data not 

shown).  

The defatting of the algal biomass was conducted by mixing 500 g of milled sample with 2 

litres of hexane (Jackson et al., 2017). The mixture was continuously mixed using a magnetic 

stirrer for 6 hours. After mixing, the defatted biomass was subsequently oven dried at 60 oC to 

remove any remaining residue hexane and to deactivate trypsin inhibitors and lectins similar to 

the toasting step of soybean meals (SBM) (Stein et al., 2013). The total lipid content of the 

initial and final samples were evaluated based on the methods of Bligh and Dyer (cited in 

Moheimani et al., 2013).  

The algal biomass nutrient profile (e.g. protein, lipid, carbohydrates, vitamin and minerals) was 

analysed by Upscience Laboratories (Formerly InVivo Labs), Vietnam (www.upscience-

labs.com), which is accredited as a reference laboratory for feed and pet food testing. All 

measurements were based on their standard methods and are summarized in supplementary data 

1. The pathogenic bacteria content of the dried algal biomass was evaluated by the Food 

Hygiene Laboratory, PathWest Laboratory Medicine Western Australia (see supplementary 

data 2) (www.pathwest.health.wa.gov.au).  

The in vitro digestibility of the ground, bead milled and de-fatted ADPE-grown microalgae 

biomass was tested by EuroFins Steins Laboratorium A/S (www.eurofins.dk). In brief, EFOS 

Pig (%) (in English: Enzymatic digestion of organic matter (OM)) determines the content of in 

vitro digestible organic matter for pigs. The sample was incubated with pepsin, followed by 

pancreatin and viscozyme, and the undissolved sample material was filtered off, dried and 

http://www.upscience-labs.com/
http://www.upscience-labs.com/
http://www.pathwest.health.wa.gov.au/
http://www.eurofins.dk/


124 
 

ashed. The solubility of OM is calculated by comparing the dry matter and ashes content after 

the enzyme treatment with dry matter and ash in the original sample. The EFOSi (in English; 

Enzymatic digestion of OM at ileum) was also determined as the basis for a predetermination 

of small intestinal digestibility of organic matter in feed. The sample was incubated with pepsin, 

followed by pancreatin. Dissolved but non-degraded protein was precipitated with 

sulfosalicylic acid, and the solubility of OM is calculated by comparing the dry matter and ashes 

content after the enzyme treatment with dry matter and ash in the original sample.  

The estimated energy value for growing-finishing pigs and for sows of the ground, bead milled 

and de-fatted ADPE-grown algae biomass for pigs were also tested by EuroFins Steins 

Laboratorium A/S (www.eurofins.dk). This methodology comprises part of the Danish Feed 

Evaluation System that is based on (1) chemical analyses of water, ash, crude protein and crude 

fat, (2) in vitro digestibilities at faecal and ileal levels (as described above), and (3) energy 

values of nutrients based on “potential physiological values” (the potential physiological 

energy, or PPE) which represents the theoretical biochemical utilization of energy (i.e., ATP) 

by pigs (Tybirk et al., 2017, Kil et al., 2013). The PPE of different nutrients is independent of 

their metabolic utilization (e.g., oxidation or retention) and, as a result, the PPE calculated from 

various feed ingredients or digestible nutrients are additive in diets containing a mixture of feed 

ingredients and are independent of animal factors (Kil et al., 2013). One feed unit for a growing-

finishing pig (FEsv) is equivalent to 7.38 MJ PPE, and one feed unit for a sow (FEso) is 

equivalent to 7.88 MJ PPE. 

6.3.3 Statistical Analysis  

 
Biomass productivity, pathogen count and in vitro digestibility of samples were measured in 

triplicates. The results are expressed as arithmetic means ± standard error (SE). Significant 

differences in the different pre-treatment were compared using one-way repeated measure (RM) 

http://www.eurofins.dk/
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analysis of variance (ANOVA) followed by the post hoc test of Holm-Sidak (significance was 

based on P < 0.05). All statistical analyses were carried out using SigmaPlot version 12.5 for 

Windows. 

 

6.4 Results and discussion 

6.4.1 Microalgae growth and ADPE nutrient removal 

 
Bioprospecting, establishment and the enrichment procedure of the ADPE-grown microalgae 

consortium used in this study were previously described in Ayre et al. (2017) and Nwoba et al. 

(2016). The microalgae culture was successfully grown in undiluted and sand-filtered ADPE at 

ammonium concentrations ranging between 800 and 1600 mg L-1 and was operated as a semi-

continuous culture with periodical harvesting whenever the cultures reached a pre-determined 

cellular concentration. The harvested microalgae culture used for analysis in this study 

predominantly consisted of Chlorella sp. and Scenedesmus sp. During the cultivation period, 

the culture had an average areal biomass productivity of 2.20 ± 0.49 g m-2 d-1 while nutrient 

removal rates of ammonium and chemical oxygen demand (COD) from ADPE were 1.97 ±0.32 

g m-2 d-1 and 5.83 ± 1.37 g m-2 d-1, respectively (Table 2).  

 
 
Table 2: Areal biomass productivity and nutrient removal rates of microalgal consortium grown on ADPE 

using an 11 m2 paddle wheel driven raceway pond. Culture was operated semi-continuously between 
24/Feb/2017 and 26/Mar/2017 

 
Variable g m-2 d-1, data are n = 5 ± SE 

Biomass productivity 2.20±0.49 
N-NH3 1.97±0.32 
N-NO3- 0.88±1.64 
COD 5.83±1.37 
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6.4.2 Pathogen load 

 
For the effective protection of human and animal health, microbiological regulations on animal 

feed must be met and ensured at all stages (Montville & Matthews, 2007). Microalgal biomass 

grown on any wastewater can be subjected to the risk of pathogen transfer when consumed as 

feed. There is a risk of pathogen survival and transfer from the effluent to any biomass grown 

on the effluent that are to be fed back to the pigs which can be major concern to the pig’s health. 

Therefore, we analysed the concentration of pig pathogens and indicator manure-borne 

bacterial concentrations of the collected biomass (Table 3). Common manure-borne bacteria 

such as Salmonella, Campylobacter, Listeria monocytogenes and pathogenic E. coli O157:H7 

were absent in the algal biomass grown in ADPE, while the population of coliforms and generic 

E. coli (potential pig pathogen) was below 1 CFU/g (Table 3). In general, environmental 

conditions of algal ponds, such as variable pH, high light, high dissolved O2 and shear produced 

by mixing, has been found to limit the survival (up to 99%) of many pathogenic bacteria such 

as coliforms and Salmonella (Moawad, 1968; Shelef et al., 1977).  

Clostridium perfringens, which can cause diarrhoea in piglets, and Coagulase Positive 

Staphylococci were detected in the microalgae sample at a concentration of less than 100 CFU/g 

(Table 3). Clostridium perfringens is a non-motile member of the Clostridium genus and is a 

common cause of food and feed contamination (Čabarkapa et al., 2009). Sulphite reducing 

clostridia have been found in conventional animal feed samples and are generally recognized 

safe below the limit of 1000 cells in 1g (Čabarkapa et al., 2009). 
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Table 3: Pathogenic bacteria load on microalgae biomass grown in ADPE 

Analysis Units Results 
Aerobic Plate Count CFU/g 4000000 

Coliforms CFU/g <1 
E. coli CFU/g <1 

E. coli O157:H7 (BAX PCR) 25g Not Detected 
STEC (BAX PCR) 25g Not Detected 

Coagulase Positive Staphylococci CFU/g <100 
Clostridium perfringens CFU/g <100 
Salmonella (BAX PCR) 25g Not Detected 

Campylobacter 25g Not Detected 
Listeria monocytogenes (BAX PCR) 25g Not Detected 

 

On the other hand, the presence of Coagulase Positive Staphylococci in food products such as 

milk powder and various cheese are common with an acceptable threshold of 10 to 100 CFU/g 

for human consumption (Table 3) (Regulation, 2005). Therefore, the concentrations of 

pathogenic bacteria such as Clostridium perfringens and Coagulase Positive Staphylococci 

below the considered harmful threshold for humans and livestock animals supports the 

application of ADPE- grown microalgae as a potential pig feed.  

Our previous results showed that the O2 concentration in the algal ponds reached as high as 

300% and this could have potentially inhibited the propagation of pathogens in the culture 

Nwoba et al., 2016).  In addition, further downstream processing methods such as pelletization 

of the microalgae into animal feed using heat and pressure would further reduce bacteria load 

of samples (Furuta et al., 1980).  

6.4.3 Nutritional values of microalgae grown in ADPE 

 
In general, microalgae biomass is well characterized as a dietary source of macronutrients 

and micronutrients that can be used as either active ingredients or supplements in the diet of 

animals to satisfy requirements when compared to other conventional sources (Table 4) 

(Madeira et al., 2017). The nutritive value of microalgae for livestock production is seen to 
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vary according to microalgal species used, its biochemical composition (e.g. lipids, protein, 

vitamins, carbohydrate and pigments), and the adaptability of the animal to the microalgae as 

a feed ingredient (Table 4) (Lum et al., 2013).  

 
Table 4: Nutrient composition of conventional feedstuffs and various algae (% dry matter) 

 
Source Crude protein Carbohydrates Lipids 
Soybean 37 30 20 
Corn 10 85 4 
Wheat 14 84 2 
Anabaena cylindrical 43-56 25-30 4-7 
Arthrospira maxima 60-71 13-16 6-7 
Chlorella vulgaris 51-58 12-17 14-22 
Spirogyra sp. 6-20 33-64 11-21 
Synechococcus sp. 73 15 11 

 

The nutritional composition of the microalgae consortium grown in ADPE is summarized in 

Tables 5 and 6, as well as Figure 1. Protein in terms of quantitative requirement can be the most 

expensive nutrient required in animal feeding, thus necessitating the development and 

utilization of cheaper alternatives with superior properties such as microalgae (Kovač et al., 

2013). In this study, the microalgal consortium grown on ADPE had an average crude protein 

(CP) content of 39.2 % of dried biomass (Table 5). The different biomass preparation methods 

such as grinding, bead-milling and de-fatting did not significantly affect the total CP content 

(39.2-40.6%) (Figure 1) (One-way repeated measures ANOVA P > 0.05).   
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Table 5: Nutritional value of microalgae biomass grown in ADPE 

Analysis Unit Per Dry Algal 
Biomass 

Results  

Vitamin A (as retinol-acetate) IU/kg Not detected 
Vitamin E (α-tocopherol) ppm (mg/kg)           47.02 
Vitamin B3 (Niacin) ppm (mg/kg) 61.36 
Vitamin B5 (as Calcium Pantothenic) ppm (mg/kg) 15.18 
Vitamin B1(Thiamin) ppm (mg/kg) 0.95 
Vitamin B2 (Riboflavin) ppm (mg/kg) 10.23 
Vitamin B3 (Niacinamide) ppm (mg/kg) Not detected 
Amino acid profile g/100g 22.97 

Tryptophan g/100g 0.37 
Cystine g/100g 0.33 

Aspartic acid g/100g 2.42 
Methionine g/100g 0.49 
Threonine g/100g 1.10 

Serine g/100g 1.01 
Glutamic acid g/100g 3.65 

Glycine g/100g 1.43 
Alanine g/100g 2.29 

Valine g/100g 1.42 
Isoleucine g/100g 0.88 

Leucine g/100g 2.01 
Tyrosine g/100g 0.75 

Phenylalanine g/100g 1.21 
Histidine g/100g 0.26 

Lysine g/100g 1.24 
Arginine g/100g 1.11 

Proline g/100g 1.38 
Protein g/100g 39.15 
Carbohydrate g/100g 35.30 
Ash g/100g 10.97 
Dry Matter g/100g 91.90 
Hydrolysed fat g/100g 6.48 
Acid Detergent Fiber (ADF) g/100g 12.86 
Neutral Detergent Fiber (NDL) g/100g 23.96 
Acid Detergent Lignin (ADL) g/100g 6.11 
Selenium (Se) ppm (mg/kg) 1.31 
Cobalt (Co) ppm (mg/kg) 6.92 
Sodium (Na) ppm (mg/kg) 1,637 
Potassium (K) ppm (mg/kg) 7,680 
Phosphorus (Total) ppm (mg/kg) 7,825 
Calcium (Ca) g/100g 1.57 
Magnesium (Mg) ppm (mg/kg) 4,311 
Iron (Fe) ppm (mg/kg) 8,998 
Copper (Cu) ppm (mg/kg) 256.64 
Manganese (Mn) ppm (mg/kg) 237.19 
Zinc (Zn) ppm (mg/kg) 1,673 
Gross Energy kJ/g 20 
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The microalgal CP content was found to be higher or equivalent to traditional sources of plant 

protein used in pig feeds, such as full-fat soybean meal (~ 37%), canola meal (solvent extracted; 

~ 31%), DDGS (distillers dried grains with solubles; ~ 27%), sunflower meal (dehulled; ~ 

39%), lupins (~ 31%) and peas (~ 22%). However, the microalgal CP  was lower than (dehulled) 

soybean meal (SBM) (~ 48%) or soy protein concentrate (~ 65%) and soy protein isolate (~ 

85%) (Becker, 2007). Nevertheless, and in spite of the relatively high CP content, it is probable 

that the the presence of non-protein nitrogen comprising nucleic acids, nitrogen-containing cell 

walls and amines, which may represent up to 10% of the CP in the consortium, might limit 

amino acid availability to the animal (Lum et al., 2013). 

In terms of protein composition, the ADPE grown microalgal biomass was found to contain all 

essential amino acids (EAA) required for livestock feeding (Table 5; Lum et al., 2013; Stein et 

al., 2013; Madeira et al., 2017). Amongst the EAA, lysine (Lys), methionine (Met), threonine 

(Thr) and tryptophan (Trp) are key limiting amino acids in pigs diets (Lum et al., 2013). The 

contents of these EAA of the ADPE-grown microalgae were 1.24%, 0.49%, 1.1% and 0.37% 

of total biomass and 5.40%, 2.13%, 4.79% and 1.61% in respect to total amino acid content, 

respectively (Table 5). By comparison, SBM typically contains 2.96% Lys, 0.66% Met, 1.86% 

Thr and 0.66% Trp, sunflower meal (dehulled) typically contains approximately 1.45% Lys, 

0.78% Met, 1.37% Thr and 0.48% Trp and canola meal (solvent extracted) typically contains 

approximately 2.07% Lys, 0.71% Met, 1.55% Thr and 0.43% Trp (Stein et al., 2013). As 

commented by Lum et al. (2013), many microalgal species contain relatively high amounts of 

Lys but are somewhat deficient in the sulfur-containing amino acids, cysteine and methionine. 

To maximize amino acid utilization by pigs, diets are typically formulated by mixing different 

feedstuffs to balance amino acid profiles and (or) by supplementing synthetic amino acids to 
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meet their nutrient requirements. In this regard, the overall cost of adding microalgae versus 

synthetic EAA needs to be considered 

 

Figure 1: Biochemical composition of the microalgae biomass after different pre-treatment methods 
(n = 3 ± standard error). The same letter above each column indicates no significant differences (One-way 

repeated measures ANOVA P > 0.05) 
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Carbohydrates make up a major component of microalgal biomass and contribute to the supply 

of energy and maintenance of a functional gastrointestinal tract through the supply of dietary 

fibre (Kovač et al., 2013). The carbohydrate composition of green microalgae is mainly 

composed of non-structural carbohydrates such as starch in chloroplasts and structural 

carbohydrates such as cellulose/polysaccharides in cell walls (2%–10% dry weight) and other 

non-starch polysaccharides (Domozych et al., 2012; Becker, 2004). Some microalgal 

polysaccharides can act as immunostimulating and antiviral compounds  (Pulz & Gross, 2004). 

The total carbohydrate content of the microalgal consortium in this study was 35.3% over 

biomass which is comparable to that of SBM (34.5-37.3%) (Table 5) (Stein et al., 2013). 

Microalgae also represent a rich source of fibre and the total fibre content of green microalgae 

has been reported to be around 19.6% of dry biomass with less than 0.1% present as soluble 

fibre (Kumar et al., 2015). In this study, the ADF (≈13%) which is an estimate of cellulose and 

lignin and NDF (≈24%) which is an estimate of the total cell wall of microalgae, contents were 

higher than that of SBM which contains 5.3% ADF and 8.2% NDF (Stein et al., 2013). Dietary 

fiber has a lower net energy value than other nutrients because of its reduced digestibility and 

absorption of nutrient (Stein et al., 2013). In general, the digestibility of non-structural algal 

carbohydrates by humans and animals is seen to be positive without any limitation in using 

dried microalgae as a whole (Becker, 2004). Nonetheless, physiological side-effects of algal 

carbohydrates such as gastro-intestinal disturbances or fluid retention can only be identified 

through long term in vivo experiments. It is important to note that when exploited as a source 

of protein for animal feed, the content of carbohydrate are of lesser importance (Becker, 2007). 

Microalgae are also an invaluable source of lipids and are primary producers of long-chain 

polyunsaturated fatty acids (PUFAs) that can be beneficial to human health (e.g. prevention of 

several diseases) and livestock nourishment (Becker, 2004). The crude fat content in the ADPE-

grown algal biomass did not differ among the ground and bead-milled samples (6.83%) but was 
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significantly lower in the de-fatted sample (4.73%) (Figure 1) (One-way repeated measures 

ANOVA P > 0.05). Amongst the different fatty acids in microalgae, omega-3 (ω-3) and 

omega-6 (ω-6) fatty acids which are considered as essential fatty acids (EPA) have the most 

important nutritional and health beneficial value. The concentrations of ω-3 and ω-6 of the 

microalgae consortium in this study were 15.7% and 8.7% of relative fat content (Table 6). 

These ratios are comparable to that of Chlorella grown on synthetic media (Ötleş & Pire, 2001). 

Therefore, the concentration of ω-3 and ω-6 of ADPE-grown microalgae can be a promising 

natural resource with multiple health benefits for livestock animals including enriched end–

products (e.g. milk and meat) with higher added value (Gatrell et al., 2014), as well as potential 

gut health benefits (Shin et al., 2017). In comparison, soybean oil contains mainly unsaturated 

fatty acids and less than 15% of all the fatty acids in soybean oil are saturated fatty acids. 

Approximately 50% of all the fatty acids in soybean oil is linoleic acid (C18:2) and an additional 

22% is present as monounsaturated fatty acids, primarily oleic acid (C18:1). Soybean oil does, 

however, also contain more than 6% linolenic acid (C18:3), which may have anti-inflammatory 

properties in the diets (NRC, 2012; Stein et al., 2013). The higher oleic acid (C-18:1) content 

of the microalgal consortium used in this study supports the notion of potential health-

benefitting properties of this feedstuff. 
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Table 6: Fatty acid composition and content of ADPE grown microalgae biomass 

Fatty Acids % Relative Fat Mg/100g of 
dry algal 
biomass 

C 13:0 0.0 0.0 
C 14:0 1.1 43.7 
C 15:0 1.6 65.6 
C 16:0 31.1 1269.6 
C 16:1 2.3 91.7 
C 17:0 3.4 136.8 
C 17:1 0.3 13.3 
C 18:0 2.6 105.2 

C 18:1 trans 1.8 71.7 
C 18:1 cis 24.5 981.3 

C 18: 1 26.3 1053.0 
C 18:2 trans 0.0 0.0 

C 18:2 cis 10.1 403.1 
C 18:2 10.1 403.1 
C 18:3 14.3 564.8 
C 18:4 1.8 70.1 
C 20: 1 0.5 19.4 
C 20:2 0.7 26.0 
C 20:3 0.1 3.9 
C 20:4 0.3 12.8 
C 22:1 0.1 3.9 
C 22:3 0.0 0 
C 22:4 0.3 12.3 
C 22.5 0.1 5.4 

Monounsaturated fatty acids (MUFA) 29.8 1194.5 
Polyunsaturated fatty acids (PUFA) 28.7 1132.6 

Sum of omega-3 15.7 619.5 
Sum of omega-6 8.1 322.4 
Sum of Trans fat 2.3 89.8 

Saturated fatty acids 41.5 1694.4 
 

The nutritional value of microalgae as an animal feed is also augmented by the abundance of 

other elements such as vitamins and minerals (Christaki et al., 2011). In this study, the 

concentrations of vitamins such as B1, B6 and E were found to be relatively lower than that 

found in monocultures of Chlorella (Table 5) (Madeira et al., 2017). A wide range of factors 

such as environmental factors, processing steps after harvesting and drying techniques affect 
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the content of heat instable vitamins (Becker, 2004). Microalgal biomass has also been 

documented as a rich source of minerals such as iron, copper, iodine, potassium and zinc 

(Christaki et al., 2011). This was evident in our study as the concentration of zinc, manganese 

and iron recorded was much greater than that have been reported for Chlorella (Madeira et al., 

2017). The mineral composition of ADPE-grown microalgae is summarised in Table 5. 

ADPE-grown microalgae has a higher concentration of sodium, calcium and magnesium when 

compared to SBM (Table 5) (Stein et al., 2013). The calcium content of the ADPE-grown algae 

was remarkably higher (≈3 folds) than monocultures of Chlorella sp. and soybeans (Tokuşoglu 

& Üunal, 2003, Stein et al., 2013). The crude ash content of the microalgae samples subjected 

to different pre-treatment methods did not differ (≈ 10.8%) (Figure 1) but was found to be 

higher than full-fat soybeans (4.89%) and SBM  (6.27%) (Stein et al., 2013).  Lum et al. (2012) 

noted that the high ash content of an algal biomass (Staurospira spp.) might have been a 

contributing factor to weanling pigs being incapable of tolerating a 15% replacement of corn 

and soybean meal in a diet. The moisture content in microalgal biomass differed considerably 

among the different processing methods. Moisture content was highest in the de-fatted biomass 

(9.13%), followed by bead-milled (8%) and ground samples (7.1%) (Figure 1). The amount of 

dry matter in ADPE-grown microalgae was 91.90 % in comparison to 89.98% of SBM (Stein 

et al., 2013) while the total phosphorus content of the ADPE-grown microalgae (0.78%) tended 

to be similar to SBM (0.71%). However, it is unsure how much of the total available phosphorus 

is bound to phytic acid. Pigs are unable to digest phosphorus bound to phytic acid and normally 

discharge it through their manure (Stein et al., 2013). The addition of microbial enzymes such 

as phytase has been shown to significantly improve the digestibility and utilization of soybean 

phosphorus in pigs (Stein et al., 2013). Thus, the use of microalgae biomass together with 

phytase is expected to viably reduce the need external supplementation of inorganic phosphates 
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such as monocalcium phosphate to partially meet the nutritional requirements of pigs (Stein et 

al., 2013).  

6.4.4 Pre-treatment of the microalgae biomass 

 
Digestion efficiency of different components of the microalgal biomass by non-ruminant 

animals such as pigs is primarily correlated to their ability to break down algal cell walls 

(Becker, 2007). Ruminants are capable of digesting algal cell walls composed of cellulose due 

to the presence of cellulase enzyme producing bacteria in the digestive tract (Becker, 2007). In 

the case of monogastric animals such as of pigs, the microalgal cell wall must be first externally 

ruptured (e.g., chemicals, thermal shock, enzymes) to allow for maximum digestibility (Doucha 

& Lívanský, 2008). In this study, dried algal biomass was subjected to three different processing 

methods in order evaluate their effect on the nutritional quality of the feed and the in vitro 

digestibility efficiency of pigs, namely ground, ground and bead milled (cracked cell wall), and 

ground, bead milled and de-fatted (see materials and methods for detailed process). 

The use of de-fatted microalgal biomass as an animal feed holds great value as the lipids 

extracted from microalgae can be used for the production of bioenergy in the liquid biofuel 

industry (Lum et al., 2013). De-fatted microalgal biomass is reported to still contain significant 

amount of omega-3 fatty acids (Lum et al., 2013). High concentration of unsaturated of fatty 

acids in pig feed has been reported to create problem during the processing of pork meat and 

can reduce the shelf life of the products (Stein et al., 2013). Therefore, the use of defatted 

microalgae biomass as an animal feed would not only fulfil and improve the nutritious status 

of livestock animals, but also contribute to the cost-effective production of algal-based 

bioenergy.  
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6.4.5 In vitro digestibility of ADPE-grown microalgae in pigs 

 
The in vitro digestibility in the faeces (EFOS), ranged from 56.7- 59.2% for ground, ground 

plus bead-milled, and ground plus bead-milled plus defatted, microalgal biomass grown on 

ADPE with no significance between these treatments. As expected, in vitro digestibilities at the 

terminal ileum (EFOSi), were lower and ranged from 51.9- 56.9 % (Figure 2). No significant 

difference were found between EFOSi of the treatments used in this study (Figure 2). In contrast 

and with respect to CP and EAA only, which is a major component of EFOSi, the standardized 

ileal digestibility (SID, %; this is broadly similar to EFOSi) in full-fat soybeans, SBM, and 

other soybean products is higher (Stein et al., 2013). Furbeyre et al. (2017) incorporated either 

1% spray-dried Spirulina or 1% spray-dried Chlorella into a weanling pig diet fed between 28 

and 42 days of age and reported OM total tract digestibilities of the entire diet ranging between 

93.1-93.8%. The OM total tract digestibility of the control diet without microalgae was 92.4%. 

However, these author did not report the digestibilities of the Spirulina and Chlorella 

separately. 

The calculated potential physiological energy (PPE) values for the sample that was ground, 

ground plus bead-milled, and ground plus bead-milled and defatted for the growing-finishing 

pig (Energy Per Pig 100 kg; equivalent to feed units per kg) were 4.77, 4.82 and 4.15 MJ/kg. 

The corresponding values for sows (Energy Sow Per 100 kg; equivalent to feed units per kg) 

were 5.53, 5.56 and 4.91 MJ/kg (Figure 2). Samples of algal biomass that were defatted had, 

expectedly, lower PPE values than the samples that were either ground or ground and bead-

milled, which in turn were very similar. 

Energy and digestibility values of algae fed to pigs are scarce in the literature. Roth (1982) cited 

research indicating that the CP digestibility and energy digestibility of algae (source not 

defined) was 82% and 65%, respectively, with digestible energy (DE) and metabolisable energy 
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(ME) values of 11.2 MJ/kg and 9.4 MJ/kg, respectively. Pedersen (2018; personal 

communication) remarked that according to the Danish feed evaluation system, the PPE content 

of the ground and ground plus bead-milled samples were similar to that for dehulled sunflower 

meal, and Li et al. (2018) used indirect calorimetry in 32-kg pigs to find a NE value of ~ 5.75 

MJ/kg for dehulled sunflower meal. The (theoretical) NE content of the three algal samples 

used in this study were on average 5.15, 5.19 and 4.53 MJ/kg for the two classes of pigs (average 

of per pig 100kg and sow per 100kg). Hintz and Heitman (1965) determined digestibility 

coefficients (faecal) of mixed batches of algae (Scenedesmus quadricauda and Chlorella) 

grown on sewage and fed to growing-finishing pigs (14% dietary CP containing 6-10% drum-

dried algae), and reported values of 56%, 56%, 84% and 0% for CP, ether extract, N-free extract 

and crude fiber, respectively. These authors commented that the lower protein digestibility 

recorded for the mixed algal ingredient compared to conventional sources (meat and bone meal, 

cottonseed meal) was caused by a higher ash content. Stein et al. (2013) reported that the net 

energy (NE) content, which is approximate to the PPE content (Kil et al., 2013; Velayudhan et 

al., 2015; Pedersen, 2018; personal communication), of SBM and full-fat soybeans were 8.73 

MJ and 12.02 MJ/kg, respectively. Heo et al. (2014) reported a NE content of Canadian canola 

meal of ~ 8.35 MJ/kg.  
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Figure 2: In vitro digestibility analysis of the different pre-treated algal biomass on pigs (n = 3 ± standard 
error). The same letter above each column indicates no significant differences (One-way repeated measures 
ANOVA P > 0.05) 



140 
 

6.4.6 Significance of this Study 

 
In this study, we examined the nutritional properties, in vitro digestibilities and predicted PPE 

of a microalgal consortium grown on undiluted anaerobic digestate piggery effluent (ADPE) as 

a potential feedstock for pigs. In general, microalgae is seen as a potentially compatible feed 

ingredient of good nutritional value (protein content and amino acid) for pigs (Becker, 2004). 

Although the use of microalgae as a feed ingredient has been studied for over half a century, 

limited studies have looked into the use of wastewater-grown algae (Becker, 2004). The 

cultivation of microalgae using wastewater nutrients not only assists with the bioremediation 

of the wastewater, but also significantly reduces the carbon footprint of conventional 

microalgae production due to the absence of synthetic nitrogen and phosphorus resources 

(Borowitzka & Moheimani, 2013). The high assimilation of nitrogen from manure wastewaters 

into protein and the faster growth rates of microalgae when compared to conventional sources 

of protein make them ideal candidates as an animal feedstock (Spolaore et al., 2006).  

Moreover, the safety and toxicology evaluation of many microalgae species, including 

Chlorella and Scenedesmus grown on sewage, suggest no safety issues for potential use as an 

animal feed (Abril et al., 2003; Hintz & Heitman, 1967). This was evident in this study as the 

pathogenic bacteria load of ADPE-grown algal biomass was found to meet regulatory 

requirements of conventional animal feedstock. Based on a nutritional point of view, the ADPE-

grown microalgae was found to offer a wide range of nutrients required for pigs and an 

intermediate (predicted) energy value for pigs of different classes. Total carbohydrate of ADPE-

grown microalgae was found to be comparable to SBM, however, fibre content was much 

higher than SBM which can potentially be detrimental to e digestibility.  Relative to SBM, the 

most common, cost-effective non-cereal plant (vegetable) protein ingredient fed to pigs 

worldwide, the ADPE-grown microalgae samples were lower in CP and EAA, particularly Lys 
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and Met. In contrast, the EPA of the microalgal consortium was favourable and may offer 

potential for value-adding uses in some diets, e.g., for omega-3 fortification and anti-

inflammatory actions. Moreover, multiple additional secondary metabolites (e.g. anti-viral, 

anti-microbial and immune enhancing) found in microalgae would be of great in value in 

improving the overall health of the target animal (Pulz & Gross, 2004). 

In terms of in vitro digestibility, the (theoretical) net energy (NE) values recorded for the ground 

algae samples and ground bead-milled samples were found to be comparable to that of 

conventional dehulled sunflower meal used as pig feed. Despite the lower NE values recorded 

for the de-fatted ADPE- grown algal biomass, Lum et al. (2012) previously reported no 

significant variation in the overall growth performance and plasma biochemical indicators of 

weanling pigs when they were partially fed with de-fatted microalgae biomass as a substitute 

for 7.5% of corn and SBM. However, 15% replacement was found to be detrimental (Lum et 

al., 2012). 

Despite great potential, further in vivo studies and long term feeding trials are required to 

elucidate the dietary effects of microalgae grown in ADPE on pigs. The final aim would be to 

produce meat or animal products that satisfies consumer requirement while offering the best 

nutritional value and being environmentally sustainable. 

6.5 Conclusion 

 
The results of this study clearly highlighted the compatibility and potential use of ADPE-grown 

microalgae as a potential feedstock for pigs. Through external supplementation of key 

ingredients (e.g. lysine, methionine and total crude protein) from commercially available 

alternatives to ensure adequate supply, the algal biomass can be of an ideal replacement for 

commonly used soybean meal. In addition, further processing of the algae biomass through 
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fermentation and enzyme treatment is expected to significantly improve the digestibility of 

nutrients and energy in pigs through the removal of anti-nutritional compounds. 
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7.1 Abstract  

 
This research project tested the feasibility of co-digesting manure and algae. In particular, it 

identified pre-treatment requirements for the algae, potential toxicity effect or inhibition of 

the algae and optimal manure to algae loading ratio involved in the co-digestion process. The 

addition of algae into the anaerobic co-digestion system was investigated by use of batch 

reactors at optimal loading rates of Chlorella at 5%, 10% and 20%. Chlorella was given 

various pre-treatments such as breaking and breaking with lipid removal. The results 

suggested that the unbroken and broken Chlorella with lipid removal treatments used did not 

significantly impact methane production, but broken Chlorella yielded the lowest methane 

production. This suggests that it would be preferable to add algae unaltered, or broken 

Chlorella with lipid removal and use the lipid spent algae in other areas (such as biodiesel 

production). The outcome of this research will be the development of a stainable manure 

treatment system that has the potential to reduce GHG emissions, generate renewable energy 

and recover nutrients from waste. This will encourage more producers to adopt covered 

anaerobic ponds. Ultimately, this will enhance the competitiveness of the Australian Pork 

industry and other livestock industries. 

 

7.2 Introduction 

 
Anthropogenic driven climate change presents a serious threat to agricultural productivity 

and global food security due to increasing temperatures and fluctuating rainfalls (Ewerta et 

al., 2014). Ironically, agriculture is a major contributor to climate change, responsible for 

14% of all greenhouse gas (GHG) emissions globally (IPCC, 2013; Confalonieri et al., 2013; 

Rocha et al., 2015). With the rapidly expanding population, a major challenge facing the 

world is satisfying energy requirements and the production of sufficient agriculture alongside 
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the management of associated waste. In Australia, on-farm activities account for 

approximately 16% of all GHG emissions, with the pork industry being the seventh largest 

emitter (Lansing et al., 2010). Piggery effluent waste treatment ponds have been identified as 

a major source of methane emission accounting for 66% of all GHG emissions across the 

pork supply chain (Wiedemann et al. 2010). Methane is 25 times more potent than CO2 

(EPA, 2010) and consequently the pork industry has been looking to adopt low-cost 

anaerobic digestion technologies to decrease pond methane emissions (Effendi & 

Courvisanos, 2012; Azad et al., 2014). 

One simple and affordable option for farmers is covering effluent ponds with an impermeable 

cover made from geosynthetic materials such as high-density polyethylene (Park and Craggs, 

2007; Cragg et al., 2008) to create a covered anaerobic pond (CAP) digester, (Figure 1) that 

both treats the waste and captures the biogas. The CAP provides multiple benefits including 

GHG mitigation (1 kg CO2
-e per kg of pork), renewable energy (~0.5 kW/pig/annum), soil 

improvers (1-3% nitrogen, 0.5-4% phosphorus and potassium) and improved community 

amenity via odour control (Park and Craggs, 2007; Cragg et al., 2008; Laginestra and van- 

Oorschot, 2009; Heubeck & Craggs, 2010; McCabe et al., 2014;). Currently CAPs have been 

widely adopted by piggeries across the Australian pork industry for wastewater treatment 

(MTU, 2010) and this number is likely to increase with new government incentives such as 

carbon credits. However, the technology is still in its infancy and while the design risk has 

been significantly addressed, knowledge about how to optimise the anaerobic digestion 

process that governs the bioconversion of waste into biogas is limited. 
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Figure 1: Covered anaerobic ponds (Meat Technology Update, CSIRO, 2010) 

 

Anaerobic digestion (AD) is a complex multistep process that involves several successive 

stages of metabolic reactions mediated by different microbial groups that work closely 

together: (i) hydrolysis, (ii) acidogenesis, (iii) acetogenesis, and (iv) methanogenesis. 

Maintaining AD system stability is dependent on a functional microbial community, suitable 

operating management and environmental conditions (Cantrell et al., 2008; Divya et al., 

2015) (See Figure 2). Many factors (e.g. temperature) can affect the AD process and biogas 

yield within CAPs (van Lier et al. 1997; Chae et al. 2008). However, the composition and 

organic loading rate of the feedstock has the most significant impact on the pH buffering 

capacity and stability of the AD system. High loading rates of lipid, lignocellulose or protein 

rich feedstocks can result in the rapid accumulation of volatile fatty acids (VFAs) leading to a 

subsequent reduction in pH and inhibition of methanogenesis (Mata-Alvarez et al., 2014). On 

the other hand N-rich feedstocks can lead to the accumulation of ammonia and increase the 

pH above 8, which is inhibitory to methanogenesis (Hansen et al., 1998; Tian et al., 2014). 

One way to stabilise AD systems and improve the economic viability is anaerobic co- 

digestion (AcoD) which involves the simultaneous anaerobic digestion of two or more  

substrates due to the potential for higher methane production than through digestion of single 

substrates (Ye et al., 2013; Mata-Alvarez et al., 2014; Ramos-Suarez & Carreras, 2014; Tian et 
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al., 2014; Xu et al., 2014; Astals et al., 2015). Previous studies have shown that the addition of 

more diverse feedstocks, including agricultural waste such as rice, oat and wheat straws 

alongside livestock manure, significantly increased the biogas production under mesophilic 

conditions by increasing the C:N ratio (Wu et al., 2010; Li et al., 2015). 

The AcoD system is not without problems however, as the addition of waste by-products 

composed of lignocelluloses often require various pre-treatments steps, which are costly and 

unviable, particularly for farmers (Hendricks and Zeeman, 2009; Lee et al., 2012; Milledge and 

Heaven, 2014). Also, the loading of different waste inputs must be regulated to maintain an 

optimal C:N ratio and build-up of inhibitors like ammonia which will have adverse effects on 

the AcoD functioning and biogas yield (Weiland, 2010; Mata-Alvarez et al., 2014; Li et al., 

2015). In fact, piggery manure has a high nitrogen content meaning it is more susceptible to 

inhibition from ammonia accumulation, irrespective of the natural buffering system (Yin et al., 

2014; Tian et al., 2014). Therefore, care must be taken to avoid low C:N materials when 

selecting waste by-products for AcoD. Another important consideration is that majority of 

literature to date has focussed on large-scale commercial AcoD systems. Compared with these 

ADs, low-cost covered anaerobic ponds (CAPs) are designed for relatively low organic loading 

rates (Green, 1990). Overloading of co-digestates could lead to undesirable effects of 

accumulating substances causing inhibition of biogas production and reduced biogas yield. An 

increase in organic loading must be balanced by an increase in hydraulic retention time to 

achieve equivalent treatment efficiency of the wastewater (Long et al., 2012; McCabe et al., 

2014). 
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*CHO = Carbohydrates 
 
 

 
Figure 2: Schematic of the anaerobic digestion process involving the different stages, products and known microorganisms involved (adapted from Stevens et al., 

2015) 
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Algae represents is a promising co-digestate for AcoD systems and has been given extensive 

attention in recent literature (See Debowski et al., 2013; use of Scenedesmus species in Yen 

& Brune, 2007 and Chlorella species in Ras et al., 2011). The use of algae for recapturing 

nutrients from wastewater high in nitrogen and phosphorous is not new particularly as they 

are able to naturally grow in both aerobic and anaerobic piggery effluent ponds presenting 

waste treatment options (Craggs et al., 2008; Zhong et al., 2012; Debowski et al., 2013). 

Algae are considerably versatile, and can survive in fresh, saline or wastewater streams. They 

tolerate variable environmental conditions, are able to be produced all year round, and readily 

available or cultivatable in waste treatment systems and effluent ponds including CAPs with 

little associated cost (Zhong et al., 2012, Debowski et al., 2013; Uggetti et al., 2014; Ward et 

al., 2014; Astals et al., 2015). When algae have been used as a co-digestate in AcoD it has 

resulted in a 10% increase of methane yield (in biogas plants - Wang et al., 2013) and up to 

50% increase with reactor-fed pre-treated algae (Mendez et al., 2015). This may owe to the 

mechanism of synergistically balancing nutrients, increasing enzymatic activity and the 

stabilizing of pH through buffering, high CO2 consumption during growth all lead ing to an 

overall increase in methane (Christi, 2007; Yen & Brune, 2007; Ehimen et al., 2009; Williams 

and Laurens, 2010; Zhong et al., 2012, El-Mashad, 2013). 

The exact composition of algae cell walls differ between species, so despite the 

aforementioned advantages some algal cell walls can be inhibitory during the hydrolysis 

phase (Mendez et al., 2015; Wang & Park, 2015). Other algae species have been shown to 

produce inhibitory by-products (Debowski et al., 2013; Ramos-Suárez & Carreras, 2014). 

Consequently, pre-treatments are often required to remove or disrupt the cell wall, 

particularly with the Chlorella species, a dominant algal species found in CAPs across the 

Australian pork industry (Craggs et al., 2008). Chlorella is generally a poor candidate for AD 
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due to the high lignocellulosic content of its cell wall that are degraded more slowly by 

cellulolytic microorganisms (Mendez, et al., 2015). Lysing the cell releases a greater 

diversity of readily degradable substrates (e.g. sugars, alcohols) increasing microbial turnover 

(Rodrigues and da Silva Bon 2011). In addition, lipid removal from lysed cells has been 

shown to further enhance biogas yields (Astals et al., 2015) because lipid degradation is 

generally slow and requires specialised syntrophic microorganisms that form synergistic 

partnership with hydrogenotrophic methanogens (Schink, 1997). Pre-treatment options 

however can become quite costly, particularly for farmers (Lee et al., 2012; Milledge and 

Heaven, 2014). There is debate in the current literature as to whether it is more effective to 

treat algae before addition into AD systems to increase biogas yields, or to add unaltered 

algae (Keymer et al., 2013; Alzate et al., 2014; Ramos-Suarez et al., 2014; Astals et al., 

2015). Pre-treatment options have shown downstream benefits, such as exposure of valuable 

intracellular components, improving the AD process and overall biogas yield, or for use as 

biofertilizers (Romero-Garcia et al., 2012; Ramos-Suarez et al., 2014). 

While studies have used algae within AcoD system, none to date have looked at utilising 

algae grown on treated anaerobic digested piggery effluent (ADPE) from covered anaerobic 

ponds (CAPs). Currently, the ADPE arising from CAPs is too high in ammonium 

concentration as is the case of most piggery effluent (Wang et al., 2009; Lansing et al., 2010) 

to permit its reuse in crop irrigation and it is typically stored in an evaporation pond. Recently, 

it was demonstrated that the microalgae species, Chlorella, could grow successfully on the 

undiluted effluent at very high ammonium levels, which is usually too toxic for most algae 

(Jeremy Ayre, unpublished thesis, Murdoch University). A microalgae treatment option that 

lowers the ammonium concentration of the anaerobic digestion effluent is a very attractive 

additional component to the piggery wastewater treatment system. However, the microalgae 

biomass would need to be removed from the treatment effluent prior to land application 
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and its suitability as a N fertiliser, piggery feed product or co-digestate for the CAPs has 

not been investigated. 

The focus of this study was to assess the feasibility of co-digesting manure effluent from the 

conventional pig sheds with the recovered Chlorella in the existing covered anaerobic pond 

thus creating an AcoD (detailed in Figure 3). The aim of this research was to investigate the 

extent to which co-digesting manure effluent with Chlorella during anaerobic digestion 

influences biogas production. Specifically, this study was split into two parts: an inhibition 

study to determine the toxicity of the algae during AD and the optimal loading rate that 

reduces the potential for inhibition and methane potential study to examine the effectiveness 

of pre-treatment options (unbroken Chlorella cells, broken Chlorella cells and broken 

Chlorella cells with lipid removal) at increasing biogas yields. Triplicate laboratory batch 

reactors were incubated under anaerobic mesophilic conditions for each experiment. Biogas 

and the short-chained volatile fatty acids were monitored using gas chromatography over a 30 

and 50 day period for the inhibition and methane potential incubation studies, respectively. 

This research involved the use of various algae treatments (Figure 3).The optimal state of 

the algae within the AcoD system was investigated to find whether treated or untreated 

Chlorella yields greater methane which is reflected by the three hypotheses below: 

1) A higher ratio of algae to manure in the loading will cause inhibition during the 

anaerobic co-digestion process resulting in VFA accumulation and decreased 

biogas production. 

2) Co-digestates containing a higher proportion of algae with intact cell walls will 

result in decreased biogas production compared to the lysed algae (broken) 

treatments because of the high lignocellulose content of the cell wall, which is 

degraded more slowly by the microorganisms. 
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3) Co-digestates containing a higher proportion of lysed and lipid extracted algal cells 

will have a higher microbial degradation rate and turnover because they don‟t need 

to degrade the lipids leading to increased biogas production. 

7.3 Research objectives 

 
Research was conducted at UWA as a pilot study to determine: 

1) Whether the addition of microalgae (Chlorella spp.) into the co-digestion process 

would yield a greater amount of methane than unamended manure. 

2) Whether additional pre-treatment procedures were required to increase methane yield 

from the co-digestion of microalgae. The microalgae was either unamended, lysed 

with cell contents exposed or treated with lipid content removed in this study. 

3) The effect of microalgae on the co-digestion of by-products, namely the reduction of 

inhibitory by-products (volatile fatty acids). 

7.4 Outcome and significance 

 

 Improved understanding of optimal parameters for co-digestion of algae and 

manure including ideal algae to manure ratio, potential inhibition and key pre-

treatments required. This will result in better management of manure recycling and 

bioenergy recovery system in the Australian pork industry. 

 Improving the stability, safety and economic feasibility of covered anaerobic ponds 

will encourage more producers to adopt this technology, which will lead to reduced 

GHG emissions and increase on-farm profits via renewable energy. 

 Overall, promoting the use of algae within CAPs will improve productivity thereby 

increasing the competitiveness of the Australian Pork Industry. 
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Figure 3: The process of adding algae to an anaerobic digestion stream. Either liquids and effluent 
extracted from the algae or anaerobic digestion system can be used as biofertiliser, or to enhance the co-

digestion process. Lipids removed could potentially be used for biodiesel production                         
(adapted from Astals, et al., 2015). 

 

7.5 Materials and methods 

 

6.5.1 Site description 

 
Piggery effluent and manure for the inhibitory study (Part 1) was collected from a grow-out 

piggery operation at Medina Research Station (MRS), Kwinana, Western Australia owned by 

the Department of Agriculture and Food, WA. The piggery waste treatment process 

comprises 4 stages: 1) four static pits in the finisher shed where manure is flushed in to the 

pits using bore water (2) solid separation screens removing 10-15% of total solids (3) a 

holding tank (4) the covered anaerobic pond (CAP) with an impermeable cover which 
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receives 75,000 L per week of the liquid effluent and (5) a secondary evaporation pond which 

has been used to grow algae in recent months (Figure 4). Biogas currently produced from the 

CAP is collected from a perforated pipe system around the perimeter of the pond and flared, 

converting the gas to carbon dioxide (CO2) to lower GHG emissions. 

For the methane potential trial (Part 2) piggery effluent was collected from a commercial pig 

farm at Serpentine, Western Australia which has a similar operation to MRS. The 

requirement for this second effluent source was due to poor performance (suboptimal 

methane production) of the MRS effluent during the inhibition study (Part 1). Medina is an 

experimental research station and therefore the pig numbers are much lower compared to 

commercial farms. The commercial farm at Serpentine was chosen due to the greater number 

of pigs present leading to the CAP producing greater biogas yield, and thus a more active 

microbial community, essential for the experiment. 

 

 
 

Figure 4: Waste treatment process at Medina Research Station (image courtesy of Dr. Sasha 
Jenkins). 
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7.5.2 Sample collection 

 
Five litres of piggery effluent were collected from both the main CAP at MRS and the 

Serpentine farm. Pig manure for use as feedstock was also collected from MRS and the 

moisture content was determined according to standard procedures (American Public Health 

Association 2005). The manure was ground using a mortar and pestle for fine consistency to 

increase the surface area and breakdown of the feedstock by the microbes. The algae 

(primarily Chlorella spp. and some Scenedesmus spp.) was grown on untreated and undiluted 

anaerobic digestate of piggery effluent (ADPE) as the primary nutrient and water source 

which had been sand filtered to remove any solid particles. The ponds were paddlewheel 

driven raceway ponds with adequate mixing being performed at a mixing speed of 30cm per 

second (Figure 5). Algae samples were treated and collected from Murdoch University Algae 

R&D Centre courtesy of Jeremy Ayre (PhD candidate) and Dr. Navid Moheimani. Spirulina 

was sourced from a local pharmacy in the form of organic supplement tablets which liquid 

nitrogen was applied and subjected to grinding with a mortar and pestle. Spirulina was added 

as a positive algae control, in line with literature which suggested it increases biogas yield 

(Astals et al., 2015) 

 

 

Figure 5: Growing of algae on anaerobic digestion piggery effluent (ADPE)  
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7.5.3 Experimental study 

Part 1- Inhibition study 

 
A preliminary study was conducted to determine the optimal algal to manure loading rates for 

biogas production and addresses the first hypothesis. Triplicate laboratory batch reactors were 

set up for a series of algae additions to manure (0%, 5%, 10%, 20%, 40%, 60% and 100% 

(n=21)). Batch reactors were prepared using glass 120 ml serum bottles (Sigma-Aldrich, 

Sydney, Australia) comprising of 10% total solid manure/wet algal ratios and 74 ml of 

effluent from the MRS covered anaerobic pond as an inoculum. One-third of the bottle 

volume was used as headspace for biogas production and bottles were purged with helium for 

2 minutes to maintain anaerobic conditions before being sealing with 1 cm thick grey butyl 

rubber stoppers and aluminium crimped caps. The batch reactors were incubated at 37°C for 

30 days under anaerobic conditions in the dark. Bottles were sampled at days 0, 1, 2, 3, 4, 5, 

6, 7, 13, 15 and 30 and analysed for biogas composition (CH4 and CO2 %) as well as 

cumulative methane produced (mL) using a manometer and gas chromatography as described 

in  Jensen et al., 2011. 

 

Part 2- Methane potential study 

 
The optimal algal ratios identified in Part 1 allowed for a more thorough analysis of methane 

production with algal codigestates under different pre-treatment methods and evaluation of 

the remaining hypotheses. The best three performing ratios identified in part 1 were 5, 10 and 

20%. An experiment was designed with a 5×3 factorial arrangement of treatments (Table 1) 

and conducted in triplicate (n=42) using lab-scale bioreactors (serum bottles), with factors 

being blank (no manure or algae added, just effluent), manure only, positive algal control 

(Spirulina spp.), algae treated with cell lysis (ACL), untreated algae without cell lysis (AUT) 

and algae treated with cell lysis and lipid removal (ACLLR) according to (Folch et al., 1956 
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and Bligh & Dyer, 1959) with modifications by (Kates & Volcani, 1966) and process 

improvements according to (Isdepsky and Fon Sing, 2010). Cells were lysed by addition of 

liquid nitrogen and grinding with a mortar and pestle (Figures i and ii, Appendix). These 

treatments were applied to the three algal concentrations equivalent to the wet weight 

percentages used in Part 1 (5, 10, 20%) (Table 3). Biogas samples were collected daily for 10 

days, and then three times a week until 48 days and analysed. On days 1, 2, 15 and 42, an 

aliquot (0.25 mL) of samples were removed from the serum bottles for short-chained VFAs 

(acetate, butyrate and propionate) analysis. Upon extraction, 25 μl of 1M NaOH was added to 

the VFA samples to stabilise the reaction and before freezing at -20°C until analysis. 

 
Table 1. Fourteen treatments for Part 2 of Methane Potential Trial (with use of best performing algal 

ratios of 5, 10 and 20 per cent identified in Part 1) 
 

 Sample Description Algae 
content 

Manure 
content 

1 Blank (Effluent only) - - 
2 Positive Control (Manure only) 0 100% 
3 Spirulina 5% 5 95% 
4 Spirulina 10% 10 90% 
5 Spirulina 20% 20 80% 
6 Chlorella with breaking 5% 5 95% 
7 Chlorella with breaking 10% 10 90% 
8 Chlorella with breaking 20% 20 80% 
9 Chlorella without breaking 5% 5 95% 
10 Chlorella without breaking 10% 10 90% 
11 Chlorella without breaking 20% 20 80% 
12 Chlorella with breaking and lipid removal 5% 5 95% 
13 Chlorella with breaking and lipid removal 10% 10 90% 
14 Chlorella with breaking and lipid removal 20% 20 80% 

 

 

 

 
 
 




