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ABSTRACT 
Production of algal biomass on wastewater enriched with recovered CO2 has been considered 
both as a source of renewable energy and as a method of GHG abatement. Primary treatment 
at Melbourne Water’s Western Treatment Plant incorporates a covered anaerobic lagoon, 
biogas from which feeds an onsite power station, operated by AGL. Prior to combustion H2S 
and CO2 is stripped from the biogas. Two earthen, HDPE lined 223m2, single pass, 
paddlewheel mixed HRAPs were constructed.  They were each operated at 0.3m depth on a 4 
day theoretical hydraulic retention time.  The South HRAP was fed wastewater pre-treated in 
the covered anaerobic lagoon followed by secondary treatment in a facultative lagoon.  The 
North HRAP was fed the same wastewater after it had been used in a counter-current gas 
scrubber to remove H2S and CO2. Composite (3am & 3pm) daily HRAP samples were 
collected using auto-samplers (ISCO). The inlet wastewater and HRAP samples were 
analysed for BOD5, inorganic nutrients, suspended solids, chlorophyll a, particulate organic 
carbon and E.coli using APHA Standard Methods. The free CO2 concentration was as 
expected significantly higher in the inlet to the North HRAP (210 ± 34.6 mg/L) than in the 
inlet to the South HRAP (13.3 ± 2.3 mg/L).  However, the quality of the inlet wastewater was 
also adversely affected by high sulphur content.  The free CO2 in the North HRAP (4.6± 7.3 
mg/L) was also higher than that of the South HRAP (0.1 mg/L).  However, comparison of 
algal biomass production parameters did not reflect the higher free CO2 content of the North 
pond. There were no statistical differences inn suspended solids and POC concentrations 
between the North HRAP (wastewater enriched with CO2) and South pond.  Furthermore, the 
total nitrogen concentration of the North pond was significantly higher (p= 0.001, n= 163) 
than that of the CO2 enriched South pond.  
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INTRODUCTION 
Production of algal biomass on wastewater enriched with recovered CO2 has been considered 
both as a source of renewable energy and as a method of GHG abatement. Harvested algal 
biomass has many proposed benefits, including biodiesel, biocrude, anaerobic digestion for 
gas production, carbon sequestration, nutraceuticals, and biochar (Christenson and Sims 
2011). However many of these products have yet be fully realized due to economic and 
technological constraints, foremost of which includes consistent generation of sufficient 
quantities of algal biomass,  cost of both harvesting algal biomass from bulk water and 
processing algal biomass (Borowitzka 1992, Grima et al. 2003). It has been suggested in 
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previous studies that addition of CO2 may be a beneficial amendment to high rate algal pond 
(HRAP) systems to increase algal growth (Park and Craggs 2010), mitigating at least one of 
these constraints on large scale algae production systems.  This is dependent upon CO2 being 
the limiting factor in algal growth, rather than nutrient or light limitation, and assumes that in 
a practical setting addition of CO2 will be both a reliable, simple and economically favorable 
procedure (Azov et al. 1982, Cromar et al. 1996). 
 
Any augmentation with chemical agents carries an economic offset, with purchased CO2 
being less viable than CO2 generated as a by-product of other processes. Through a 
partnership with Melbourne Water, this study explored an opportunity to provide CO2 
enriched water to an HRAP system with very little additional infrastructure required. Primary 
treatment at Melbourne Water’s Western Treatment Plant incorporates a covered anaerobic 
lagoon. Biogas is collected from beneath the lagoon cover and supplied to an onsite power 
station, operated by AGL. The power from this station is then used to run various treatment 
plant activities, effectively recovering energy from the incoming wastewater.   
 
However, the biogas recovered from the covered lagoon is compositionally unfavorable for 
immediate combustion, containing significant amount of CO2 and H2S, which both lower the 
efficiency of combustion and hasten the degradation of power station equipment by 
generation of sulphur dioxide (Abatzoglou and Boivin 2009). To mitigate these effects, 
biogas is passed through a counter current stripper, with secondary treated wastewater used 
to absorb the unfavorable H2S and CO2 prior to combustion. This post-scrubber water is then 
provided to an HRAP located adjacent to the AGL plant, requiring very little added 
infrastructure to beneficially receive and further treat this water.  
 
Much work has been carried out demonstrating the use of wastewater to strip CO2 and 
sulphites from flu gas over the last 25 years (Negoro et al. 1991, Brown 1996, Doucha et al. 
2005, Van Den Hende et al. 2012), however comparatively little work has been done 
focusing on stripping of pre-combustion biogas. 
 
This work explored a real-work example of CO2 addition to an HRAP, comprising of 
engagement between multiple stakeholders, operating numerous articulating treatment 
processes. It explores some of the real world outcomes of using a realistic source of 
wastewater and CO2, without relying on artificially controlled conditions or purchased gas 
and nutrient amendments.  
 
METHODS 
Each HRAP is a 223m2 area, lined raceway (HDPE), operated as single pass, mixed by a 
paddlewheel to provide a linear surface velocity of ~0.2m/s. Data are presented from HRAPs 
both operated consistently at 0.3m depth at a theoretical hydraulic retention time (THRT) of 
4d from June 2014 to June 2015. HRAPs were monitored for temperature (T-Tec, South 
Australia) and the data logged continuously at 60 minute intervals. 
 
Autosamplers (Teledyne, ISCO) collected wastewater from ponds at 3am & 3pm on two 
consecutive days, representing a two day composite sample. Samples were biologically 
inactivated by addition of 5 mL sulfuric acid to adjust pH to <4. These acid stabilised 
samples were retrieved fortnightly and conveyed to Flinders University for analysis. 
 
E.coli and BOD5 data were provided by ALS Group Environmental Division, Victoria. E. 
coli removal rates are reported as log10 reduction values (LRVs) and were calculated by 
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subtracting the outlet E.coli value (log10 MPN 100ml-1) from the inlet E.coli value (log10 
MPN 100ml-1) on each day of sampling. 
 
Chlorophyll a was extracted (overnight in the dark at 4⁰C) into 90% (v/v) acetone in water 
from solids retained on a 1.6µm filter, from a known volume of wastewater. The 
concentration of chlorophyll a was determined spectrophotometrically and expressed as mg 
Chla/L (REF).  

The protein in algal biomass was extracted at 100oC with 0.5 ml 1N HCl for 10 minutes, 
neutralised (0.5ml 1N KOH) and the protein content determined using the Coosmassie 
Brilliant Blue G-250 spectrophotometric assay (Bradford, 1976), using a previously 
constructed Bovine Serum Albumin (BSA) standard curve. Total lipid was determined 
gravimetrically following overnight extraction into dichloromethane (DCM, CH2Cl2) (Bligh 
1959). 

The carbohydrate in the biomass was determined following heating (100oC for 15 minutes)  
with anthrone reagent (2mg anthrone/mL 98% (v/v) sulphuric acid), cooled and the 
carbohydrate content determined spectrophotometrically against a  glucose standard curve. 
(Herbert et al. 1971). 

Total organic carbon (TOC) of the wastewater and the organic carbon content of the 
wastewater following passage through a 1.6µm filter were determined using a Shimadzu 
TOC-LSCH analyser with autosampler. Particulate organic carbon (POC) was calculated 
from the difference between the POC of the wastewater and that of the filtrate and expressed 
as mg POC/L. Particulate organic nitrogen was determined by comparison of homogenized 
whole and filtered (1.6µm pore size) samples as analysed by the nitrogen analyser 
incorporated into the Shimadzu TOC-LSCH analyser. Soluble Total Nitrogen was determined 
on the filtrate using the nitrogen analyser incorporated into the Shimadzu TOC-LSCH 
analyser. 
 
Ammonium - NH4-N was determined on the filtrate using the Automated Phenate Method 
(4500-NH3 H; (APHA 1992). Soluble phosphorous PO4-P was determined on the filtrate as 
orthophosphate using the Stannous Chloride Method (4500-P D; (APHA 1992). 
 
Biomass production (g DM/m2/day) was determined by filtering known volumes of 
wastewater samples through dried (105⁰C/24h) and weighed glass fibre filters with a particle 
exclusion size of 1.6µm.  The filters were dried (105⁰C/24h), weighed and the dry matter 
retained by the filter calculated by difference to determine the mg suspended solids per L.   
 
Statistics 
Data was checked for normality using Kolmogorov-Smirnov Test and the Shapiro-Wilk Test. 
Means were compared using independent samples t-tests with equal variances assumed. 
Significant difference in means (p-values <0.05) are reported where found. 
 
RESULTS AND DISCUSSION 
 
Composition of inlet wastewater 
The free CO2 content of the post scrubber inlet wastewater fed to the North HRAP was 
approximately 15 times greater than that in the inlet wastewater to the South HRAP (Table 
1).  The wastewater in the North HRAP was also enriched in free CO2 containing 43 times 
the concentration of that in the South HRAP, indicating that CO2 dissolved into incoming 
wastewater remained elevated during residence in HRAP. 
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There were no statistically significant differences in the total chlorophyll a, ammonium and 
soluble phosphate concentrations of the wastewater fed to the North and South HRAP (Table 
2). However, there was significantly higher total nitrogen in the North HRAP (p<0.001) 

A seasonal influence was noted with increasing biomass production in both HRAPs in spring 
and summer (data not shown). Both ponds showed periods of high algal growth, followed by 
population crashes during spring. The South HRAP in particular experienced a significantly 
above average growth period in August, followed by a decrease in the following month. The 
mean productivity (expressed as dry matter per square metre of pond surface area, per day) 
ranged from 2.8 ± 0.4 to 20 ± 3.9 g DM/m2/d in the North HRAP and from 2.5 ±1.4 and 23.9 
± 22.3 g DM/m2/d in the South HRAP. The large variation for the South HRAP reflects the 
rapid growth and crash of the biomass during October when the maximum occurred. These 
productivities are broadly similar to those reported in the literature under similar climatic 
conditions.  

As incoming wastewater originates from the same source, a comparison of other inlet water 
parameters demonstrates no significant differences in ammonia, phosphorus or total nitrogen 
in incoming wastewater. Statistical analysis was carried out on samples collected over the 
approximately six month duration of the experiment. Ammonia, soluble phosphorus, total 
nitrogen, suspended solids, particulate organic carbon and chlorophyll a concentrations were 
compared between ponds. No statistically significant differences were notable on any factor 
except total nitrogen, which was significantly higher in the North pond. Ultimately, once both 
ponds were operating under similar chemical conditions (apart from CO2 addition), their 
functioning and efficiency were extremely similar, suggesting that the addition of CO2 
provided no significant advantage to either treatment of wastewater or growth of algal 
biomass. 

A significant practical challenge arose when it was determined that AGL plant operators 
periodically cleaned the gas strippers with highly alkaline agents, before flushing this 
material through to HRAP inlets. As this alkaline and sulphur rich material migrated into 
ponds, significant short-term perturbations to pH and algal growth occurred before 
stabilizing. From an operational perspective the frequency of cleaning and mechanisms to re-
direct this water may have profound impacts on overall productivity of HRAPs. These 
impacts may ultimately have a stronger influence on the practicality of operating HRAPs 
enriched with CO2 from serendipitous sources than any theorised increases in algal 
productivity.  

 
HRAP pH and dissolved oxygen 
Over the 6 month monitoring period, the average pH in HRAPs was 6.55 (North), and 7.27 
(South) (Figure 1), whilst average DO was 9.28 mg/L (North) and 15.36 mg/L (South) 
(Figure 2).Within HRAPs, pH and dissolved oxygen varied on a daily basis, but taken over 
the duration of the experimental period these fluctuations were not significant. These 
fluctuations were likely attributable to ingress of cleaning agents into the North HRAP, 
causing periodic spikes in pH followed by reductions in algal productivity and DO whilst 
conditions re-equilibrated. Even with these fluctuations over time both HRAPs tended 
towards significantly similar productivities. 
 
 

Table 1: Free CO2 and BOD5 concentration (ALS data) of inlet and North and South HRAP 
wastewater, June-December 2014.  
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 Free CO2 
(mg/L) 

BOD5  – whole 
(mg/L) 

BOD5 – filtered 
(mg/L) 

 Mean n Mean n Mean n 
North inlet 
(Post scrubber) 

210 ± 34.6 3 78.5 ± 62 11 48 ±10 6 

South inlet 
(Native wastewater) 

13.3 ± 2.3 3 39.6 ± 25.7 12 15.9 ± 9.4 10 

North pond 4.3 ± 7.3 3 94.6 ± 45.5 11 20.25 ± 13 4 

South pond 0.1 0 3 83.5 ± 38.8 12 13 ± 7.7 11 

 
Table 2: Results from statistical analysis (t-test) comparing chemical composition of inlet 
waters 

Group Statistics 

  Sample location N Mean Std. Deviation Std. Error Mean 

Ammonia North inlet 15 40.42 28.81 7.43 
South inlet 14 41.26 31.65 8.45 

Soluble phosphorus North inlet 15 9.92 7.20 1.85 
South inlet 14 8.84 5.35 1.43 

Total nitrogen 
North inlet 15 69.36 14.97 3.86 
South inlet 14 68.93 15.95 4.26 

 
Independent Samples Test 

Parameter 
measured 

Equal 
variances 
assumed? 

Levene's Test for 
Equality of Variances t-test for Equality of Means 

F Sig. t df 
Sig. 
(2-

tailed) 

Ammonia Y 0.372 0.547 -0.075 27 0.94 
N - - -0.075 26.285 0.941 

Soluble 
phosphorus 

Y 0.498 0.486 0.459 27 0.65 
N - - 0.464 25.758 0.647 

Total 
nitrogen 

Y 0.002 0.968 0.075 27 0.941 
N - - 0.074 26.522 0.941 
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Table 3: Results from statistical analysis (t-test) comparing chemical composition of North 
and South HRAP waters 

Group Statistics 

 Sample location N Mean Std. Deviation Std. Error Mean 

Ammonia North pond 80 16.44 17.06 1.90 
South pond 84 13.43 19.68 2.14 

Soluble phosphorus North pond 80 11 11.62 1.29 
South pond 85 10.6 11.63 1.26 

Total nitrogen North pond 80 34.49 9.11 1.01 
South pond 85 28.85 9.77 1.06 

Suspended solids North pond 80 238.5 203.14 22.71 
South pond 85 297.64 296.31 32.13 

Chlorophyll a North pond 80 677.02 497.83 55.66 
South pond 85 1015.55 1869.95 202.82 

Particulate organic 
carbon 

North pond 80 77.62 73.82 8.25 
South pond 85 84.08 93.11 10.09 

 
Independent Samples Test 

Parameter 
measured 

Equal 
variances 
assumed? 

Levene's Test for 
Equality of 
Variances 

t-test for Equality of Means 

F Sig. t df Sig. (2-
tailed) 

Ammonia Y 0.918 0.339 1.041 162 0.299 
N - - 1.045 160.607 0.298 

Soluble 
phosphorus 

Y 0.002 0.964 0.222 163 0.825 
N - - 0.222 162.419 0.825 

Total nitrogen Y 0.978 0.324 3.828 163 0.001 
N - - 3.837 162.988 0.001 

Suspended 
solids 

Y 1.152 0.285 -1.484 163 0.14 
N - - -1.501 149.266 0.136 

Chlorophyll a Y 10.095 0.002 -1.567 163 0.119 
N - - -1.609 96.546 0.111 

Particulate 
organic 
carbon 

Y 0 0.999 -0.492 163 0.624 

N - - -0.495 158.502 0.621 

 
ALBAZOD composition 
The biomass from wastewater treatment in HRAPs comprises of algae, bacteria, zooplankton 
and detritus (ALBAZOD). Analyses of ALBAZOD composition demonstrated insignificant 
differences in carbohydrate, lipid and protein content of biomass sampled from north and 
south ponds over the duration of the CO2 addition experimental period. Carbohydrate 
consistently made up approximately 13% of each sample, lipid approximately 9% of each 
sample and protein consistently near 40% of each sample (Table 4). 
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Figure 1: Average pH in ponds over duration of CO2 addition experiment, North HRAP 
mean= 6.55, South HRAP mean=7.27. 

 
Figure 2: Average dissolved oxygen in ponds over duration of CO2 addition experiment, 
North pond mean= 9.28, South pond mean=15.36. 

Table 4: Summary of carbohydrate, lipid and protein composition of ALBAZOD collected 
from North and South HRAPs over the 6 month experimental period 

  Mean carbohydrate content (%) Mean lipid content (%) Mean protein content (%) 
Month North HRAP South HRAP North HRAP South HRAP North HRAP South HRAP 
August 13.6 12.8 9.4 9.2 34.8 41.6 
July 12.9 13.4 9.5 9.2 38.1 41.1 
June 11.6 13.2 9.9 9.6 42.8 40.6 
November 16.4 12.6 8.9 8.5 38.9 41.3 
October 13.3 10.0 8.7 8.4 40.9 41.0 
September 11.0 12.1 8.3 8.2 40.9 40.8 
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CONCLUSIONS 
Ultimately the addition of CO2 did not significantly improve algal productivity, suggesting 
that CO2 is not a limiting factor in the generation of biomass in HRAPs fed secondary treated 
wastewater. It is more likely that above a certain population density, availability of light due 
to shading by suspended algal cells becomes a limiting factor. From a practical point of view, 
this work demonstrates the challenges of working in real world systems, not constrained by 
the safety of laboratory conditions and the resilience and stability of HRAPs. 
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