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7.5.4 Analytical methods 

Physicochemical properties 

 
All chemical analyses were performed according to the methods described in standard methods 

for examination of water and wastewater (American Public Health Association 2005). 

Physicochemical properties of the manure and algae was characterised in terms of chemical 

composition - total carbon (TC), total nitrogen (TN), total and volatile solids (TS and VS), pH 

and chemical oxygen demand (COD). The pH was measured on a Thermo Scientific Orion 5 

Star meter (Thermo Fisher Scientific Australia Pty Ltd, Vic 3179) following the manufactures 

protocol. Total carbon and nitrogen were determined by combustion using an elemental 

analyser (Vario Macro CNS; Elementar, Germany). 

Total solids were determined for the effluent (Medina and Serpentine), manure, Spirulina and 

Chlorella treatments (unbroken, broken and lipid removed). Briefly, samples were placed into 

an evaporation dish and dried at 45ºC overnight followed by drying at 105ºC for 3 hours and 

then cooled in a desiccator before reweighing. The proportion of volatile solids were determined 

by placing the evaporation dish into a furnace at 550ºC for twenty minutes and after cooling in 

a desiccator before measuring the final weight. The respective weights were subtracted from 

the weight of the evaporative dish. 

Biogas analysis 

 
Biogas was collected by removing 5 mL from the sample jars and injected into 10 mL 

evacuated glass exetainers. CH4 and CO2 were analysed using a Gas Chromatograph (GC) 

(Agilent, Model: 7890A, USA) at the Centre for Energy (UWA), equipped with an AUX 

thermal conductivity detector (TCD). Separation of air, CO2 and CH4 occurred on a Sigam 

Porapach QS packed column (2 m x 3 mm x 2.1 mm (internal diameter)) maintained at 40ºC 

with a retention time of 300 sec. Headspace samples (500 μL) were injected manually into 
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the front injector using a 500 μL hypodermic syringe. The carrier gas was helium at a flow 

rate of 10mL min-1. 

Prior to sample analysis, serial dilutions of 100%, 80%, 60%, 40%, 20% and 0% of an 

external standard (20% CH4, 30% CO2 and 50% N2) were used to calculate a standard curve 

of peak area against %CH4 or CO2. A linear regression was plotted in Microsoft Excel with 

the collected standard data points producing an R2 of 0.98. From this, the value of peak area 

of methane collected from the GC could determine the methane concentration through 

interpolation against the standard curve. 

Volatile fatty acid analysis 

 
Samples from different methane production phases (lag phase [1-2 days], early logarithmic 

phase [day 15], and stationary phase [42]) were analysed for VFAs. Analysis was prepared 

according to Timmins et al., (2009) by the addition of 100 μL the sample with 100 μL ethyl 

butyric acid (5.0 mmol/L) as internal standard, 300 μL distilled water, 50 μL of 6M HCl (to 

reduce the pH value to lower than 3.0) and 500 μL ether (as extractant). Samples were then 

centrifuged at 3×103 rpm for 10 minutes and 100 μL of the supernatant was extracted into a 2 

mL Verex vial (Sigma-Aldrich, Sydney, Australia) with a 250 μL (or 100 μL) conical-bottom 

vial insert (Sigma-Aldrich, Pennsylvania, United States). 

VFA concentrations were measured using a GC (Agilent, Model: 7890B, USA), equipped 

with a front detector flame ionizer detector (FID). Separation of the VFAs occurred on a 

Sigam Porapach DB-WAX column (30 m x 250 mm x 0.25 mm (internal diameter)) 

maintained at 5ºC for 60 seconds for equilibration, 25ºC/min to 200ºC for 180 seconds then 

to 30ºC/min to 230ºC for 120 seconds with a total retention time of 780 sec. Samples were 

analysed with an automatic front injector, syringe size 10 μL with an injector volume of 1 μL. 

The heater was maintained at 250ºC. The carrier gas was hydrogen at a flow rate of 35 
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mL/min. 

7.5.4 Statistical analysis 

 
All experiments were conducted in triplicate (with exception of TS and VS) with preliminary 

data analysis involving calculation of means and standard errors for cumulative methane 

production (mL and gCOD). From this, a one-way analysis of variance (ANOVA) was 

performed to analyse the relationship between biogas productivity (rates between two and ten 

days and cumulative methane production as gCOD) for the twelve different  treatments 

against the manure control (Microsoft Excel, Analysis ToolPak add-in) with a significance 

level of P < 0.05. Post hoc analysis by use of Tukey‟s HSD was also conducted to 

differentiate differences between treatments. 

 

7.6 Results  

7.6.1 Physicochemical properties of effluent and algae 

 
The physicochemical characteristics of the pond effluents (Medina and Serpentine) were 

relatively comparable (Table 2). The pH for Medina was slightly more alkaline than the pH 

of the Serpentine pond. The ponds effluents had similar C:N ratios and whilst the total and 

volatile solids were low in both ponds, they were  2-folds higher in the Serpentine effluent. 

 
 

Table 2. Physicochemical properties of the MRS and Serpentine pond inoculum. Values represent 
means of the three replicates (when applicable) with standard error in brackets. 

 
Physicochemical properties Medina 

Mean (Standard error) 
Serpentine 

Mean (Standard error) 
pH 8.15 (0.61) 7.5 
TS% 3.40 (0.009) 7.76 (0.06) 
VS% 2.35 (0.008) 4.44 (0.145) 
TN% 49.2 44.7 
TC% 4.5 4.3 
C:N ratio 10.93 10.39 
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Table 3 shows the physicochemical characteristics of the different algae used for the 

experiment. Chlorella with cell lysis and lipid removal had the highest C:N ratio at 38.92, 

which was higher than the manure control (27.34) and Spirulina as the algal control (4.36). 

The untreated and broken Chlorella treatments had similar ratios (7.85 and 7.74 

respectively). The Spirulina contained close to 100% total solids (92.02%) which was not 

surprising as this algae was sourced from a commercial tablet product which was crushed to 

a fine powder. Similarly, the cell lysis and lipid removal treatment yielded a higher total 

solid % compared to unamended and broken samples (52.14% compared to 7.05 and 7.48 

respectively). The pH for the untreated Chlorella was the only algae sample analysed due 

to the small amounts supplied by Murdoch which allowed only enough for the experiment. 

 

Table 3. Characteristics of algae treatments and manure used. 
 

Treatment TN(%) TC(%) C:Nratio TS% pH 
Manure 1.55 42.22 27.34 5.52 6.89 
Spirulina 10.61 46.30 4.36 92.02 n.d 
Chlorella 
(Untreated) 5.01 39.37 7.85 7.05 5.95 

Chlorella Broken 5.06 39.12 7.74 7.48 n.d 

Chorella Lipid Removed   1.05 40.84 38.92 52.14 n.d 

 
 

7.6.2 Biogas Production 

Inhibition Study 

 
Different manure to algae ratios in anaerobic co-digestion affected both the rate (Table 4) 

and yield of methane production (Figure 6). Overall, 100% manure treatment produced the 

highest amount of methane (gCOD 2.12 (0.97) mg/L at day 30) while increasing the algae 

content lowered methane production. The lowest methane yield was for 100% algae 

treatment (gCOD 0.78 (0.11) mg/L, day 30). However, the variability between treatments 
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was very high as indicated by the error bars (Figure 6). Therefore, it was difficult to see if 

any of the treatments were significantly different – except 100% algae treatment at day 30. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Cumulative methane production (gCOD) for the seven treatments pertaining to the 
inhibition trial (30 days) with added algae concentrations. 

 

 

For example the concentrations 5%, 10% and 20% algae the error bars overlap suggesting 

that there would be little difference between the means compared to the 100% manure 

control. Methane production began to considerably slow down at around day 10 onwards 

with a plateauing effect starting after day 15, which was more pronounced with treatments 

containing a higher algae ratio. 
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Table 4. Average rate (days 1 – 7) of biogas production for the seven treatments in the inhibition 
study with standard error in brackets. Significance column denotes statistical comparability as 
determined by ANOVA with post-hoc Tukey HSD test, a – similar to manure, b – similar to 10% 
algae loading rate, c – similar to 20% algae, d – similar to 60% algae and e – similar to 100% algae. 
 
 

Treatment Rate (gCOD/day) Significance 
100% Manure 0.145 (0.017) a 
5% Algae 95% Manure 0.145 (0.028) a 
10% Algae 90% Manure 0.127 (0.037) a, b 
20% Algae 80% Manure 0.112 (0.038) b, c 
40% Algae 60% Manure 0.090 (0.026) c 
60% Algae 40% Manure 0.061 (0.002) d 
100% Algae 0.031 (0.014) e 

 
 
Table 4 shows that the calculated methane production rate for the first seven days (growth 

phase) was significantly different between the treatments following a one-way ANOVA with 

post-hoc Tukey‟s HSD test (Table i and ii, Appendix). The highest production rate occured 

in the manure 100% only and the 5% algae manure treatment, which were statistically not 

significantly different (both a) from one another. The rate decreased with increasing algae 

content and the next best performing treatments were 10% algae followed by 20% algae 

which were significantly different from100% manure control and 5% algae (p > 0.05). As 

shown in Figure 6 and the table above, 100% algae produced the lowest amount of methane 

at the lowest rate (p < 0.05), with marginal methane production after day 15 compared to the 

other loading ratios. Overall, there was a strong negative linear correlation between algae 

content and methane production as seen below in Figure 7 
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Figure 7: Algae loading rates and its effect upon cumulative methane production. 
 
 
 
Based on the results from days 1 to 7 (growth phase), the decision was made to further 

investigate algal loading ratios of 5%, 10% and 20% and the possible benefits of algal pre- 

treatments on methane potential as they were shown to be the best three performing ratios in 

relation to the 100% manure control and statistically comparable (p > 0.05) (See Tables i and 

ii, Appendix). 

 

7.6.3 Methane potential study 

 
Figure 8 shows the cumulative methane production over the 48 day incubation period with a 

high rate of production (exponential growth) between 0-10 days and a slower rate from day 

10 onwards. All treatments exhibited a similar trend for methane production. Methane 

production began to considerably slow at around day 30 reaching the stationary phase, which 

was more pronounced with broken algae treatments. Similar to the inhibition study, there was 

a trend towards higher methane production in the 100% manure treatment (gCOD 1.07 mg/L 

at day 48), although, the positive control Spirulina appeared to perform better between days 

0-10 (Figure 9A). Nevertheless, there was high variability between the treatments and the 
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error bars overlapped (Figure 8). A one-way ANOVA analysis post-hoc Tukey‟s HSD 

analysis was performed which showed there were statistically significant differences between 

the treatments (Tables iii and iv Appendix 

The final methane yields (in gCOD) were statistically compared using a one-way 

ANOVA with post-hoc Tukey‟s HSD analysis (Table 5, Tables iii and iv, Appendix). 

The methane yield was significantly (p < 0.05) higher in the manure 100% treatment, 

Chlorella without breaking treatment and the Chlorella with breaking and lipid removal 

(“a”)(with the exception of 20% loading rate) compared to the Spirulina positive control 

and Chlorella with breaking treatment (“b”)(Table 5). The Chlorella with breaking 

treatment at 20% loading rate produced the lowest methane yield (“c”). 

 

Figure 8: Cumulative methane production (gCOD) for the thirteen treatments pertaining to the 
methane potential study (48 days) with varying algae concentrations (5, 10 and 20%) 
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Table 5. Final gCOD for the thirteen treatments in the methane potential study with standard 
error in brackets 

 

Treatment gCOD yield (T48) Significance 
Manure 100% 1.32 (0.05) a 
Spirulina 5% 1.13 ( b 
Spirulina 10% 1.10 ( b 
Spirulina 20% 1.15 (0.04) b 
Chlorella with breaking 5% 1.03 ( b 
Chlorella with breaking 10% 1.04 ( b 
Chlorella with breaking 20% 0.95 ( c 
Chlorella without breaking 5% 1.12 ( a 
Chlorella without breaking 10% 1.19 ( a 
Chlorella without breaking 20% 1.10 ( a 
Chlorella with breaking and lipid removal 5% 1.16 ( a 
Chlorella with breaking and lipid removal 10% 1.13 ( a 
Chlorella with breaking and lipid removal 20% 1.06 ( b 

 
 
 

Figure 9 shows that the final methane yields were comparable to the 100% manure 

control for the unbroken and broken with lipid removal treatments (Figure 9B and 9D). 

However, there was a significant reduction in biogas yield in the Spirulina positive 

control treatment and broken Chlorella treatment (Figure 9A and 9C). 

 

7.6.4 Volatile fatty acids 

 

Volatile fatty acid concentrations for acetate and propionate are displayed (Figure 10 and 

Figure 11, respectively). Butyric acid was not detectable above 0.15 mM in any of the 

treatments and was therefore not plotted. Overall, the acetate and propionate concentrations 

were highest in the Spirulina treatments (3.55 and 3.25 mM, respectively). The acetate 

concentration for all Spirulina loading rates 5%, 10% and 20 % were greater than the 100% 

manure control at two days (Figure 10A). 
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Figures 9:Cumulative methane production (gCOD) over 48 days for treatments a) Spirulina, b) unbroken, c) broken, d) broken with lipid removal with 
varying algae concentrations (5, 10 and 20%



171 
 

Chlorella unbroken (Figure 10B) showed negligible difference in acetate concentration 

compared to the manure control despite a slight increase for 5% unbroken after 42 days. An 

increase in acetate occurred during the first 1 to 2 days for Chlorella broken at the lower 

loading rates 5 and 10% relative to the control (Figure 10C). However, since the error bars 

overlap this trend is not significant. A higher initial acetate concentration was observed in the 

Chlorella with lipid removed (Figure 10D) at 10% and 20% before being rapidly depleted, 

whereas the acetate concentration increased in the 5% treatment until day 15 before 

decreasing again. Acetate concentrations were below 1mM after 42 days for all treatments. 

The propionate concentration followed a similar trend to acetate for all treatments. The 

manure control had very low propionate production (Figure 11). Again, all the Spirulina 

(Figure 11A) treatments (loading rats 5 to 20%) produced higher propionate concentrations 

compared to the manure control and all other treatments, with a maximum production at 2 

days. The propionate concentrations were proportional to the concentration of Spirulina 

added, with the 20% rate producing the greatest amount. Similar to acetate, all the algae 

unbroken treatments (Figure 11B) produced less propionate than the control. For the broken 

algae treatments (Figure 11C), all loading concentrations (5 to 20%) were greater than the 

100% manure control treatment. With the lipid removed treatments (Figure 11D), propionate 

was initially high before gradually being depleted. Overall, Spirulina 20%, lipid removed 

20% and broken 5% have the highest propionate. 
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Figures 10: Acetate concentrations (nM) for the various treatments over 42 days taken on time points 1, 2, 15 and 42 
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Figures 11. Propionate concentrations (nM) for the various treatments over 42 days taken on time points 1, 2, 15 and 42
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7.7 Discussion 

 

7.7.1 Effect of co-digesting Chlorella with piggery manure 

 
The inhibition study demonstrated the effect of different loading rates of Chlorella on the 

anaerobic co-digestion system (AcoD). The codigestion of Chlorella with piggery manure 

had an inhibitory effect on methane production at loading concentrations above 20% (i.e. 

40%, 60% and 100% algae) although it did not stop biogas production completely (Figure 6). 

Furthermore, Figure 7 shows that there is a negative correlation in total methane yield with 

increasing Chlorella loading and this affirms the first hypothesis. At lower algae loading ratio 

(5, 10 and 20%) there is no significant difference in methane production compared to the 

100% manure control (Figure 6 and 7) suggesting these are the preferred ratios of algae to 

manure feedstock for this AD system. These finding are in agreement with other literature 

that also used a lower algae to manure ratio (Astals et al., 2015). For example, Astals et al, 

2015 found lower algae:manure ratio feedstocks (70% manure + 30% raw algae and 85% 

manure + 15% raw algae) produced a greater methane yield than higher algae:manure ratio 

(50% manure + 50% raw algae) (Astals et al., 2015). Similarly, other studies have shown that 

lower algae to primary feedstock ratio (for example wastewater sludge) produced higher 

methane yields than the primary feedstock alone (Wang & Park, 2015) 

The cell wall of Chlorella is composed largely of complex carbohydrates including cellulose, 

xylan and starch (Rodrigues and da Silva Bon 2011). Due to this, complex carbohydrates are 

degraded slowly during anaerobic digestion (AD) by microorganisms during hydrolysis, 

which is often the most rate-limiting step in AD (Parawira et al., 2005; Demirel & Scherer, 

2008). Therefore, the higher the ratio of algae added, the slower the rate of AD and methane 

production will become, though complete inhibition is unlikely. This allows farmers to add 
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low amounts of algae to manure ratios within their covered anaerobic pond without affecting 

biogas yield. 

7.7.2 Effect of pre-treating algae prior to co-digestion with piggery manure  

Cell lysis 

 
Despite the presence of algae cell walls that potentially slow microbial degradation during the 

hydrolysis phase of AD (Mendez et al., 2015), the results from the methane potential study 

(Figure 8 and 9) suggest that breaking Chlorella spp. causes a reduction in overall methane 

yield compared to the 100% manure control. In fact, the broken Chlorella samples were the 

worst performing of all treatments. Interestingly, there was no significant difference in final 

methane yield between the 100% manure control and unbroken Chlorella treatment and 

therefore the second hypothesis is rejected. These findings are in contrast to the current 

literature which suggested that the addition of algae including Chlorella species with various 

pre-treatments significantly increase biogas yield, in some instances up to two-fold (Lee et 

al., 2014; Hena et al., 2015; Mendez et al., 2015). 

Simple pre-treatment options like dehydration and grinding Chlorella biomass can result in 

high yields of the fermentable sugars such as, glucose, which is highly beneficial for the 

microbes in the AcoD system (Rodrigues and da Silva Bon 2011). Additionally, the use of 

ultrasonic disintegration on Chlorella vulgaris was shown to improve anaerobic 

biodegradability amid the rigid cell wall (Park et al., 2013; Mendez et al., 2014). 

Combinations of both treatments have tested (Samson and Leduy, 1983), however, they 

present further problems including time and economic constraints, which may be unviable for 

farmers. In contrast to other algae species, Chlorella has generally reflected a lower methane 

yield despite pre-treatment options compared to other species (Bohutskyi et al., 2014; Wang 

& Park, 2015). 
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The difference between this study and the literature could be explained by the presence of 

intracellular components or substrates, which if made available too soon could be inhibitory 

to the microorganism in the covered anaerobic pond. These substrates could affect the 

progressive digestion process in particularly microbial succession, which are paramount to 

the AD system (Nie et al., 2015; Lu et al., 2016). This was shown in Astals et al., 2015, 

where the removal of intracellular algal components such as protein and lipids enhanced 

biogas production by 29% in AcoD systems (Astals et al., 2015). 

 

Cell lysis and lipid removal 

Removal of lipids from Chlorella was predicted to allow greater yield in methane production 

due to enhancement of digestibility in line with literature (Mendez et al., 2015). Figure 8 and 

9 showed there is no significant difference between the 100% manure control and pre- 

treatment Chlorella broken and lipid removal and therefore hypothesis 3 is rejected. This 

affirms some literature where removal of lipids in other algae with rigid cell walls 

(Botryococcus braunii) has not led to significant increase in methane production and such 

lipid-spent algae may be better vested into biodiesel production (Neumann et al., 2015). 

Astals et al., also found that removing the lipid and protein contents of the algae did not 

produce increased methane compared to raw algae in combination with pig manure (Astals, et 

al., 2015). An explanation as to why the lipid removal treatments performed suboptimal in 

this study could be limited nitrogen availability. In Table 3, lipid removal treatment had the 

lowest nitrogen content (1.05%) compared to 5.01 and 5.06% in the Chlorella with and 

without cell wall breaking, respectively. 

Interestingly, the Chlorella broken treatment resulted in lower biogas yield compared to the 

breaking with lipid removal treatment. This would suggest that the lipid content of Chlorella 
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is inhibitory to one or more of the microbial groups involved in the co-digestion of Chlorella 

and piggery manure. Lipids are broken down into glycerol and long chain fatty acids by 

hydrolysing bacteria (Figure 2) during the slowest, most rate limiting step of AD (Parawira 

et al., 2005; Demirel & Scherer, 2008). Long chain fatty acids are then degraded into volatile 

fatty acids (e.g. butyrate, propionate) by specialist syntrophic bacteria (e.g. 

Coprothermobacter spp., Desulfotomaculum spp., and Anaerobaculum spp.) in cooperation 

with their partners the hydrogenotrophic methanogens (Hatamoto et al., 2007). Given that 

propionate was the only detectable VFA, this may shed light on which syntrophic microbes 

are present within the system. 

Finally, butyrate and propionate are degraded to methane or other by-products by syntrophic 

bacteria and their partners for example Syntrophobacter wolinii and Desulfovibro spp. 

(Mucha et al., 1988). Given the linear methane production up until day 20, readily available 

substrates were most likely depleted in the broken Chlorella cell treatments (Figures 8 and 

9) which would have left lipid rich substrates which are only degraded slowly by sytnrophic 

partners (Schink et al., 1997). This is only speculation, however, without proper molecular 

analysis, so it is difficult to come to conclusions as to why the broken Chlorella treatments 

performed poorly. 

All unbroken and broken with lipid removal treatments were statistically comparable to 100% 

manure control. This suggests that microbial communities can adapt to co-digestion of 

manure effluent with algae substrates (Ye et al., 2013; Mata-Alvarez et al., 2014). 

Continuous incubation with algae as a significant feedstock, could eventually lead to high 

methane concentrations once the community is specialised towards the algae substrate and 

this would be in line with what is currently reflected in the literature (Tian et al., 2014; Xu et 

al., 2014). Perhaps the microbial community could even adapt to the lipid-rich broken 
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Chlorella cell treatments if given enough time for the syntrophic partners to grow. 

7.7.3 Effect of volatile fatty acids 

 
Changes in the acetate and propionate concentration showed a similar trend for each 

treatment (Figures 10 and 11), with highest concentrations detected between 0 and 15 days 

in the broken and broken with lipid removal treatments whilst negligible in the unbroken 

treatment. The close relationship between acetate and propionate production and 

consumption (Figures 10 and 11) may suggest one of two things. Firstly, propionate and 

acetate are being produced and consumed independently of each other through the mixed acid 

fermentation process (Figure 12). Alternatively, propionate is converted acetate by microbial 

consortiums of syntrophic bacteria with their synergistic partners (hydrogenotrophic 

methanogens or sulphate reducers, Figure 13, for example Syntrophobacter wolinii, and 

Desulfovibro spp. (Mucha et al., 1988)). Or it could be a combination of the two pathways. 

Further investigation is warranted, with particular attention paid to the lag periods between 

production and consumption of these substrates. 

The absence of butyrate sheds further light on the microbial communities that might be active 

within the AcoD system and their preferred metabolic pathways which can be manipulated 

through management to optimise the system (Franke-Whittle et al., 2014). Butyrate 

producing bacteria tend to dominant in AD systems receiving acidic feedstocks like acidified 

activated wastewater sludge (Wiegant et al., 1986; Lens et al., 1996; Wang et al., 1999). In 

this study the Medina and Seperentine inocula were both alkaline (Table 2) and even though 

the Chlorella is slightly acidic, it was added at such low loading ratios (5, 10, and 20%) it 

unlikely to impact on the pH. 
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Figure 12: Simplistic biochemical schematic for the fermentation pathway. Red pathways denote 

possible primary pathways that occured within the experiment. 

 

Compared to the 100% manure control, the acetate and propionate concentrations are 

considerably higher in the broken Chlorella treatments with and without lipid removal (Figure 

11 and 12). However since the biogas yield is not higher than the control (Figure 8), this may 

suggest that these VFAs are not being used to produce methane. The addition of some 

algae as a co-digestate in AD has been shown to decrease VFAs and therefore increase 

methane production but this was not the case here with the addition of Chlorella (Ajeej et al., 
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2015). Perhaps the produced VFAs were consumed by other microbial groups besides 

methanogens, such as denitrifying or sulphate reducing bacteria and this is the reason why 

there was no extra methane produced from the algal treatments compared to the control (Lens 

et al., 1996; Wang et al., 1999). Alternatively, the literature has suggested that propionate 

accumulation is inhibitory to the system (Qiao et al., 2013), which may be a factor to note, 

particularly as the 100% manure control had considerably less propionate (and acetate for 

that matter) compared to all algal treatments except the unbroken treatment. 

Although, the broken Chlorella and the broken Chlorella with lipid removal treatments have 

similar acetate and propionate concentrations, their overall biogas performance is 

considerably different (Figure 8). This may suggest that their respective VFAs are 

originating from other intracellular sources and different microbial community successions 

are established under these differing conditions (Nie et al., 2015; Lu et al., 2016). On the 

other hand, breaking the cell wall released lipids and other components that are either 

inhibitory to methanogenesis or degraded very slowly and this may have caused the reduced 

methane yield in the broken only treatment,. This means that if broken Chlorella cells are 

added to the covered anaerobic digestion pond (CAPs) they must be added slowly so that the 

microbial community can progressively adapt to their new feedstock. Another management 

consideration that may be important is the possibility of varying inocula for CAPs 

particularly as the ones used for this experiment have traditionally been exposed to only pig 

manure (Astals et al., 2015). This is a testament to the importance of microbial indicators, 

which could be used to help optimise the performance of AcoD (Mendez, et al., 2015; Wu et 

al., 2015; Zhang et al., 2016). 
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Figure 13: Simplistic biochemical pathway of anaerobic degradation of propionate to acetate. 

Adapted from Mucha et al., 1988. 

7.7.4. Limitations 

 
The experiment was limited due to the time constraints, if given more time it would have be 

possible to gain a more insight in the metabolic pathways and microbial dynamics through 

molecular analysis of microbial communities particularly of the methanogens and 

hydrolysing bacteria. With this knowledge the AD system could be optimised to 

accommodate the algae feedstock used (Wang et al., 2013; Astals et al., 2015; Mendez et al., 

2015). 

Secondly, the small-scale laboratory bench reactors (120 mL bell jars) are not an accurate 

representation of the much larger CAP system and errors and discrepancies (as seen by high 

variability between triplicates) are much more pronounced. Furthermore, literature suggests 

that when experiments such as this are upscaled, generally the biogas yield is proportionately 

lower than is produced in batch reactors (Mendez et al., 2014; Mendez et al., 2015). However, 
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the feasibility of conducting this at field scale is limited due to the cost and scarcity of CAPs 

within WA that can be investigated. 

Also, the removal of samples for DNA and VFA at various time points may have disturbed 

the system, particularly with removal of potential feedstock (Long et al., 2012; González- 

Fernández et al., 2014). This could be overcome by running a duplicate experiment so that 

disturbances are minimized. 

Finally, using a different pond inoculum (Serpentine) in the methane potential as opposed to 

adhering with the original Medina inoculum due to perceived performance issues was in 

hindsight a bad decision as the Serpentine inoculum performed worse. Identifying the major 

methanogen pathways under different algae concentrations and responses could have allowed 

for appropriate alterations to either feedstock or pond inoculum. 

7.7.5 Outcomes and significance 

 
While this study showed that use of the algae Chlorella in AcoD does not significantly 

increase biogas, it may still present an option, particularly if there is a requirement for it use 

as a feedstock as it did not reduce biogas yields at lower loading ratios. 

Overall, this study has demonstrated improved understanding of optimal parameters for co- 

digestion of Chlorella algae and piggery manure including ideal algae to manure ratio (5% 

and 10% preferable but possibly up to a maximum 20%), potential inhibitions (VFA 

accumulation and higher loading rates) and outcomes regarding pre-treatments (breaking the 

cell walls without lipid removal results in lower biogas yields). Although, Spirulina was the 

positive control and not tested to the same extent as Chlorella, the data suggest that it is 

probably not a good candidate for co-digestion with piggery manure. This knowledge will 

result in better management of manure recycling and bioenergy recovery system in the 

Australian pork industry with the potential use of algae as a co-digestate for covered 
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anaerobic ponds (CAPs). 

The versatility of using other feedstocks such as algae will improve the stability, safety and 

economic feasibility of CAPs, encouraging more producers to adopt this technology, leading 

to significant reductions in GHG emissions and increased of on-farm profits via renewable 

energy. Ultimately, improved waste treatment and bioenergy recovery on farms will increase 

the competitiveness of the Australian Pork Industry. 

7.7.6 Recommendation for further work 

 
Further work should involve deeper analysis and possible upscaling. Avoiding areas of 

limitation as outlined and adherence to previous research conducted with Chlorella spp. that 

yielded positive results (Mahdy et al., 2015; Mendez, et al., 2015). Investigation into the key 

microbial consortia and their metabolic pathways within CAPs is paramount, particularly 

from the outset. Investigation into use of alternative algae species both growth off both 

ADPE and used for AcoD may produce more biogas than the Chlorella species (Debowski et 

al., 2013; Ward et al., 2014; Wang & Park, 2015). Additionally, use of different pre- treatment 

options may optimise biogas yield, but is contextual based on algae species (Park et al, 2013; 

Milledge and Heaven, 2014; Neumann et al., 2015). 

Investigation into further optimisation of loading rates between 5 – 10% and even up to (but 

no more) than 20% and longer term monitoring, particularly of VFA accumulation and the 

responsiveness of the microbial communities to varying conditions. Alternatively the addition 

of algae as opposed to substitution (as seen with this research) with manure could be 

investigated. Conducting this with effluent ponds containing established microbial 

communities (or even adapted to an algal feedstock) would be highly beneficial. 
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7.7.7 Management implications 

 
In terms of on-farm CAP management, this study suggests that the use of Chlorella spp. 

between 5% and 10% (and even 20%) provides the best loading rate ratios for CAP, without 

compromising biogas production. Alongside this, given there was no statistically increased 

methane production from pre-treatments (namely lipid removal and breaking), it would be 

more economical to add Chlorella unaltered which would be more cost-effective as it negates 

pre-treatment costs. Alternatively, if the farmer wants to extract the lipid for biodiesel 

production this will unlikely affect the biogas yield. 

Furthermore, the farmer has the option of when to harvest the biogas from the co-digestion of 

Chlorella and piggery manure. This study showed that at day 30 (about 60% progression of 

the experiment) most of the biogas had been produced whilst the following 18 days produced 

little biogas. If the farmer harvests early at an optimal level (presumably just before methane 

production plateaus) they will avoid stagnation. However, this was not investigated in this 

study so there may other factors unaccounted for, such as accumulation of inhibitory by- 

products which have not been removed and fact that a CAP is continuously loaded 

(Debowski et al., 2013; Ramos-Suárez & Carreras, 2014). 

The farmer would also have to discern whether the addition of algae is advisable during low 

manure production periods such as when the pigs are taken away for slaughter as higher ratio 

of algae:manure may alter the microbial community and biogas yield, particularly if adapted 

to a singular feedstock. Therefore, it would be prudent if the pond inoculum is adapted to 

various feedstocks as opposed to manure alone (Astals et al., 2015; Mahdy et al., 2015).This 

may then lead to the requirement of conditioning the pond through external sources, i.e. 

‘seeding’ or investigation into pond health (Morand et al., 2011; Park et al., 2011; McCabe et 

al., 2014). Alternatively, since the use of Chlorella spp. did not increase biogas yields the 

farmer may decide codigestion is not compatible with the on-farm piggery operations, 
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particularly within the CAPs. Different algae species could be used which would require a 

cost-benefit analysis, namely against the benefits provided by Chlorella spp. regarding the 

treatment of wastewater compared to methane production within a CAP (Lansing et al., 2010; 

Hena et al., 2015; Wang & Park, 2015). Finally, the findings of this study could be 

transferable to other agricultural sectors with effluent such as meat processing, poultry or 

ruminant livestock (McCabe et al., 2014) with the potential for greater efficiency of 

biogas production compared to pig manure due to fundamental composition differences 

of the substrates (Wang et al., 2009; Lansing et al., 2010) 

 

7.8 Conclusion 

 
This research demonstrated that the addition of Chlorella spp., irrespective of the lipid 

removal or cell wall lysis pre-treatments, did not increase biogas yields as compared to 

manure alone. However, the use of Chlorella as a codigestate with piggery manure in covered 

anaerobic ponds AcoD may still be an option since it did not significantly reduce biogas 

yields in the unbroken and broken Chlorella with lipid removal treatments. The broken 

Chlorella pre-treatment performed the worse suggesting that either the lipids or another 

intercellular component are either degraded slowly or are inhibitory to methanogenesis. The 

implication of this is that pre-treatment is not beneficial to the AcoD system, and that 

unamended algae would be the preferred option over the pre-treatment which are costly and 

time consuming. Also, the methane yield is negatively correlated to algae loading rate and at 

higher loading algae to manure ratios (> 20% algae). Thus, farmers can add unbroken or 

lipid removal algae at low loading rates 5-20% to the CAP ponds without impacting the 

biogas yield. 
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Appendix 

 

List of Abbreviations 

 

ACL – Algae with Cell Lysis 

ACLLR – Algae with Cell Lysis and Lipid 

Removal AcoD – Anaerobic Co-digestion 

AD – Anaerobic Digestion 

ADPE – Anaerobic Digestion of Piggery 

Effluent AUT – Algae Untreated (without cell lysis) 

CAP – Covered Anaerobic Pond 

CH4 – Chemical formula for methane 

C:N – Carbon to Nitrogen ratio 

CO2 – Chemical formula for carbon 

dioxide COD – Chemical Oxygen Demand 

GC – Gas Chromatography 

GHG – Greenhouse Gases 

H2 – Chemical formula for hydrogen 

gas LCFA – Long Chain Fatty Acids 

MRS – Medina Research Station 

VFA – Volatile Fatty Acids 

VS – Volatile Solids 
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Figure i. Algae before liquid nitrogen and crushing treatment (Image courtesy of Jeremy Ayre, PhD 
candidate, Murdoch University). 

 

 
 
 
 
 
 

Figure ii. Algae after liquid nitrogen and crushing treatment (Image courtesy of Jeremy Ayre, PhD 
candidate, Murdoch University). 
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8.1 Abstract 

 
Microalgae biomass produced from animal wastes, specifically from piggery farms, is a 

potential source of nitrogen (N) fertilizer. Using microalgae biomass instead of untreated 

animal wastes as crop fertilizers can help reduce environmental problems related to 

greenhouse emissions and N losses. The overall objective of this research project was to 

investigate the use of microalgae biomass cultured from piggery effluent as an alternative 

source of N fertilizer for wheat production. Specific objectives were: i) to investigate the 

effectiveness of microalgae biomass to supply N to wheat in comparison with a synthetic N 

fertilizer, ammonium nitrate (NH4NO3), and ii) to assess the release of inorganic N (potential N 

mineralization rate) following the application of microalgae biomass to soil when compared 

with a synthetic N fertilizer. 

Firstly, a pot experiment was carried out with the following treatments: microalgae biomass 

and NH4NO3 at five N equivalent levels (0, 10, 20, 40, 80 kg N ha-1) for 6 weeks. Wheat 

(Triticum aestivum L.) was used as the host plant in a randomized block design in three 

replicates. Utilization of the two N sources significantly improved the dry-harvest for wheat 

plants at the greatest application level compared with the control. The N sources and levels 

significantly affected the N uptake in shoots. The application of microalgae biomass revealed 

significant lower N in shoots compared to the NH4NO3. 

Secondly, the mineralization of organic nitrogen from microalgae biomass in laboratory 

conditions was investigated. A randomized block design included the two N sources 

(microalgae biomass and NH4NO3) and five N equivalent levels (0, 10, 20, 40, 80 kg N ha−1) 

for 28 days in three replicates. Increasing soil N sources increased carbon dioxide (CO2) 

production and soil mineral N but only with microalgae biomass at higher N rates. Adding 

microalgae biomass also increase the CO2 production by 30% when compared with using 

NH4NO3. Results of this study indicated that microalgae biomass is an available nitrogen 
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source for plants but not to the same extent as NH4NO3. Management practices that combine 

the use of microalgae biomass and synthetic N fertilizers should be encouraged as they can 

improve dry-matter production, improve microbial activities in soil, and help with the 

reduction of nitrous oxide and methane emissions. 

 

8.2 Introduction 

 
The increase in the demand of food due to an increasing population over the last few decades 

and the necessity to reduce greenhouse emissions generated from livestock breeding processes 

has made it vital to look for ways to make use of animal wastes (Oenema et al., 2005). Farm 

animals utilize only a fraction of nutrients (15 to 35% N) contained in animal feed for their 

bodily functions (Zhang et al., 2015) while the remainder is excreted via feces and urine. This 

causes a loss of N, which is then released into the atmosphere in the form of nitrous oxide 

(N2O) and also can increase soil N leaching losses (Pires et al., 2015). In Australia, 

intensive pork production generates substantial quantities of effluent and solid manure 

(Karrisies and Prossel, 1999). Initially, small pig breeders used manure heaps and tanks to 

store the wastes, which are later applied to agricultural lands as a source of fertilizer (Torres-

Climent et al., 2015). However, livestock breeders are faced with a serious challenge with the 

intensification of pork production and subsequently, the increase of waste generation (Powers 

and Angel, 2008). 

Livestock production, through the excessive generation of animal wastes, is responsible for 

18% of greenhouse emissions. The wastes from these animals are a source of gaseous N 

compounds in the atmosphere, where 65% of the emissions generated by the wastes are N2O 

(Steinfeld et al., 2006). They emit 40 Tg of ammonia (NH3) annually into the atmosphere and 

contribute to 50% of the total global NH3 emission (Dentener and Crutzen, 1994).  In addition, 

animal wastes are estimated to contribute approximately 2 Tg of nitrogen dioxide (NO2) of 
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the total global N2O emission into the atmosphere (Mosier et al., 1998), especially in summer 

if air temperature exceeds 40°C (Battye et al., 2003). It also generates methane (CH4), which 

is also a greenhouse gas. The global warming potential of CH4 is much higher than carbon 

dioxide (CO2) as each kilogram of CH4 warms the planet twenty times more than the same 

amount of CO2. According to Hristov et al. (2014), CH4 and gaseous N compounds in the 

atmosphere have doubled since the nineteenth century due to an increase in the livestock 

farming system. 

There are many avenues for N to escape from livestock farming systems. Some losses of 

gaseous N compounds may occur through volatilization of NH3 found in the animal waste. 

The emissions of nitric oxide (NO), N2O, and dinitrogen (N2) occur from nitrification and 

denitrification processes associated with animal waste. Inadequate agricultural practices and 

direct application of animal wastes without treatment are growing environmental concerns 

related to chemical, specifically N and phosphorus (P), and microbiological contamination 

via leaching and runoff (Horrigan et al., 2002), which in turn raises problems associated with 

the quality of air, soil, and water (FAO, 2009). 

One approach to reducing the negative effects (i.e. air, ground and surface water quality) 

associated with the direct application of manure to the soil is by pretreating the wastes 

through anaerobic digestion prior to its application (Güngör and Karthikeyan, 2008). Studies 

have shown that piggery wastewater that has undergone anaerobic digestion can be utilized as 

an economically valuable resource, stabilize organic solids, and reduce odor and pathogens 

(González et al., 2008). Moreover, recycling livestock wastes can also generate valuable by- 

products such as liquid fertilizers, slow release fertilizers, soil stabilizers, and microalgae 

biomass (Westerman et al., 2010). In Australia, the treatment of animal wastes in farms by 

incorporating anaerobic digestion facilities has meant that biogas generation and recycling of 

nutrients are becoming more widespread (Yu et al., 2015). Also, the production of microalgae 

biomass obtained from animal wastes is a possible alternative for N input to the soil (Bastidas-
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Oyanedel et al., 2016), which can help in the reduction of waste accumulation caused by 

the intensive pork industry (Martinez, 2009). 

Microalgae biomass cultured from animal wastes has the potential to be used as a soil 

fertilizer for crop production due to its high content in N and P (Mulbry et al., 2005). The N 

potential of microalgae biomass has been proposed as a potentially beneficial resource for the 

production of food crops such as rice (Venkataraman, 1979). It has also been suggested that 

microalgae biomass may be utilized as a biological control of pathogens in certain crops due to 

their antifungal, antibacterial, and antiviral properties (Kulik, 1995; Kreitlow et al., 1999; 

Mudimu et al., 2014; Prasanna et al., 2015). There are uncertainties associated with the 

amount of N that can be taken up by plants and/or released into the soil due to the effects 

related to leaching, toxicity, and pathogen survival that may counterbalance any benefits 

provided by microalgae biomass (Westerman et al., 2010). 

The use of microalgae biomass produced from piggery wastes as a source of N fertilizer has 

not been explored. At present, little is known about mineral N availability from microalgae 

biomass and its incorporation into nutrient-poor sandy soils of south-western Australia. It is 

known that soil microorganisms propagate rapidly during the decomposition of organic 

residues (Bartis et al., 2008) and N released from organic residues in the soil can be immobilized 

when low quality C:N ratios are incorporated in these poor-N soils (Redin et al., 

2014). 

Microalgae have received much attention as potential sources of bioactive compounds because 

they are able to produce several secondary metabolites with a broad spectrum of biological 

activities (Cox et al., 2015; Wang et al., 2015). The great potential for exploitation of these 

natural compounds in various applications has stimulated the search for new bioactive 

compounds from algae harvested from various places in the world, for example in The United 

States of American and The Netherlands (Frikha, 2011). Furthermore, N that is potentially 
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available from microalgae biomass can become unavailable due to its transformation to more 

stable forms in soil (Bohutskyi et al., 2015). In addition to a number of factors, such as soil 

temperature, soil type, nutrient and water availability in soil, chemical nature, and amount of 

residues and the soil–residue contact (Krustok et al., 2015), microalgae biomass is also a factor 

that can influence N mineralization in the soil. 

The overall objective of this research project was to investigate the use of microalgae 

biomass cultured from piggery effluent as an alternative source of N fertilizer for wheat 

production. Specifically, the objective of this study was two-fold: i) to investigate the 

effectiveness of microalgae biomass to supply N to wheat in comparison with a synthetic N 

fertilizer, i.e. NH4NO3, and ii) to assess the release of inorganic N (potential N mineralization 

rate) following the application of microalgae biomass to soil when compared with a synthetic N 

fertilizer. 

It was hypothesized that when different N levels were applied, the N that is supplied by using 

microalgae biomass produced from animal wastes is the same as synthetic N fertilizer. It was 

also hypothesized that microalgae biomass can be used as a source of N for wheat growth via the 

mineralization of the organic N. 

 

8.3 Materials and methods 

 

8.3.1 Soil and microalgae biomass collection 

 

The soil used for two experiments was collected (Ap horizon; 0-10 cm) in January 2016 near 

Gingin, from a local agricultural area of the wheatbelt region of Western Australia (31.34°S 

115.91°E) approximately 92 km northwest of Perth. The soil texture is sandy loam (60% 

sand, 18% clay, 22% silt) and classified as Red-Brown Chromosol by the Australian Soil 

Classification (National Committee on Soil Terrain and Isbell, 2016). Soil chemical 

characteristics were analyzed in the laboratory where results revealed a low level of mineral 
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N, which made the chosen soil suitable for the present study (Table 1). The Gingin soil was 

air-dried, passed through a 2 mm sieve, and stored before being used in the glasshouse and 

laboratory experiments describe below. 

In order to ensure that there was no limitation of nutrients in the soil for wheat growth, the 

addition of basal nutrients (as salt solutions) was added to the soil. Basal nutrients were 

supplied at the following rates (mg kg-1 soil): 88.7 K; 20.5 P; 34.2 S; 88.7 Na; 41 Ca; 72.5 Cl; 

3.95 Mg; 3.26 Mn; 2.05 Zn; 0.51 Cu; 0.12 B; 0.11 Co; and 0.08 Mo. 

 
 

Table 1 Soil properties (0-10 cm depth) used in the experiment 

 
 

Parameter Value 
Soil pHCaCl2

a 5.8 

Ammonium (NH4
+) (mg N/kg)b <1 

Nitrate (NO3
-) (mg N/kg)b 1 

Total C (%)c 0.12 
 

a Soil pH measured in 0.01 M calcium chloride (CaCl2) with a 1:5 soil:extract ratio (Hunt et al., 1992). 
b NH4NO3 was extracted using 0.5 M potassium sulphate (K2SO4) (40 g soil to 50 mL extract) (Hood-

Nowotny et al., 2010). 
c Total C determined by dry combustion of finely ground air-dry soil using an Elementar Vario MACRO 

CNS Elemental Analyzer (Hanau, Germany). 

 

Microalgae biomass used in this study was cultured from piggery effluent at the Algae R&D 

Centre at Murdoch University. Effluent from piggeries was placed in covered anaerobic 

digestion ponds for biogas production. When the ponds were filled to capacity, the effluent 

entered a secondary evaporation pond, which is exposed to air, sunlight, and rain. The 

anaerobic digestion effluent obtained was used for microalgae biomass cultivation; it was 

pumped directly from the covered anaerobic digestion pond and stored in 30 liters plastic 

drums. Microalgae biomass was cultured in raceway ponds using anaerobic digestion from 

piggery effluent, enriched with ammonium chlorine (NH4Cl) to sustain experimental 
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conditions of 1600 mg NH3-N L-1. The pH was adjusted to 9 using potassium hydroxide 

(KOH) pellets. Microalgae biomass was collected from the raceway pond after 3 weeks and 

air-dried at 40 °C in paper bags for 2 weeks before use. It was then ground (<1 mm) using a 

grinder machine. Total C and N were determined using a CHN2000 analyzer (Leco Corp., St 

Joseph, MI) where the concentration of C was 41.27% and N was 4.28%. 

8.3.2 Experimental design and approach 

 

Experiment 1: Glasshouse study 

 

In order to obtain a N response curve from the application of microalgae compared with N 

fertilizer, seeds of wheat (Triticum aestivum L.) were grown in pots measuring 12 cm diameter 

and 15 cm height, using the soil described above for 6 weeks (25 July 2016 to 26 

August 2016) in a glasshouse at The University of Western Australia, Perth, Australia. Wheat 

plants were grown using the two N sources at five different levels equivalent to: 0 kg ha-1, 10 

kg ha-1, 20 kg ha-1, 40 kg ha-1, and 80 kg ha-1 respectively. N was applied to the soil (and 

mixed as described below) in the form of microalgae biomass and NH4NO3 in one application 

prior to planting the seeds. The greatest N application level used in this study represents the 

maximum level generally applied to cereal crops in the wheatbelt region of Western Australia 

for wheat production (Borger et al., 2010). 

The soil was mixed using a rotary soil shaker for three minutes after addition of N sources 

and basal nutrients (described above) to ensure nutrients were distributed throughout the soil. 

The mixed soil (1500 g of air-dried soil) was then placed into undrained plastic pots lined 

with polyethylene bags. Six wheat seeds were hand sown in each pot at a depth of 30 mm. 

After eight days, sowing plants were thinned to three per pot. Pots were weighed every two 

days throughout the duration of the experiment to estimate water loss, and deionized water 

was added to maintain 45% of field water capacity. 
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Plants were harvested after six weeks. The plants were lifted and manually shaken to remove 

soil particles attached to the roots. The plant biomass obtained was sectioned into two parts: 

shoot and root. Shoots were collected by cutting 2 mm below the soil surface. The weight of 

fresh plant shoot was recorded and then oven-dried at 50°C for seven days before reweighing. 

The oven-dried plant shoots were ground using a pestle and mortar. Total N was measured by 

combustion analysis using a Macro Elemental analyzer (vario Macro CNS; Elementar, 

Germany). The results presented per plant basis were obtained as an average of three harvested 

plants in each pot. Data collected were used to calculate dry-weight, N concentration, and 

total N uptake, i.e. dry weight multiplied by N concentration (%). 

Experiment 2: Soil incubation 

 

In order to measure mineral N and CO2 released from the soil following addition of the two N 

sources, the soil used in the glasshouse study that had received basal nutrients at the application 

levels as described above was used for this incubation experiment. This experiment contained 

two N sources (microalgae biomass and NH4NO3), and five levels of microalgae biomass and 

mineral fertilizer (0, 10, 20, 40 or 80 kg N ha-1). There were three replicates for each treatment 

and five measurement times (0, 7, 14, 21, and 28 days). N levels were calculated, weighed, and 

mixed with 40 g of soil in 50 mL containers. A total of 150 experimental units were used for 

the incubation experiment. During this process, precaution was taken to not disrupt the soil 

either through stirring or shaking. The maximum N rate was assumed as recommended for 

most arable crops (Van Averbeke et al., 2007). Soil samples were incubated aerobically in 

the plastic containers for 28 days at 25°C. Soil moisture content was adjusted to 70% of 

the moisture-holding capacity at 10 kPa suction and maintained during incubation by adding 

distilled water. 

Soil respiration was examined at each measurement time (i.e. 0, 7, 14, 21, and 28 days) by 

placing plastic containers containing the samples in Mason jars sealed with lids to trap 
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respired CO2 and left for two hours in a dark storage room. After two hours, CO2 concentration 

was measured by extracting 1 ml of gas from each jar using a gastight syringe and injecting 

directly into an infra-red gas analyzer (The Analytical Development Co., Series 225/ model LI-

820, LICOR Inc. USA). Additionally, following the CO2 analysis, the soil was analyzed for 

water content and mineral N concentration. Gravimetric water content was determined by 

drying the soil (105°C) for 72 hours, while mineral N was determined by extracting 10 g 

soil with 40 ml of 0.5 M K2SO4 in a soil-to-extractant ratio of 1:4 and then analyzing for 

NH4
+  and NO3

-  by spectrophotometry using a Thermo Scientific Multiskan Spectrum. NH4
+ 

and NO3
- were determined according to the method developed by Hood- Nowotny et al. 

(2010). Initial concentration of NH4
+ and NO3

- (at day 0) was determined immediately after 

the incorporation of each N source. Subsequently, at each measurement time, destructive 

sampling was done routinely to assess NH4
+ and NO3

- by removing triplicate samples from 

different treatments at different incubation timings. NH4
+ and NO3

- were extracted with 40 ml 

of 0.5 M K2SO4 in a soil-to-extractant ratio of 1:4 by shaking for an hour in a tumbler. The 

solution was then filtered using a Whatman No. 40 filter paper. Total NH4
+ and NO3

- were 

determined by spectrophotometry using a Thermo Scientific Multiskan Spectrum. Total 

mineral inorganic N was calculated by summing NH4
+ and NO3

-. 

Statistical Analysis 

 

Analyses of variance (ANOVA) were performed using R statistics package (The R 

Foundation for Statistical Computing, version 3.1.2 © 2015) to determine whether N sources 

affected the N uptake, dry-matter concentration, total-N mineralized, and soil respiration (i.e. 

CO2 production) when it is applied to the soil. Before ANOVA was done, Shapiro-Wilk test 

was conducted on the data to check the normality of its distribution. If the distribution was 

non-normal, a log10(x) transformation was conducted. When significant F-tests were 
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obtained, means separation was developed using a Least Significant Difference (LSD) test at 

5% significance level. 

8.4 Results 

8.4.1 Experiment 1: Glasshouse study 

Dry matter (Shoot production) 

 
The amount of dry matter produced varied depending on the N source and the N rate 

(P<0.001; Table 2). Increasing the amount of N level increased dry matter production for 

both N sources, but to a greater extent for the NH4NO3 than for the microalgae biomass. The 

greatest shoot dry-matter production was recorded at an application level of 80 kg ha-1 for 

both sources (Figure 1). The soil without application of N source (control) had the least shoot 

dry-matter weight. Compared with the control, the maximum total dry-matter production 

(5.80 g dry weight per pot) occurred with the application of NH4NO3 (P<0.001) at an 

application level of 80 kg ha-1. Comparing the lowest-N treatment (10 kg N ha-1) with the 

highest-N treatment (80 kg N ha-1) from both sources, there was a significant decrease in the 

dry weight of shoots where the production of dry-matter was reduced by an average of 27% 

for microalgae biomass and 41% for NH4NO3. Shoot dry-matter production following the 

application of microalgae biomass was significantly lower at levels 10 and 20 kg ha-1 (Table 

2) and had increased significantly (P<0.001) at level 40 kg N ha-1. Adding NH4NO3 at an 

application level of 40 kg N ha-1 resulted in higher plant shoot dry-matter weight compared to 

the application of microalgae biomass at levels of 20, 40, and 80 kg N ha-1 (P<0.001). 
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Figure 1: Effect of different N sources (NH4NO3 and microalgae biomass) on shoot 

production (g dry weight per pot) for wheat when applied at different levels (equivalent to 
0 to 80 kg N ha-1). 

 
 

 
 
Applying 40 kg N ha-1 of microalgae biomass resulted in an equivalent shoot dry-matter 

production to applying 10 kg N ha-1 of NH4NO3 (Figure 1). Also, the shoot production at an 

application level of 40 kg N ha-1 of microalgae biomass was on average 21% less than for an 

equivalent application of N of NH4NO3 at an application rate of 10 kg N ha-1. However, 

compared with the control, the addition of microalgae biomass at a level of 40 kg N ha-1 

significantly increased the dry-matter production (P<0.001). Raising the N level for both 

sources (from 40 kg N ha-1 to 80 kg N ha-1) did not result in more significant increments in 

plant shoot production (Figure 1). 

 

Plant N uptake 

 
Increasing the N application increased the N uptake, but to a different extent depending on the 

N source (P<0.001; Figure 2). The total amount of N accumulated in shoots  with NH4NO3 
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application was significantly greater than that detected in plants applied with microalgae 

biomass for all N levels (P<0.001). The greatest total N uptake (g N per pot) and N concentration 

(g kg-1) were observed for NH4NO3 at an application level of 80 kg ha-1 

(P<0.001; Figure 2 and Table 2). The N concentration (g kg-1) in shoots increased when the N 

levels were increased in both N sources (Table 2). Conversely, the N concentration (g kg-1) for 

all the N levels was significantly lower with the application of microalgae biomass compared 

with NH4NO3 (P<0.001). When the greatest N application for both N sources was compared, a 

lower shoot N concentration in the microalgae biomass treatment brought about a 41% reduction 

in shoot N uptake (Table 2). 

 

 
Figure 2 Effect of different N sources (NH4NO3 and microalgae biomass) on N uptake at 
harvest of wheat when applied at different levels (equivalent to 0 to 80 kg N ha-1). 

 
 

7.4.2 Experiment 2: Soil incubation under laboratory conditions 

N mineralization 

 
The amount of mineral N produced varied depending on the N source and the N level applied 

(P<0.001; Table 3).  Increasing the amount of N applied increased the amount of mineral N for 

both N sources, but to a greater extent for NH4NO3 than for microalgae biomass. The 

concentration of NH4
+ and NO3

- following the application of microalgae biomass was 
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significantly lower for all N application levels compared to NH4NO3 (P<0.001). The greatest 

concentration of NH4
+ (61.35 mg kg-1) was recorded on day 21 at an application level of 80 kg 

N ha-1 (Figure 3). The addition of microalgae biomass at an application rate of 80 kg N ha- 1  

had the greatest concentration of NO3
- (85.97 mg kg-1). The greatest mineral N values were 

recorded at an application level of 80 kg ha-1 for both sources (Table 3). Soil without 

application of N source (control) had the lowest mineral N concentration. Comparing with the 

control, the maximum mineral N concentration (255.26 mg kg-1) occurred with the 

application of NH4NO3 (P<0.001) at an application level of 80 kg N ha-1.  

Total N mineralized in the soil after 28 days with NH4NO3 was significantly greater than 

microalgae biomass (P<0.001). In addition, on average across all N levels, total N from 

microalgae biomass was 58% less than NH4NO3 and 47 % more than the control (P<0.001; 

Figure 4 and Table 3). Changes in mineral N tend to vary depending on the N source (P<0.001). 

In soils amended with microalgae biomass, NH4
+ initially increased with time before declining, 

which was followed by a subsequent increase in NO3
- (Figure 4 and Table 3).  
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Table 2: Effect of different N sources on measured wheat properties [shoot dry weight (DW), shoot N 
concentration, and total N uptake per pot] when applied at different levels (equivalent to 0 to 80 kg 
N ha-1). Values presented are means (± standard error), n = 3. Three plants per pot were grown for 6 

weeks. 
 

 
 
 
Changes in mineral N tend to vary depending on the N source (P<0.001). In soils amended with 

microalgae biomass, NH4
+ initially increased with time before declining, which was followed 

by a subsequent increase in NO3
- (Figure 3). 
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Table 3: Changes in mineral N (NH4

+ + NO3
-) with time for two N sources (microalgae biomass and 

NH4NO3) applied at different levels (n=3), incubated at 25oC, and soil moisture content adjusted to 
70% of moisture- holding capacity. 
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Figure 3: Total inorganic N with time for incubated soils with microalgae biomass when applied at 
different rates. Bars indicate SEM; n=3. (a) 0 kg N ha-1; (b) 10 kg N ha-1; (c) 20 kg N ha-1; (d) 40 kg N ha-1; 

(e) 80 kg N ha-1. Note the different y-axis scales on graphs (a) and (b). 
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Figure 4 Total N [Ammonium (NH4

+) and nitrate (NH3
-) mineralized (mg kg-1) in the soil after 28 days with two 

N sources and four different N levels. 
 
 
For application of 20 and 40 kg N ha-1 microalgae biomass, NH4

+ increased rapidly. In 

contrast, microalgae biomass treatments increased the NO3
- concentration above that of the 

control only after 14 days. 

For all N levels of NH4NO3 applied, it was observed that the amount of mineral N produced 

varied depending on the N application level (P<0.001; Table 3; Figure 5). Increasing the 

amount of N level applied increased the amount of mineral N for the application of NH4NO3. It 

was also observed that there is an increase in mineral-N starting on the first 7 days of 

incubation and this was subsequently maintained during the incubation study. The NH4
+

 

concentration was generally not different among treatments, while the NO3
- concentration in 

the soil was significantly higher on average by 36% during the first 14 days of incubation for 

application levels of 40 and 80 kg N ha-1 (P<0.001). 

 
 
 
 
 
 
 



213 
 

 
 
Figure 5 Total inorganic N for incubated soils with NH4NO3 when applied at different levels. Bars indicate 

SEM; n=3 
 
 

Soil carbon dioxide 

 

The level of CO2 produced by the treatments applied with microalgae biomass was statistically 

higher compared to NH4NO3 (P<0.001). Only with the application of microalgae biomass at 

the greatest level (80 kg N ha-1) was there a significant difference between N levels from 

the same source (P<0.01). There were no significant effects with the application of NH4NO3 at 

different rates (P<0.001). 

The amount of CO2 produced (soil respiration) varied depending on the N source and amount 

applied to the soil (P<0.001; Figure 6). Increasing the amount of N applied increased the 

concentration of CO2 for the application of microalgae biomass, but did not increase to the 

same extent for the NH4NO3 application. The greatest CO2 production was recorded at an 

application  level  of  80  kg  ha-1  with  microalgae  biomass  (Figure  6).  The soil without 

application of N source (control) had the least CO2 production (P<0.001). Compared with the 

control, the maximum CO2 occurred with the addition of microalgae biomass (P<0.001) at an 

application level of 80 kg N ha-1. 

The CO2 production after the application of microalgae biomass increased during the first 3 
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days to around 14 days of incubation, and then gradually decreased. However, the CO2 

production measured at N application levels of 10, 20, 40 kg ha-1 were lower and there was 

no significant difference with the control (P<0.001). When microalgae biomass was applied at 

levels 10 and 40 kg N ha-1, substantial increases in CO2 production were observed during the 

first 7 days with a maximum of 15.8 mg C hr-1 m-2 (Figure 6). 

 

 
 
Figure 6 : Effect of different N sources: (a) microalgae biomass, and (b) NH4NO3, on CO2 (mg C hr-1 m-2) 
when applied at five N application levels in the soil. Bars indicate SEM; n=3. 

 
 

8.5 Discussion 

 

The potential of wheat to take up N from different organic sources has been demonstrated 

under experimental conditions (Jones et al., 2005). However, the use of microalgae biomass 

produced from piggery wastes and its quantitative significance in terms of plant N uptake, 

dry matter production, N mineralization, and soil respiration (CO2 production) remains highly 

uncertain. To assess these uncertainties, a laboratory-based research was developed.  

Microalgae biomass produced from piggery wastes can be used as a source of N for growing 

wheat but it does not supply N to the same extent as a mineral N fertilizer. A similar result 

was found in a study using marine algae where the results indicated that although the algae 
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contained N, it did not supply N to the plants to the same extent when compared with a 

mineral fertilizer, with the marine algae only supplying 28% of N (Perez-Mayorga, 2011). 

Chan et al. (2011) conducted a glasshouse experiment where the agronomic benefits of a 

green waste applied as a soil amendment were investigated. They found that in the absence of N 

fertilizer, green waste application did not cause an increase in shoot dry-matter production. 

However, the shoot dry-matter production significantly increased when green waste application 

rates were increased (10, 50, and 100 t ha-1) in the presence of mineral N fertilizer (100 kg ha-

1). In a different study, a ryegrass greenhouse trial was conducted by Delin et al. (2012) to  

investigate  potential  methods  for  estimating  the  N  fertilizer  value  of organic residues by 

using 15 common agricultural by-products and a mineral N source (NH4NO3). They found 

that when NH4NO3 was applied, the N uptake of ryegrass (in shoots and leaves) was 67% 

higher than in the 15 common agricultural by-products that was applied to the soil. 

Soil microbial activity that is involved in early phases of decomposition processes is elevated 

because biodegradable organic compounds are readily available (Jacinthe et al., 2010). The 

amount of CO2 produced by the incorporation of two N sources incubated for a period of 28 

days showed how the application of microalgae biomass caused an increase in soil respiration 

compared to NH4NO3. During the first 14 days of incubation, CO2 production was high, with a 

steep increase in the first 7 days. This increase can be attributed to organic C content that is 

present in the microalgae biomass, which provided the necessary C for the proliferation of 

microorganisms responsible for substrate decomposition. This is in agreement with findings 

by Ayuso et al. (1996) who indicated that the emission of CO2 and microbial activity are 

lower with more stable organic matters since there are less easily decomposable material 

which in turn prevents degradation by microorganisms. My laboratory-based study in CO2 

quantification using microalgae biomass suggested that in the overall process, there were two 

basic phases. The first phase corresponds to an increase in biological activity and degradation of 
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readily biodegradable substances, such as sugars, lipids, phenols, and organic acids, which 

stimulate both the growth and respiration of a large number of microorganisms. The second 

phase is defined by the decrease in the release of CO2, which also corresponds to a decrease in 

biological activity as a consequence of decreasing readily biodegradable substances, 

subsequently causing stabilization at the end of the process. These results agree with those 

obtained by Valarini et al. (2003) who indicated that significant differences in microbial 

activity are only detectable at a maximum of seven days after the incorporation of organic 

materials. Hence, it can be said that when organic substances are incorporated into the soil, 

there is reduction from the C substrate where small increases towards the end of the incubation 

period obeys the trend of recalcitrant material decomposition. 

Temperature is a relevant factor in the mineralization process and in the CO2 production that 

must be considered. It has been reported that the carbon mineralization rates, as measured by 

CO2 is dependent on soil temperature (Reichstein et al., 2000; Erhagen et al., 2015). Verdal et 

al. (2011) noted that temperature is an important controlling factor in the mineralization 

processes. In studies that were conducted in southern Brazil, soil samples were incubated at 

25°C and liquid marine algae was used. The initial content of NH4
+ was 400 kg ha-1. It then 

declined rapidly in seven days to 3 kg ha-1 (Souza et al., 2013). The same trend was noted by 

Gonzatto et al. (2016), who said that in Bolivian Altiplano, extreme changes in temperature 

(early morning temperature below 0°C up to 20 days) possibly influenced the dynamics of 

NH4
+. Coûteaux et al. (2008) stated that at 30°C, faster mineralization is obtained. In my 

study, room temperature was kept constant at 25°C to simulate ideal conditions. Organic 

materials with a C:N ratio of less than 20:1 tends to release inorganic N rapidly through 

mineralization (Bittman et al., 2007). Since the microalgae biomass used in this study had 

a C:N ratio of 10:1, it was expected that there would be a high mineralization capacity 

which would subsequently rapidly release inorganic N. However, results from this research 
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experiment indicated otherwise. The relatively low mineralization capacity of the organic 

compounds may be attributed to changes of soil conditions during incubation. In most 

incubation studies, initial moisture level is adjusted by adding water during incubation and 

then stirring the soil (Abbasi et al., 2001; Griffin et al., 2005). This serves to redistribute C and 

N, which would presumably lead to conditions that are more favorable for microbial 

transformation, including mineralization. An overestimation of the rates of mineralization 

may be caused because of this. However, soil that was placed in the plastic containers of our 

study was not stirred or shook during the incubation period in order to replicate field conditions. 

In addition, particle size plays an important role in N mineralization as it affects the surface 

area of the N source that is in contact with microorganisms (Cai et al., 2016). Agehara and 

Warncke (2005) reported that organic N sources (manures or plant residues) with finer particle 

size may contribute to more rapid N release than larger or coarser particles. 

The addition of NH4NO3 to the soil increased the abundance of total mineral N (observed as 

NH4
+ and NO3

-) over time. This was as expected as NH4NO3, does not need a mineralization 

process because it is a chemical compound that contains NH4
+ and NO3

-, which are readily 

available and may be directly taken up by plants. On the other hand, our study revealed that  

when microalgae biomass was applied to the soil under laboratory conditions, the availability of 

NH4
+ was higher than NO3

-. The results are in agreement with findings for wheat seedlings grown 

in a sterile hydroponic experiment, where a linear rate of N uptake was observed and NH4
+ 

was also taken up preferentially in comparison to NO3
- (Hill et al., 2011). Factors that affect 

the amount of N and whether NH4
+ or NO3

- are the concentration of N in the soil, activity 

and affinity of the root membrane transporters, root distribution through soil, and the microbial 

competition in the rhizosphere (Glass et al., 2002; Forsum et al., 2008; Jones et al., 2009). The 

soil used for my study was naturally low in available N and the amount of N applied to the 

soil was chosen to simulate a pulse during the addition of N, i.e. addition of an inorganic or 
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organic based fertilizer (Jones and Darrah, 1994). Foudyl-Bey et al. (2016) stated that 

mineralization is faster during the first weeks of incubation since in that period decomposition 

of sugars, proteins, and cellulose occurs. Towards the last few weeks of incubation, 

mineralization is slower as more resistant materials is mineralized and hence, needing more 

time to decompose (Levi-Minzi et al., 1990). This is in line with my study where it was 

observed that during the first three weeks of incubation, the production of NH4
+ increased but 

after three weeks, the content of NH4
+ decreased for all treatments. 

Future investigation on the optimal use of microalgae biomass in the field needs to be 

conducted to improve the utilization of pig farm effluent. Also, further studies on  the potential 

use of microalgae biomass produced from piggery wastes must be done to assess realistic 

economic values for use in the field. Longer mineralization experiments for the whole 

duration of a plant growth cycle may be elaborated to have a better understanding on the 

availability of N from microalgae biomass. Finally, a mix of microalgae biomass with a mineral 

N source as a possible N fertilizer alternative can be evaluated to reduce the application of 

existing expensive mineral N sources and subsequently, reduce the cost of crop productions. 

8.6 Conclusion 

 

This research study demonstrated that microalgae biomass was able to supply N to wheat 

plants but it was not as effective when compared to a mineral N source (NH4NO3). This is 

because a large proportion of the N in microalgae is in an organic form and needs to be 

mineralized by soil microorganisms before it is plant available. There are greater microbial 

activities when using microalgae biomass compared to using the inorganic NH4NO3. Further 

studies specifically focusing on the role of microalgae as an N source and its effects on the 

transformation of organic N in the soil are needed to determine economic rates of microalgae 

biomass for wheat production. 
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9.1 Abstract  

 
The cultivation of microalgae on anaerobic digestate of piggery eflluent (ADPE) is an efficient 

tool for the bioremediation of the wastewater. In addition, algal cultivation on ADPE can reduce 

CO2 footprint in piggeries and the biomass produced can be transformed into commodity end-

products (e.g. animal feed and bioenergy). Here we assessed the techno-economics of microalgae 

cultures grown in paddle wheel driven raceway ponds and tubular photobioreactors for the 

treatment of undiluted ADPE at a medium (400 sows) and a large (2,000 sows) sized piggeries.  

The results indicated that the lowest production cost was achieved when productivity was highest. 

The most economical outcome was achieved for a large sized piggery using paddle wheel driven 

raceway ponds.  

9.2 Abbreviations 

 
€ Euro 
AD Anaerobic Digestion 
ADPE Anaerobic Digestion Piggery Effluent 
AUD Australian Dollar 
CAPEX Capital Expenses 
CHP Combine Heat and Power 
DW Dry Weigth 
kAUD Thousand of Australian Dollar 
kWh Kilo Watt per hour 
LO Large Operation 
MAUD Million of Australian Dollar 
MO Medium Operation 
N Nitrogen 
NIWA National Institute of Water and Atmospheric Research 
OPEX Operating Expenses 
ORP Open Raceways Ponds 
P Phosphorus 
PBR Photobioreactor 
TEA Techno-economic assesment 
USD United States Dolllar 
NREL National Renewable Energy Laboratory  
FAO Food and Agriculture Organization of the United Nations 
HVP High Value Products 
CAP Covered Anaerobic Ponds 
MSP Minimun Selling Price 
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9.3 Introduction  

 
Due to the rising demand for meat, the global pork industry has been experiencing tremendous 

growth. The intensification of pig production is expected to cause severe environmental impacts, 

from food production to manure treatment (Wei et al., 2016).  The number of pigs in Australia 

alone in 2014 was 231x106 sows (FAO, 2016). A single pig is seen to produce on average, 0.24 

kg of manure per day (Skerman et al., 2016). Piggery effluent has been reported to contain high 

concentrations of organic compounds which can contaminate soil and water bodies when directly 

released to the environment (Makara and Kowalski, 2015). When treated using anaerobic 

digestion (AD), piggery effluent can contribute to the generation of renewable energy (bio-

methane). The composition of biogas produced through AD process is generally 60-70% CH4, 

30-40% CO2 and low percentage of other gases (Kumaran et al., 2016). Several pig farms employ 

AD process to treat their primary effluent and to generate an additional revenue. However, AD 

treated effluents (ADPE) is still found to contain high concentration of inorganic nitrogen and 

phosphorus which is not easily treatable (Kim et al., 2016). The bioremediation of ADPE using 

microalgae is an environmentally sustainable process as microalgae are very efficient in 

removing and utilizing nutrients from wastewater (Cheah et al., 2016). However, most previous 

studies have only looked into the cultivation of microalgae on diluted piggery wastewater (up to 

eight times dilution) due to potential ammonium toxicity to the alage. To reduce the cost and the 

use of precious freshwater, microalgae should be optimized to grow on undiluted ADPE. Through 

our previous work, we have successfully isolated and cultivated a consortium of microalgae on 

undiluted anaerobic digestion of piggery effluents (ADPE) using both paddle wheel driven 

raceway ponds and tubular photobioreactors (Ayre et al. 2017, Nwoba et al. 2016). Such an 

innovative approach would not allow for the sustainable treatment of the ADPE but also for the 

production of valuable algal biomass. 
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Nonetheless, prior to any commercialisation, the technoeconomics assessment of such systems 

must be first evaluated. To the best of our knowledge, the cost associated with treating ADPE 

using microaglae has not been previously studied. The overarching aim of this study is to to 

develop a detailed techno-economic analysis (TEA) for the bioremediation of ADPE using 

microalgae in different algal cultivation systems.  

9.4 Methodology 

 
This techno-economic study was conducted based on the methods detailed in Figure 1 according 

to NREL’s approach on economic analysis (Davis et al., 2016). The first step employed was to 

identify and construct the process configuration. The optimum process flowsheet was proposed 

based on previous designs found in relevant literature (Acién et al., 2012; Bravo-Fritz et al., 2016; 

Collet et al., 2011; Gonçalves et al., 2016; Rogers et al., 2014). The technological process flow 

diagram of baseline estimates is summarised in Figure 2. The details of pig farm facilities were 

based on The National Institute of Water and Atmospheric Research (NIWA) report using an AD 

to treat primary piggery effluent for the generation of biogas, ADPE, and sedimented sludge 

(Craggs, R., 2008). The proposed microalgae cultivation system, was added and integrated to the 

existing NIWA process (Figure 2).  
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Figure 1. Methodology of the techno-economic study. 

 

Undiluted ADPE and CO2 of flue gas (generated through the AP process) were used as feedstock 

for cultivation of microalgae. In the harvesting and dewatering stages of microalgae cultures, the 

supernatant and drained water can be recycled to the cultivation system. The generated biomass 

can be sent to the AD lagoon (generating extra biogas) or used as a biofertilizer. The potential 

use of algal biomass as an animal feed or to produce bioenergy (biodiesel and bioethanol) was 

also assessed. All assumptions used to develop the mass and energy balance and technological 

design, are summarised in Tables 1 and 2.  
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Figure 2. Block diagram of the proposed process system 
 

9.4.1 Anaerobic digestion 

 
Data for the AD process were derived from previously published work (Craggs, R., 2008). The 

techno-economics was carried out for a medium (MO = 400 sows) and large (LO = 2000 sows) 

sized piggery facility using AD as their primary treatment step for effluent produced. Anaerobic 

digestion data used in this techno-economic study for both operation sizes are summarised in 

Table 1.  

The nutrient composition of ADPE that was used to model microalgae biomass productivity and 

nutrient removal rates has been previously charaterized by Ayre et al (2017). The initial 

ammonium nitrogen concentration was averaged at 894 mg NH4
+ − N · L−1 while phosphorus was 

43 mg·L-1 
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Table 1: Covered anaerobic pond process (Craggs, R., 2008) 
 

Ponds Dimensions Units CAP 

MO  

CAP 

LO 

No of sows  400 2,000 

Total volatile solids to pond (Screened) kg·day-1 1,093 5,463 

Total wastewater flow (typical manure 

washdown) 

m3·day-1 71 355 

% Volatile solids of wastewater % 1.5 1.5 

CAP Volume  m3 3,642 18,211 

CAP Pond cover area  m2 1,109 4,108 

Annual average methane production m3·day-1 240 1,202 

Annually generated electricity kWh.y-1 243,416 1,217,079 

Annual heat generation kWh.y-1 411,328 2,028,465 

 
 

9.4.2 Microalgae growth and cultivation 

 
For the purpose of this study, the algal wastewater treatment ponds would be located inside a 

piggery facility in Western Australia and subjected to local environmental conditions. Western 

Australia holds great potential for the high productivity cultivation of microalgae, based on land 

availability and favourable climatic conditions throughout the year (Boruff et al., 2015; 

Kosinkova et al., 2015).  

The microalgal consortium consisting of Chlorella  and Scenedesmus capable of growing on 

undiluted ADPE has been previously isolated and established (Nwoba et al., 2016). Open 

raceway ponds and helical tubular photobioreactors were used as the cultivation system of choice 

in this techno-economic study. Prior considerations that the AD process was already in operation 

in the piggery facility and that sufficient volume of ADPE required for the cultivation of 

microalgae was avaliable were also made in this model. Based on previous published data, the 

residence time was set as 10 days (10% of the total volume is harvested daily) to permit 

continuous operation (Ayre et al., 2017; Nwoba et al., 2016).  
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Raceway ponds: Individual ponds of 1 hectare in size with paddle-wheels consuming 2 kW·ha-

1 of energy (Davis et al., 2012; Lundquist et al., 2010) at a nominal water velocity of 25 cm·s-1 

and liquid depth of 25 cm (Stephens et al., 2010) were considered for this model. The average 

water evaporation rate was set at 0.3 cm·day-1(“Bureau of Meteorology,” 2016) .   

Tubular PBRs:  Tubular photobioreactor used for this techno-economic study was based on the 

design of (Davis et al., 2011) with 200 m3·ha-1 tube system with an energy consumption of 0.025 

kWh·m-3 (Delrue et al., 2012).  Algal biomass productivity in both cultivation systems were 

calculated based on the Redfield ratio of elemental composition C106:N16:P1 using the C, N and 

P concentrations of ADPE inflowing into the system. The maximum biomass yields in raceway 

ponds and biocoil were modelled at 0.5 g·L-1 (Collet et al., 2011; Rogers et al., 2014) and 1.7 

g·L-1(Norsker et al., 2011), respectively.  

9.4.3 Harvesting and dewatering 

 
The proposed dewatering process for this study included a pre-concentration step using gravity 

sedimentation followed by secondary dewatering procedure resulting in final solid concentration 

of 40 g·L-1 and 300 g·L-1, respectively. A sedimenter and harvest tank was used for primary 

concentration based on the design of Slade and Bauen (2013). A belt filter press was used for the 

secondary dewatering process (Sandip et al., 2015). 

9.4.4 Economic assumptions 

 
Preliminary economic analysis (TEA) for microalgae production took into account the capital 

expenses (CAPEX) and the operating expenses (OPEX) of the systems. CAPEX was calculated 

as the sum of major equipment cost (MEC), installation, piping and electrical wiring costs as well 

as costs associated with construction. MEC cost was defined according to values previously 

reported in the literature and vendor quotation (see Table S.3 in the supplentary material) . The 

values in the literature for diferent years were normalized to June 2016 cost basis, using the 

Chemical Engineering Plant Cost Index (CEPCI) (see Eq.1).    
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𝐶0

𝐶𝐼
= (

𝐼

𝐼0
) 

(1) 

 

where C is the current cost, C0 is the base cost, I and I0 are the current and base indecies. Eq. 2 

was used to determinethe relationship between cost and the equipment capacity based on the 

scaling exponent (R) values for individual equipment (Peters et al., 2004; Remer, D.S., 1993). 

 

 

Table 2 summarizes the raw material required for the construction of the algal cultivation systems 

for both small and medium scaled piggeries operated at low, medium and high biomass 

productivity. The maintenance, installation cost, piping, instrumentation and other accessory 

equipments required are summarised in Table S.3 in the supplementary material.  

The OPEX list included variable and fixed costs. The variable cost was affected by algal biomass 

productivity rates and nutrient input rates as well as raw materials, power requirements, and 

utilities). The fixed cost such as maintenance, operating labor, plant overheads, insurance 

remained constant. Raw materials cost (e.g. nutrients, water, and CO2) which was supplied from 

the AD process, was standardized to zero. Power requirements were calculated based on energy 

balances and the amount of energy produced in the Combine Heat and Power (CHP) which is 

enough for all the facility’s operation. We assumed the plant operation to be at 330 days per year, 

the equipment operating 24 h d-1 with a maximun 20 years life span (Davis et al., 2011), stopping 

only for equipment and facilities’ maintenance. We estimated 2 (MO) and 2.5 (LO) equipment 

operators working 8 hours per day at a salary rate of 25 AUD$.h-1 totalizing AUD$ 48.000 labor 

cost per annum per worker. The energy cost was considered as a large business demand low 

voltage tariff at an average of AUD$ 0.197 kWh-1(Synergy, 2016). All the cost values obtained 

𝐶𝑜𝑠𝑡2

𝐶𝑜𝑠𝑡1
= (

𝑠𝑖𝑧𝑒2

𝑠𝑖𝑧𝑒1
)

𝑅

 
(2) 
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from previous studies was adjusted to the annual inflation rates of each country for each year and 

were converted to 2016’s Australian Dollar (AUD). Conversion from United States Dollar (USD) 

and Euro (€) to AUD was made based on the exchange rate of 1.34 AUD$ and 1.46 AUD$ 

respectively(data from June 2016). 

 

The total cost of the plant (CTC), was calculated based on Eq. 3.  

𝐶𝑇𝐶 = 𝐶𝐹𝐶 + 𝐶𝑊𝐶 + 𝐶𝐿           (3) 

 

Where CFC represents the CAPEX, CWC represents the OPEX and CL the land cost and other non-

depreciable facilities. The assumption was made that the land required for algal cultivation 

systems will be provided to the project by piggies for free. 

 

 

Figure 3. Material and energy balance in the proposed process flow diagram 

 

The actual biomass productivities of ADPE grown miroalgae in raceway ponds have been 

previously reported to be at 14.98  5.09 g·m-2·day-1 (Ayre et al., 2017; Nwoba et al., 2016). 

Nwoba et al. (2016) reported 2.1 times higher biomass productivity in Biocoil photobioreactors 
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than raceways ponds. Therefore the annual biomass productivity in PBR was calculated as 31.46 

 5.09 g·m-2·day-1.   

The cultivation area required for both raceway ponds and photobioreactor were estimated based 

on the nutrient load of ADPE and algal biomass productivity and is summarised Table 2. 

The cost for bioremediation of ADPE using microalgae cultivated in open ponds and Biocoil  is 

presented in Figure 4. The bioremediation cost of ORP in MO sized operation at high productivity 

was AUD$8.74 kL-1, whereas PBR system was approximately 30% higher ($12.38 kL-1) than 

ORP. For the PBR cultivation system, the most expensive component was the photobioreactor 

equipment itself. This represented 80% of the major equipment cost (MEC) for the low 

productivity outcome at large scale operation. Davis et al. (2011) also concluded similar 

outcomes for PBR systems in their study. In ORP, the cultivation system represented 

approximately 53% of total cost. For the large scale (LO) operation, the results were promising 

(Figure 4). The productivity in the system had a linear proportionality with the bioremediation 

cost of ADPE.  The cost for treating ADPE in a low productivity ORP system at LO was $3.91 

kL-1, 41% lower that in the MO. PBRs may represent a more efficient algal production system in 

terms of microalgae biomass productivity, but is still hampered by the high equipment cost.  

 

 

 

 

 

 

 

 

 

 



235 
 

Table 2. Model detail for the analyzed case study 

Raceway Pond 

 Low Medium High 

Productivity (g·m-2·day-1) 9.89 14.98 20.07 

 MO LO MO LO MO LO 

Required Area (ha) 2.37 11.84 1.56 7.82 1.17 5.84 

Volume, ponds (m3) 7,500 30,000 5,000 20,000 5,000 15,000 

Number of ponds 3 12 2 8 2 6 

Inoculation preparation unit 

(m3·h-1) 

73 366 21 106 12 62 

Sedimenter (m3·h-1) 73 366 21 106 3 13 

Harvest storage tank (m3) 10 25 10 25 10 25 

Decanter (m3·h-1) 10 25 10 25 10 25 

Harvest pump (m3·h-1) 10 25 10 25 10 25 

PBR 

 Low  Medium  High 

Productivity (g·m-2·day-1) 26.37 31.46 36.55 

 MO LO MO LO MO LO 

Area (ha) 0.89 4.4 0.74 3.72 0.64 3.2 

Volume (m3) 178 880 148 744 128 640 

Inoculation preparation unit 

(m3·h-1) 

195 976 50 284 33 166 

Air blower (m3·h-1) 2,500 6,000 2,500 6,000 2,500 6,000 

Sedimenter (m3·h-1)  50 200 50 200 50 200 

Harvest storage tank (m3) 5 15 5 15 5 15 

Decanter (m3·h-1) 5 15 5 15 5 15 

Harvest pump (m3·h-1) 5 15 5 15 5 15 

CO2 supply (m3·h-1) 250 1200 250 1200 250 1200 

MO= medium operation, LO= large operation 
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The production cost of the two proposed operation sizes (MO and LO) and different 

productivities rates are significantly higher in the PBR system than ORP. The differences 

between the PBR’s OPEX versus the ORP OPEX were in the order of AUD$ 337,602.39 for the 

low productivity systems and AUD$ 226,849.11 for the high productivity ones. Additional details 

on the cost calculations is presented in the supplementary material.  

 

(A) (B) 

(C) (D) 

Figure 4. Microalgae biomass production cost. Open Raceway Ponds MO(A) and LO(B), Photobioreactor 
MO(C) and LO(D). 
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9.5 Conclusion 

 
This preliminary economic assessment was conducted for the bioremediation of APDE using 

conventional microalgae cultivation systems in Perth, Western Australia.  The assessment 

showed a potential environmental and nutrient load reduction in wastewater treatment, CO2 

capture, and elaboration of bioproducts. Two different cultivation system operated at two 

different capacities was successfully modelled. The cost involved in the cultivation process were 

primarily related to the algal biomass productivity. Lower productivity outcomes necessitated 

larger cultivation area, more equipment and higher energy consumption. In the low productivity 

scenario of ORP, the OPEX values were largely influenced by depreciation (21-22%), energy 

consumption of paddlewheels (21-24%) and labour cost (20-23%). When the biomass 

productivity was increased to medium and high levels, the labour cost (31-43%) and general 

overplant cost (20-38%) were more affected. In PBR system, the OPEX was mainly made of 

depreciation value (35-45%) and the air blower energy consumption (15-40%). These value 

ranges were constant for all the productivities scenarios evaluated in the small and medium 

operation. The CAPEX in the PBR system was almost five times higher than the ORP system. 

As a result, PBR was discarded from the sensitivity analysis scenarios. 

The sensitivity analysis conducted in three scenarios, showed that the MSP of the studied 

products was economical for high productivity. The MSP for the energy produced in scenario 1 

can be sold at AUD$0.22·kW-1 (less than current market). In scenario 2, the selling price of 

animal feed pellets and wet biomass feed of the MSP was found to be at AUD$1,140·ton-1 and 

AUD$480·ton-1., respectively. However, the cultivation of microalgae on ADPE would offer 

higher environmental benefits than conventional cultivation processes, e.g. decrease the 

environmental impacts of the pork industry by improved wastewater treatment (removing N, P), 

higher CO2 sequestration, and reducing soil and air pollution.  Many countries around the world 

use international credits for CO2 captured. Based on the nutrient removal rate achieved and 
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reported in Chapter 2 (=63.7 ± 12.1 mg N-NH4
+ L −1 d −1), it would take between 10 and 11 days 

to remove almost all of the ammonium from the ADPE with 800 mg NH4
+ L −1. Water recovered 

from treated ADPE could be potentially optimized and used for other application such as washing 

down piggeries. Nevertheless, further studies are still required to fully characterize the 

composition and quality of microalgae treated ADPE to assess its suitability as a water source for 

further use. " 

The proposed system would be economically viable if high algal biomass productivities is 

achieved and when the credits and revenue for compounds are considered.  Improvement for 

higher biomass productivity on the ADPE system is still required in order to achieve an economic 

and sustainable system. The whole process turns economically viable when it is carry out in the 

high productivity scenario and consider the revenues from N, P and CO2, resulting in 1.39, 2.18 

and 1.38 MAUD$ annual revenues, respectively. This results in a payback of the investment in 

6.02, 7.03 and 7.03 years for scenarios 1, 2 and 3, respectively. 
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9.7 Supplementary data 

 
Costings for raceways pond are divergent. The Table S.1 shows a review of costing from various 

authors. The values were adjusted to 2016, based on each country’s inflation rate and the currency 

conversion to Australian Dollar. For our study, the cost of raceway ponds was set at 51,200 

AUD$/ha (Davis et al., 2012). 

Significant differences on capital cost for photobioreactosr was found in the literature, based on 

the design and the material construction.  Supplementary Table S.2 shows the different prices of 

this system. The data from (Davis et al., 2011) was used in our study. 
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Table S.1. Cost of raceways ponds system in the literature 

Average inflation 

rate (%) 
AUD$ha-1 Reference 

1.00 103,500 (Rogers et al., 2014) 

1.78 51,200 (Davis et al., 2012; Lundquist et al., 2010) 

2.2 203,780* (Stephens et al., 2010) 

0.9 26,030 (Slade and Bauen, 2013) 

0.41 174,940 (Thomassen et al., 2016) 

0.41 194,614** (Chisti, 2016) 
 
 
 

Table S.2. Cost of PBR system in the literature 
 

Average inflation rate (%) AUD$m-3 Reference 

0.97 7,650 (Acién et al., 2012) 

0.9 2,130 (Slade and Bauen, 2013) 

1.5 1,550 (Davis et al., 2011) 
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Table S.3. Design and economic parameters references 
 
Item Value Reference 
Major Equipment    
Baseline scenario   
Inoculum preparation unit 73-976 m3·h-1 (Slade and Bauen, 2013) 
Air Blower 2500-6000 m3·h-1 (Norsker et al., 2011) 
Raceway pond 4 ha (Lundquist et al., 2010) 
Photobioreactor 200 m3 (Davis et al., 2011) 
Sedimenter 73-200 m3·h-1 (Slade and Bauen, 2013) 
Harvest storage tank 10-25 m3·h-1 (Delrue et al., 2012) 
Dehydrator 40-50 kgDS·h-1 (Vendor quotation, 2016) 
Harvest Pump 10-25 m3·h-1 (Slade and Bauen, 2013) 
CO2 supply 250- 1200 m3·h-1 Calculated 
Equipment scenario   
Dryer 0.5 ton·h-1 (Bravo-Fritz et al., 2016) 
Pellet Machine 800 kg·h-1 Vendor quotation 
Energy requirements   
Paddlewheels 2 kW·ha-1 (Lundquist et al., 2010) 
Air blower 25 W·m-3 (Norsker et al., 2011) 
Harvesting 0.9 kW·m-3 (Norsker et al., 2011) 
Dehydrator 5.22 – 6.62 kW (Vendor quotation, 2016) 
General   
Evaluation period 20 years Assumption 
Inflation rate 3% Reserve bank of Australia 
Income tax 30% Australian taxation office 
Opportunity cost 2.9% CommonwealthBank 
Labor 2 - 2.5 workers Assumption 
Maintenance 2% MEC (Norsker et al., 2011) 
General plant overheads 55% 

(Labor+Maintenance) 
(Slade and Bauen, 2013) 

Installation costs 15% MEC (Norsker et al., 2011) 
Instrumentation and control 15% MEC (Norsker et al., 2011) 
Piping 20% MEC 

(Acién et al., 2012) 

Electrical 10% MEC 
Buildings 23% MEC 
Yard improvements 12% MEC 
Service facilities 20% MEC 
Engineering and supervision 30% MEC 
Construction expenses  5.00% MEC 
Contractor's fee 3% MEC 
Contingency 8% MEC 
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Depreciation MEC/20 Financial assumption 
Insurance 0.6% depreciation (Slade and Bauen, 2013) 

*MEC: Major Equiment Cost 
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Figure A.1. Major equipment Cost for the raceway pond system 
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Figure A.2. Major equipment Cost for the PBR system 
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Table S.4. Cost of microalgae production in raceways ponds and PBR system 
 

 
 

Raceways Ponds PBR 

 kAUD$ 
 MO LO MO LO 

Productivity 9.89 14.98 20.07 9.89 14.98 20.07 26.37 31.46 36.55 26.37 31.46 36.55 
Fixed capital cost 

Major 
purchased 
equipment 

$762.4
1 

$586.8
6 

$501.1
8 

$2,846.
7 

$2,012.
8 

$1,598.1
9 

$677.8
3 

$601.8
5 

$550.9
1 

$2,498.3
9 

$2,166.7
4 

$1,912.4
6 

Installation 
costs 

$114.3
6 $88.03 $75.18 $427.01 $301.84 $239.73 $101.6

7 $90.28 $82.64 $374.76 $325.01 $286.87 

Instrumentatio
n and control 

$114.3
6 $88.03 $75.18 $427.01 $301.84 $239.73 $101.6

7 $90.28 $82.64 $374.76 $325.01 $286.87 

Piping $152.4
8 

$117.3
7 

$100.2
4 $569.34 $402.46 $319.64 $135.5

7 
$120.3

7 
$110.1

8 $499.68 $433.35 $382.49 

Electrical $76.24 $58.69 $50.12 $284.67 $201.23 $159.82 $67.78 $60.19 $55.09 $249.84 $216.67 $191.25 
Buildings $175.3

6 
$134.9

8 
$115.2

7 $654.75 $462.82 $367.58 $155.9
0 

$138.4
3 

$126.7
1 $574.63 $498.35 $439.87 

Yard 
improvements $91.49 $70.42 $60.14 $341.61 $241.47 $191.78 $81.34 $72.22 $66.11 $299.81 $260.01 $229.50 

Service 
facilities 

$152.4
8 

$117.3
7 

$100.2
4 $569.34 $402.46 $319.64 $135.5

7 
$120.3

7 
$110.1

8 $499.68 $433.35 $382.49 

Engineering 
and 

supervision 

$228.7
2 

$176.0
6 

$150.3
5 $854.02 $603.68 $479.46 $203.3

5 
$180.5

6 
$165.2

7 $749.52 $650.02 $573.74 

Construction 
expenses $38.12 $29.34 $25.06 $142.34 $100.61 $79.91 $33.89 $30.09 $27.55 $124.92 $108.34 $95.62 

Contractor's 
fee $22.87 $17.61 $15.04 $85.40 $60.37 $47.95 $20.33 $18.06 $16.53 $74.95 $65.00 $57.37 

Contingency $60.99 $46.95 $40.09 $227.74 $160.98 $127.86 $54.23 $48.15 $44.07 $199.87 $173.34 $153.00 
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Raceways Ponds PBR 

 kAUD$ 
 MO LO MO LO 

Total fix 
capital cost $1,991 $1,532 $1,308 $7,434 $5,255 $4,173 $1,770 $1,572 $1,439 $6,525 $5,659 $4,994 

Production Costs 
Power mixing $7.38 $4.86 $3.64 $36.86 $24.35 $18.18 $97.29 $97.29 $97.29 $233.49 $233.49 $233.49 

Power 
harvesting  $14.01 $14.01 $14.01 $35.02 $35.02 $35.02 $7.00 $7.00 $7.00 $21.01 $21.01 $21.01 

Power 
dehydrator $8.13 $8.13 $8.13 $10.30 $10.30 $10.30 $8.13 $8.13 $8.13 $10.30 $10.30 $10.30 

Labor and 
supervision $96.00 $96.00 $96.00 $120.00 $120.00 $120.00 $96.00 $96.00 $96.00 $120.00 $120.00 $120.00 

Maintenance $15.25 $11.74 $10.02 $56.93 $40.25 $31.96 $13.56 $12.04 $11.02 $49.97 $43.33 $38.25 
Depreciation $38.12 $29.34 $25.06 $142.34 $100.61 $79.91 $33.89 $30.09 $27.55 $124.92 $108.34 $95.62 

Insurance $0.23 $0.18 $0.15 $0.85 $0.60 $0.48 $0.20 $0.18 $0.17 $0.75 $0.65 $0.57 
General plant 

overheads $61.24 $59.31 $58.37 $97.38 $88.20 $83.65 $60.31 $59.47 $58.91 $93.55 $89.90 $87.10 

Total 
operation cost 

$240.4
9 

$223.6
9 

$215.5
1 $499.95 $419.57 $379.72 $316.6

0 
$310.4

2 
$306.2

8 $654.43 $627.46 $606.78 

 
 

Table S.5. Nitrogen and Phosphorus removal 
 
 
 
 
 

 
 
 
 

Operation MO LO 
Nutrient    

Nitrogen  (ton·year-1) 7.2 36.35 
Phosporus (ton·year-1) 1.0 5.0 
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Chapter 10: General conclusion  
 
The studies carried out as part of this Pork CRC funded project have highlighted the 

potential bioremediation of anaerobic digestate of piggery effluent (ADPE) using 

microalgae cultures. We were able to isolate a local consortium of microalgae capable 

of growth in undiluted ADPE (see chapter 2). We have also clearly showed the 

potential long term reliable growth of our isolated microalgal consortium on undiluted 

sand filtered ADPE using both raceway ponds and closed photobioreactors (chapters 

2 and 3). However, raceway pond was found to be more economical than closed 

photobioreactors (chapter 3). We also identified that, at least at small scale, jets can be 

a better mixing system when compared to paddlewheels (chapter 4). The addition of 

CO2 was also found to increase both algal biomass productivity and nutrient removal 

rates (chapter 2). We were also able to significantly reduce the loss of large proportions 

of ammonia to the environment through the supplementation of air or CO2 into ADPE-

grown algal cultures or even uninoculated ADPE medium (chapter 5) 

Our studies also indicated the grown biomass has a potential to be used as a fertilizer 

(chapter 8) or alternatively be anaerobically digested to generate methane (chapter 7).  

Further, our in-vitro digestibility results confirmed that the grown algal biomass can 

potentially be used as a source of pig feed (chapter 6). The biomass contains series of 

essential amino acids and fatty acids which can improve pig health (chapter 6). Our 

preliminary economic analyses also showed that if high productivity is achieved, there 

will be a positive cash flow to piggeries from the sale of the biomass and value of clean 

water (chapter 9). 
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As it can be seen, the outcome of our studies are very promising. Having said that, so 

far pork industry has been reluctant to embrace this emerging technology due to the 

absence of demonstration of the process working at large scale and uncertainties 

regarding the economic and environmental benefits of the system. Our 

recommendation is to test the suitability of our isolated algae for treating ADPE at a 

pilot level at an Australian piggery. 
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