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Summary: 

Research into using microalgae for the bioremediation of waste streams, for example those from tertiary waste 

water treatment, has been gaining momentum in the UK. However, if biomass is not suitable for the food chain, 

generating bioenergy via co-digestion with other feedstocks is a possible route. The University of Cambridge 

partners are currently involved in ecosystem service research that involves using by-products from drinking 

water purification to grow algae, and this project seeks to "close the loop" on nutrient retrieval.  This project 

built on the 2014 AB-SIG award that provided evidence that methane could be produced from digested algae 

that were grown on waste water from one source. The tests confirm that the anaerobic digestion is a possible 

route of utilisation of algal biomass. Anaero have devised a scale-down version of an anaerobic digester, capable 

of running 15 experiments in parallel. We have been repeating the earlier studies, using more species and 

pasteurisation processes and using algae grown on wastewater from more than one source to look for variation 

in the process. In the context of this project, microalgae are playing a provisioning role, generating bioenergy 

and converting nutrients into a useable form, which will play a vital role in contributing to the bioeconomy 

market in the UK. 
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1. Introduction 

Algae is a potential sustainable feedstock to produce biodiesel, bioethanol, bio-methane and bio-hydrogen.  

Nitrate concentrations exceed permitted drinking water limit values in around one-third of the groundwater 

bodies in Europe. Elevated levels of nitrate in water abstracted from boreholes means that anion exchange 

processes that strip the water of nitrates must be employed to enable water companies to meet drinking water 

criteria. These ion exchange columns are regenerated using large volumes of saturated sodium chloride 

solutions, thus generating a hyper-saline (Sodium Chloride ~52 g L-1), nitrate-rich (~4.2 g L-1) product which is 

currently disposed of as a waste (6-35 m3 per day) at substantial costs to the water industry.  

Our initial exploratory experiments (NERC AB-SIG AWARD 2014) which tested the biogas Biomethane Potential 

(BMP) from microalgae gave acceptable rates of biogas yield (393 L biogas per KG Volatile Solids for Scenedesmus 

to 786 L biogas per KG VS for Phaeodactylum), comparing well with maize, which produced 750 L per KG VS.  

Although these figures are good, we have calculated that it would take 16 times more energy to obtain the algae 

than the energy produced.  This award built on our initial work by repeating and optimising algal growth on the 

nitrate wastewater for AD and looking at whether the same result is obtained from wastewater obtained from 

various locations across the Cambridge Water network. 

The main aim of this research was to fully evaluate the viability of using industrial waste water as a nutrient 

source for algal growth, which will bioremediate the nitrate in the waste water and in turn utilise the algal 

biomass as an AD feedstock and as an additive in the digestion of high-carbohydrate feedstock. This was 

achieved within the three work packages: 

1. To evaluate the biomass yield for three algal species in relation to area required and its effect in AD as 

both single substrates, and as nutrient additives to high carbohydrate feedstock 

2. To evaluate the biogas yield from strains of microalgae grown on nitrate rich waste obtained from 2 or 

3 bore hole sites across the UK 

3.         Knowledge exchange and dissemination 

1.1: Algal Growth 

Four experiments were carried out, the first was to test whether Chlorella vulgaris and Phaeodactylum 

tricornutum decreased the nitrate concentration from the waste water at similar rates and to a similar 

absolute value. This provided information as to which species to concentrate on for the study on whether the 

origin of the brine waste altered the growth of the algae, nitrate uptake and AD methane yields (experiment 

3). The second experiment tested the efficiency of adding a chemical (chitosan) for flocculating the algae, this 

is to vastly reduce the volume of culture that has to be centrifuged.  The third experiment tested whether the 

origin of the brine waste altered the growth of the algae, nitrate uptake and AD methane yields. The final forth 

experiment tested whether the algae could be grown directly on the diluted form of the brine waste from 

Fleam Dyke (Cambridgeshire) rather than using the concentrated form of the brine waste.  The algae from the 

second and third experiments were used by Anaero for Anaerobic Digestion and assessment of bio-methane 

potential. 

1.2: Anaerobic Digestion 

Anaero Ltd. carried out experiments to assess the effect of pasteurisation temperature and duration on three 

species of algae (two micro and one macro algae) whilst the Cambridge group optimised the nitrate 

bioremediation section of the research. Anaero now have the algal paste that was grown on nitrates sourced 

from two different bore hole sites and have started the AD and biomethane studies.  There was a slight delay 



3 
 

in them receiving the latter material due to operational delays at Cambridge whilst building the new Algal 

Innovation Centre. 

2. Materials and methods 

2.1: Experiment 1: - cultivation of two species of algae (Chlorella vulgaris and Phaeodactylum tricornutum) 

grown on one source of nitrate brine waste (Babraham, Cambridge Water, Cambridgeshire). 

Step 1:  2 x 500 mL starter cultures of each species were grown under laboratory conditions using 1 L flasks. P. 

tricornutum was grown in standard f/2 growth medium for 10 days and C. vulgaris grown in TAP (Tris Acetate 

Phosphate) growth medium for 7 days. Step 2: These cultures were scaled up to 10 L at the University of 

Cambridge Botanic Garden polytunnel during October 2015. The 500 mL starter cultures were used to inoculate 

2 x 10 L vertical airlift tube reactors.  P. tricornutum was grown in standard f/2 for 7 days and C. vulgaris grown 

in 3N BBM growth medium for 7 days. Step 3: The 10L cultures were then used to scale up to 100 L by adding 1 

L of inoculum from the 10L tube into 10 x 10L airlift reactors for each experimental tube where the algae were 

grown in modified growth media that substituted the standard nitrate source (NaNO3) for a volume of brine 

waste with an equivalent NO3 concentration. Thus, P. tricornutum was grown in f/2 (-N) + brine waste for 7 days 

and C. vulgaris grown in 3N BBM (-N) + brine for 7 days (NO3 in f/2 = 55mg L-1; in 3N BBM = 550 mg L-1). The brine 

waste from this experiment was obtained from the Babraham bore hole site (Cambridge Water). The growth of 

the algae was measured using OD at 600 and 750 nm, cell counts and dry cell weights over time.  The FT-IR 

profile of the algae at the end of the experiment was also obtained. The algae was harvested by centrifugation 

to a wet paste and delivered to Anaero for biogas and anaerobic digestion testing. 

2.2: Experiment 2: - chemical flocculent (chitosan) test of algae (diatom) (Phaeodactylum tricornutum) grown 

on f/2 growth media. 

Step 1:  3 x 500 mL starter cultures of P. tricornutum were grown under laboratory conditions using 1 L flasks. P. 
tricornutum was grown in standard f/2 for 8 days. Step 2: These cultures were scaled up to 10 L at the University 
of Cambridge Botanic Garden Algal Innovation Centre during February 2016. The 500 mL starter cultures were 
pooled and used to inoculate 3 x 10 L vertical airlift tube reactors, the P. tricornutum was grown in standard f/2 
for 13 days. After 13 days, an aliquot of NaOH (5M) was added to two of the 10L PBRs to a final concentration 
of 1 mL L-1, in order to increase the pH to approximately 10. Chitosan was then added to the PBRs to yield a final 
concentration of 20 mg L-1 from a stock solution (5 g L-1 w/v chitosan dissolved in a 1 % v/v acetic acid solution). 
PBRs were left to flocculate for 4 hours, after which time the following measurements were recorded: O.D. (600 
nm) for the upper portion of the PBR (clarified medium) and the lower portion (flocculated algae) and height of 
the flocculated algae (HF). From these data, the following calculations were performed, as adapted from Şirin et 
al. (2011). Flocculation efficiency (FE): (1-(O.D. clarified medium/pre-floc. O.D.)*100), concentration factor (CF): 
(H0/HF)*FE, and settleable solid volume fraction (SSVF): (HF/H0). The third tube did not have chitosan added and 
was used as a negative control. The algae was harvested by centrifugation (see experiment 3) to a wet paste and 
delivered to Anaero for biogas and anaerobic digestion testing. 
 
2.3: Experiment 3: - cultivation of one species of algae (diatom) (Phaeodactylum tricornutum) grown on two 

sources of nitrate brine waste (Babraham and Fleam Dyke). 

Step 1:  6 x 500 mL starter cultures of P. tricornutum were grown under laboratory conditions using 1 L flasks. P. 

tricornutum was grown in standard f/2 for 8 days. Step 2: These cultures were scaled up to 10 L at the University 

of Cambridge Botanic Garden Algal Innovation Centre during February 2016. The 500 mL starter cultures were 

pooled and used to inoculate 6 x 10 L vertical airlift tube reactors, the P. tricornutum was grown in standard f/2 

for 13 days. Step 3: these cultures were then used to scale up to 2 x 100 L. 3 x 10 L tube reactors were used for 

each 100 L reactor where P. tricornutum was grown in f/2 (-N) + brine waste for 8 days (NO3 in f/2 = 55mg L-1). 

The brine waste from this experiment was obtained from the Babraham bore hole site and Fleam Dyke bore 

hole sites (Cambridge Water). The cultures were added to each 100 L reactor in batches, on day 1, the culture 

from a 10 L reactor was added to the 100 L reactor with 30 L of f/2 (-N) plus brine, this was repeated on day 2 

and on day 3 this was repeated but with 10 L of f/2 (-N) plus brine, making a total of 100 L.  P. tricornutum grown 
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in the top 100 L reactor was grown on the f/2 (-N) plus brine from Babraham and P. tricornutum grown in the 

bottom reactor was grown on the f/2 (-N) plus brine from Fleam Dyke.  

On day 8 the cultures were decanted into 4 x 25 L plastic containers and chitosan added as above in experiment 

2.  The containers were left for 4 hours to flocculate after which the clear media was discarded and the diatom 

wet biomass was merged for each reactor resulting in 15 L of wet mass from each 100 L reactor.  The 15 L was 

left in cold storage (4⁰ C) overnight to further flocculate. The following day, clear media from the 15 L wet mass 

was discarded leaving 4 L of dense wet mass.  The algae in each container was concentrated further by 

centrifugation in 4 x 1 L centrifuge tubes (2000 g for 5 minutes). The resulting algal paste was then decanted 

into 10-15 50 mL falcon tubes where they were centrifuged again. The paste was collected by Anaero for biogas 

and anaerobic digestion testing as described below.  The algae from the chitosan test (experiment 2) was also 

used as a control as it was grown on f/2 media with no brine waste. 

The growth of the algae was measured using OD at 600 and 750 nm, cell counts and dry cell weights over time.   

2.4: Experiment 4: - cultivation of one species of algae (diatom) (Phaeodactylum tricornutum) grown on crude 

diluted waste source of nitrate brine waste (Fleam Dyke). 

Step 1:  1 x 500 mL starter culture of P. tricornutum was grown under laboratory conditions using 1 L flasks. P. 

tricornutum was grown in standard f/2 for 8 days. Step 2: The culture was scaled up to 10 L at the University of 

Cambridge Botanic Garden Algal Innovation Centre during March 2016. The 500 mL starter culture was used to 

inoculate 1 x 10 L vertical airlift tube reactors, the P. tricornutum was grown directly in diluted brine waste from 

the Fleam Dyke bore hole. The waste was supplemented with salts and nutrients (apart from sodium nitrate) to 

a composition similar to f/2 and grown for 8 days. The growth of the algae was measured using OD at 600 nm, 

cell counts and dry cell weights over time. 

2.5: Anaerobic Digestion methods 

Digestate obtained from a food waste AD plant in the South West of England was used as inoculum in the BMP 

tests. The digestate was collected fresh from active digesters and stored at 20 °C for three days before the start 

of the tests.  

Tetraselmis suecica and Chlorella minutissima were provided by the University of Swansea. Both species were 

stored at -13 ⁰C. Laminaria digitata, a brown seaweed, was collected from Robin Hood’s Bay, Yorkshire Coast, 

United Kingdom in February 2016. 

Phaeodactylum tricornutum grown in standard f/2 growth medium and f/2 (-N) + brine waste from two bore 

hole sites Babraham and Fleam Dyke (Cambridge Water) were provided by Department of Plant Sciences, 

University of Cambridge.  

 

2.6: Pre-treatment (Pasteurisation)  

In order to test for how temperature and heat duration affects digestion, Chlorella minutissima was pre-treated 

in a Memmert oven at two different temperatures and time 1) 105 ⁰C for 1 hour; 2) 90 ⁰C for 12 hours. The 

treated samples were stored at 4 ⁰C and analysed for total solids, volatile solids and biomethane potential (BMP). 

Laminaria digitata was washed by tap water and macerated to 5 mm using a domestic mincer. 

Samples of Phaeodactylum tricornutum grown in f/2 (-N) + brine waste from Fleam Dyke was pre-treated in a 

Memmert oven at 90 ⁰C for 12 hours. 
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2.7: Bio-methane potential (BMP) test 

The BMP tests were carried out using equipment developed by Anaero Technology (Patent) Ltd. The set 

consisted of 15 1-litre HDPE reactor bottles submerged in a water bath maintained at 35 ⁰C (Fig. 1), until biogas 

production flattened. The working volume in the reactors was around 700 mL. An inoculum to substrate ratio of 

6 g VS inoculum to 1 g VS substrate was used for the batch study of Tetraselmis suecica and Chlorella minutissima 

,a ratio of 2 g VS inoculum to 1 g VS substrate was used for Laminari digitata, and a ratio of 8 g VS inoculum to 

1 g VS substrate was used for the tests using Phaeodactylum tricornutum. All reactors in the set were mixed at 

45 rpm by a single motor that drove all internal paddle mixer in the reactors at the same speed. Gas flow was 

monitored and logged continuously and converted automatically to standard temperature and pressure (STP) 

by continuous monitoring of temperature and atmospheric pressure.  

 

Figure 1. Bio methane 
potential test Kit (Source: 
Anaero Technology Ltd) 

 

2.8: Analytical methods and calculations 

Total and volatile solids were determined according to the standard methods (APHA, 1998). Samples were 

processed for dry solids (DS) in a Memmert oven at 105 °C for 6 hours. Volatile solids were heated overnight at 

550 °C. The biogas potential of substrates was calculated as a cumulative measure of the average daily biogas 

yields in l.kg-1 VS added, minus the biogas potential of the inoculum and was represented graphically. 

3. Results 

3.1: Experiment 1: - cultivation of two species of algae (Chlorella vulgaris and Phaeodactylum tricornutum) 

grown on one source of nitrate brine waste (Babraham). 

C. vulgaris and P. tricornutum both grew well on the f/2 growth media supplemented with nitrate brine waste 

sourced from Babraham (Fig. 2). However, P. tricornutum outperformed C. vulgaris in terms of OD, nitrate 

uptake and final dry weight (Fig. 3, Table 1 and 2). The FT-IR metabolic fingerprint showed that the gross 

biochemical composition was similar between the species (Fig. 4). We recovered 85 g (0.85 g L-1) wet biomass 

from 100 L Phaeodactylum and 63.12 g (0.6312 g L-1) from Chlorella. 

 Inoculation day (T0) Harvest day (day 7) 

P. tricornutum 
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C. vulgaris 
 

  
Figure 2. Photographs of Phaeodactylum tricornutum and Chlorella vulgaris growth media supplemented with 

one source of nitrate brine waste (Babraham) in airlift tubular bioreactors at the start and end of the growth 

period. 

Phaeodactylum tricornutum (ss646) Chlorella vulgaris (ss383; 211/11B) 

  

  

  



7 
 

  
 

Figure 3. Growth (OD, cell counts, final dry weight and media nitrate concentration of Chlorella vulgaris and 

Phaeodactylum tricornutum grown on f/2(-N) growth media supplemented with one source of nitrate brine 

waste (Babraham) in airlift tubular bioreactors at the start and end of the growth period. 

 

 

 

 

 

 

Figure 4. Final FT-IR scans of Chlorella vulgaris and Phaeodactylum tricornutum grown on f/2(-N) growth media 

supplemented with one source of nitrate brine waste (Babraham) in airlift tubular bioreactors at the start and 

end of the growth period. 

 

Table 1. 10 L cultures in standard f/2 (P. tricornutum) or standard 3N BBM (C. vulgaris).  

 

 

Starting NO
3
 

(mg L
-1

) 

Final NO
3
 

(mg L
-1

) 

NO
3
 used 

(mg L
-1

) 

NO
3
 used 

(% of 

total) 

Starting 

OD
750

 

Final 

OD
750

 

P. tricornutum 53.6 3.4 50.2 94 0.019 0.197 

C. vulgaris Not taken Not taken 
  

0.116 0.568 

 

Table 2. 10 L cultures in f/2 (- N) + brine waste (P. tricornutum) or 3N BBM (- N) + brine waste (C. vulgaris). 

Values in brackets are standard deviations. OD and dry weight n=10. Nitrate (NO3) n=5. 
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Starting NO
3
 

(mg L
-1

) 

Final NO
3
 

(mg L
-1

) 

NO
3
 used 

(mg L
-1

) 

NO
3
 used 

(% of 

total) 

Starting 

OD
750

 

Final 

OD
750

 

Dry 

weight   

(g L
-1

) 

P. tricornutum 51.6 15.8     

(24.1) ** 

35.8 

 

49.1 

69 

 

95 

0.018  

(0.006) 

0.378  

(0.04) 

1.05  

(0.16) 

C. vulgaris 684 625 

(56) 

59 9 0.065 

(0.003) 

0.292 

(0.035) 

0.17  

(0.11) 

** Four of the five samples measured were < 2.5 mg L-1, large variability due to one sample having 29 mg L-1 

left at the conclusion of the experiment. 

 

3.2: Experiment 2: - chemical flocculent (chitosan) test of algae (diatom) (Phaeodactylum tricornutum) grown 

on f/2 growth media 

The addition of chitosan to cultures of P. tricornutum growing in 10L PBRs worked very efficiently (Fig. 5) in 

flocculating the cells and settling the cells to the base of the PBRs over a short time (within 15 minutes but fully 

flocculated with 240 minutes). The flocculation efficiency was 77 % for the middle PBR and 90 % for the right 

side PBR (Fig. 5 and Table 3). The recovered wet paste for the 20L flocculated algae was 53g.  

0 minutes 5 minutes 15 minutes 240 minutes 

    
 

Figure 5. Flocculation of P. tricornutum cultures in 10L PBRs.  The left PBR is a control with no chitosan (flocculent 

chemical) addition and the middle and right PBRs have chitosan added.  Flocculation (natural gravity settling of 

algae at the bottom of the PBRs) occurred over 240 minutes after the addition of chitosan. 

 

Sample 

Pre-

flocculation 

O.D. 

Post-

flocculation 

O.D. 

(clarified 

medium) 

Post-

flocculation 

O.D. 

(flocculated 

algae) 

Height of 

unflocculated 

culture in cm 

(H0) 

Height of 

flocculated 

algae in cm 

(HF) 

Flocculation 

Efficiency 

(FE) 

Concentration 

Factor (CF) 

Settleable 

solid volume 

fraction 

(SSVF) 

Control 

(no 

chitosan) 

0.58 0.57 3.00 81 N/A 1.72% N/A N/A 

PBR 1 0.43 0.042 9.55 84 3.5 90.23% 21.66 0.04 

PBR 2 0.43 0.097 10.00 85 3.5 77.44% 18.81 0.04 
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Table 3. Flocculation of P. tricornutum cultures in 10L PBRs using chitosan. An initial O.D. (600 nm) was recorded 

for three PBRs, as well as the height of the culture (H0). An aliquot of NaOH (5M) was then added to two of the 

10L PBRs to a final concentration of 1 mL L-1, in order to increase the pH to approximately 10. Chitosan was then 

added to the PBRs to yield a final concentration of 20 mg L-1 from a stock solution (5 g L-1 w/v chitosan dissolved 

in a 1 % v/v acetic acid solution). PBRs were left to flocculate for 4 hours, after which time the following 

measurements were recorded: O.D. (600 nm) for the upper portion of the PBR (clarified medium) and the lower 

portion (flocculated algae) and height of the flocculated algae (HF). From these data, the following calculations 

were performed, as adapted from Şirin et al. (2011). Flocculation efficiency (FE): (1-(O.D. clarified medium/pre-

floc. O.D.)*100), concentration factor (CF): (H0/HF)*FE, and settleable solid volume fraction (SSVF): (HF/H0). 

 

3.3: Experiment 3: - cultivation of one species of algae (diatom) (Phaeodactylum tricornutum) grown on two 

sources of nitrate brine waste (Babraham and Fleam Dyke). 

P. grew well on the f/2 growth media supplemented with nitrate rich brine waste sourced from both Babraham 

and Fleam Dyke bore holes (Fig. 6). Due to the availability of equipment we only have one replicate reactor per 

experiment, hence n = 1 on the plots in Fig. 7. The growth rates in terms of OD and cell count, the salinity and 

pH were similar for P. tricornutum grown on the two sources of brine waste (Babraham and Fleam Dyke). There 

were decreased growth media nitrate concentrations in both reactors with that from the reactor containing 

Fleam Dyke brine being lower that containing brine waste from Babraham. The recovered wet paste for the 100L 

flocculated algae was 242g for the algae grown on nitrate brine waste from the Babraham site and 252g for 

algae grown on nitrate brine waste from the Fleam Dyke site. 

  
Figure 6. Photographs of Phaeodactylum tricornutum growing on f/2(-N) growth media supplemented with 

nitrate sourced from nitrate brine waste at Babraham (top reactor tube) and Fleam Dyke (bottom reactor 

tube) at the Algal Innovation Centre 

 

  



10 
 

  

 

Figure 7. Growth (OD, cell counts, final dry 
weight and media nitrate concentration of 
Phaeodactylum tricornutum grown on f/2(-
N) growth media supplemented with nitrate 
brine waste sourced from Babraham or 
Fleam Dyke in 100L tubular bioreactors. 

 

3.4: Experiment 4: - cultivation of one species of algae (diatom) (Phaeodactylum tricornutum) grown on crude 

diluted waste source of nitrate brine waste (Fleam Dyke). 

P. tricornutum grew well on the f/2 growth media consisting mainly of diluted form of nitrate brine waste 

sourced from Fleam Dyke. Due to the availability of diluted brine waste we only have one replicate reactor hence 

n = 1 on the plots in Fig. 8. The growth rates in terms of OD and cell count, the salinity and pH were similar for 

P. tricornutum grown on the crude nitrate brine waste which is added to f/2 growth media (see experiment 1). 

However, the media nitrate concentration decreased to zero in this experiment unlike the other experiments 

using crude waste, resulting in 100% decrease in the nitrate concentration in the waste water (Fig. 8). 
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Figure 8. Growth (OD, cell counts, final dry weight 
and media nitrate concentration of Phaeodactylum 
tricornutum grown on f/2(-N) growth media 
supplemented with nitrate brine waste sourced 
from Fleam Dyke in 10L airlift tubular bioreactors. 

 

 

3.5: Biomethane test of algal species 

Biomethane potential tests were carried out in two batches. Batch 1 consisted of Chlorella minutissima 

harvested in 2015, and samples of Tetraselmis suecica, Chlorella minutissima and Laminaria digitata harvested 

in 2016. Chlorella minutissima harvested in 2015 and 2016 were pasteurised and tested for their biomethane 

potential in batch 1.  

Batch 2 consisted of P.tricornutum grown in standard f/2 growth medium, and f/2 (-N)+ brine waste from 

Babraham and Fleam Dyke sites. Pasteurised P.tricornutum grown in f/2 (-N)+ brine waste from Fleam Dyke site 

and Chitosan were also included in the batch 2 BMP test. 

Physical composition of the algal species for the AD studies  

The characteristics of inoculum and the algal species used for the tests are presented in Fig 9 and Table 4. The 

inoculum used to for the Batch 1 BMP test had an average total solids (TS) of 2.27 % and Volatile solids (% of TS) 

of 59.05 %. The TS of the algal species used varied between 5.63 % for T. suecica and 22.51 % for C. minutissima 

(2015), while the VS (% TS) ranged between 69.57 %, for T. suecica, and 95.03 % for pasteurised C. minutissima 

(2015). There was no significant change in the VS concentrations observed for the pasteurised C. minutissima 

compared to the fresh sample.  

The inoculum used in Batch 2 BMP test had an average total solids (TS) of 3.81% and volatile solids (% TS) of 

61.17%.  P. tricornutum grown in standard f/2 medium had an average total solids of 12.74% and volatile solids 

(%TS) of 55.13%. The TS of P. tricornutum grown in f/2 (-N)+ brine waste from Babraham and Fleam Dyke, and 

pasteurised P. tricornutum grown in f/2 (-N)+brine waste varied between 9.45% for pasteurised P. tricornutum 

and 10.16% for P. tricornutum grown in f/2 (-N)+brine waste from Fleam Dyke, while the VS (%TS) ranged 

between 46.06 % for P. tricornutum grown in f/2 (-N)+brine waste from Babraham, and 50.16% for P. 

tricornutum grow in f/2 (-N)+brine waste from Fleam Dyke. The volatile solids in Chitosan was assumed to be 

100%. 
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Figure 9. A and B Laminaria digitata collected from 
Robin Hood’s Bay, Yorkshire coast in February 2016. 
C. Sample macerated to 5 mm using a domestic 
mincer. 

 

 
Total Solids % 

w/w 
Volatile Solids % w/w VS (% of TS) 

Batch 1 

Inoculum 3.85 2.27 59.05 

Algal 
species 

Year of 
harvest 

 

Chlorella 
minutissima 

2015 
 

22.51 21.34 94.83 

Pasteurised 
Chlorella 

minutissima 
(105 ⁰C for 1 

hour) 

2015 22.33 21.22 95.03 

Chlorella 
minutissima 

2016 21.19 20.09 94.79 

Pasteurised 
Chlorella 

minutissima 
(90 ⁰C for 12 

hours) 

2016 21.72 20.59 94.82 

Tetraselmis 
suecica 

2016 5.63 3.92 69.57 

Laminaria 
digitata 

2016 16.28 11.04 70.02 

Batch 2 

Inoculum 3.81 2.33 61.17 
 

Algal species 

P.tricornutum grown in 
standard f/2 growth 

medium 

 
12.74 

 
7.02 

 
55.13 

 



13 
 

P.tricornutum grown in 
standard f/2 (-N)+ brine 
waste from Babraham 

9.86 4.56 46.06 

P.tricornutum grown in 
standard f/2 (-N)+ brine 
waste from Fleam Dyke 

10.16 5.10 50.16 

Pasteurised P.tricornutum 
grown in standard f/2 (-N)+ 

brine waste from Fleam 
Dyke 

9.45 4.70 49.73 

*Chitosan   100  

Table 4. Characteristics of the inoculum and substrates used in the tests 

Biogas production-Batch 1 

The biogas yield of the three algal species tested T. suecica, C. minutissima and L. digitate ranged from 433 to 

367 l kg-1 VS (Fig. 10). L. digitata produced the highest biogas yield of 433 l.kg-1 VS after day 24, followed by 

Tetraselmis suecica (373 l.kg-1 VS), and C. minutissima (367 l.kg-1 VS). T. suecica and C. minutissima produced 14-

15 % less biogas yield when compared to seaweed L. digitata. T. suecica presented a similar pattern of biogas 

yield to that of C. minutissima from day 1 to day 5, followed by a decrease from 6 to day 19, then increased 

gradually after day 20 and reached a value of 373 l.kg-1 VS on day 24.  

 

Figure 10.   Biogas yield from 22 day 
BMP tests of three different algal 
species 

 

 

C. minutissima was pre-treated for 12 hours at 105 ⁰C (2015) and 1 hour at 90 ⁰C (2016). Bio-methane potential 

tests were carried on the pasteurised samples and the biogas yield was compared to that of the unpasteurised 

samples. There was no significant increase in the biogas yield of the sample pasteurised at  105 ⁰C for 1 hour in 

2015 (Fig. 11). The pasteurised and unpasteurised Chlorella showed similar patterns and produced a biogas yield 

of 314 l.kg-1 VS and 310 l.kg-1 VS, respectively on day 36 (Table 5). But, there was a significant increase in the 

biogas yield upon pasteurising at 90 ⁰C for 12 hours in 2016. The pasteurised Chlorella produced a biogas yield 

of 533 l.kg-1 VS when compared to 362 l.kg-1 VS by the unpasteurised sample on day 15. It showed a 31 % in 

biogas yield on day 15 relative to the unpasteurised sample on day 24 (367 l.kg-1 VS).  
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Figure 11. Biogas yield of 
unpasteurised and pasteurised 
Chlorella minutissima from the BMP 
tests carried out in 2015 and 2016 

 

  

Biogas production-Batch 2 

P.tricornutum sample grown in standard f/2 growth medium produced an average biogas yield of 274 l.kg VS-1 

by day 23 (Figure 13), lower than the value (477 l.kg VS-1) obtained by Zhao et al. 2014 for a 25 day BMP test of 

P.tricornutum. The lower biogas yield might be due to the weak inoculum used in the test. There was an initial 

lag observed in the biogas production on day 1 and 2. A similar lag was observed in the BMP tests conducted on 

P. tricornutum by Patil et al. 2015. This could have caused by the release of inhibitory compounds after the cell 

lysis or high production of acid in the early digestion of P. tricornutum (Frigon et al. 2014). It is also possible that 

P. tricornutum, being a marine species, could have carried excess sodium ions causing short term inhibition to 

anaerobic microflora (Sialve et al. 2009).Biogas yield increased gradually from day 3 to day 9 after which there 

was a slight decline from day 9 to day 11. The graph suggests that 23 days might not be enough to fully digest 

P.tricornutum as there was a slight rise seen on day 22 and 23. The tests conducted by Patil et al. 2015 showed 

a rise in the biogas production of P.tricornutum after day 25. Further tests on P. tricornutum are needed to 

evaluate its biogas production for longer days and also pre-treatment methods that will reduce the risk of 

inhibition and increase cell biodegradability making the substrate more accessible to anaerobic microflora. 

P.tricornutum samples grown in f/2 (-N) + brine waste from Babraham and Fleam Dyke showed inhibition from 

Day 1 to Day 23 (Figure 13). The pasteurised samples of P.tricornutum grown in f/2 (-N) + brine waste from Fleam 

Dyke also exhibited similar behaviour to their non-pasteurised samples showing inhibition from Day 1 to 23. The 

observed inhibition might be due to 1) the high protein content of P.tricornutum grown in f/2 (-N)+ brine waste, 

which leads to high ammonium release, thus inhibiting the process (Sialve et al. 2009),  2) Inhibitory compounds 

present in the brine waste used to grow the algae. Chitosan was tested for its inhibition potential. There was an 

initial lag observed in the biogas production of Chitosan from day 1 to day 5, this could be due to its slow 

degradation. Biogas production increased gradually from day 5 and reached 274 l.kg VS-1 by day 23 (Figure 13). 

This confirmed that Chitosan had no inhibitory effects on the anaerobic digestion of P. tricornutum. Further 

analysis on the physico-chemical characteristics of the brine waste used to grow P.tricornutum should be carried 

out. Brine waste should be tested for its inhibitory effect on the anaerobic microflora. 

 

  

   



15 
 

  

 

 

 

                                Figure 13. Biogas yield from 23   

day BMP test of P. tricornutum   

 

 

 

 

 

3.7. Summary table  

Substrate 
Average 

Biogas yield 
l.kg-1VS 

Tetraselmis suecica 2016 (day 24) 373 

Chlorella minutissima 
2015 (day 36) 310 

2016 (day 24) 367 

Pasteurised Chlorella 
minutissima 

105 ⁰C for 1 hour 2015 (day 36) 314 

90 ⁰C for 12 hours 2016 (day 15) 533 

Laminaria digitata 2016 (day 24) 429 

P.tricornutum grown 
in standard f/2 growth 

medium 
2016 (day 23) 274 

P.tricornutum grown 
in standard f/2 (-N)+ 

brine waste from 
Babraham 

2016 (day 23) -22 

P.tricornutum grown 
in standard f/2 (-N)+ 

brine waste from 
Fleam Dyke 

2016 (day 23) -18 

Pasteurised 
P.tricornutum grown 
in standard f/2 (-N)+ 

brine waste from 
Fleam Dyke 

2016 (day 23) -23 

*Chitosan  2016 (day 23) 274 

Table 6. Biogas yield obtained from the algal species. *(biogas yield achieved after x number of days) 
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4. Conclusions  

 Phaeodactylum tricornutum is more suitable for biomass production and nitrate bioremediation than 

Chlorella vulgaris 

 Chitosan is a suitable chemical flocculent for Phaeodactylum tricornutum cultures, substantially 

increasing the yield from liquid cultures as 96 % less centrifuging is required to make the algal paste. 

 The growth and nitrate bioremediation of nitrate brine waste by Phaeodactylum tricornutum was not 

affected by the source of the nitrate brine waste (Babraham or Fleam Dyke). 

 Phaeodactylum tricornutum is able to directly grow in the diluted brine waste obtained from Fleam Dyke 

(with the addition of other macro (eg, phosphate) and micro nutrients) and has a better nitrate 

bioremediation uptake then Phaeodactylum tricornutum growing on f/2(-N) media supplemented with 

crude brine waste.  

 

 The biogas yield measured for Laminaria digitata was 433 l.kg-1 VS, followed by Tetraselmis suecica (373 

l.kg-1 VS) and Chlorella minutissima (367 l.kg-1 VS) 

 Pasteurisation at 90 ⁰C for 12 hours significantly increased the biogas yield of Chlorella minutissima by 

30 % when compared to the unpasteurised sample. Further tests on pasteurisation of Phaeodactylum 

tricornutum at the same temperature and time will be carried out.   

 There was a 15 % increase in the biogas yield of Chlorella minutissima obtained in 2016 (367 l.kg-1 VS) 

when compared to the biogas yield in 2015 (310 l.kg-1 VS). The increase in the biogas yield in 2016 might 

be due to freezing and thawing acting as a form of pre-treatment. 

 Laminaria digitata produced significantly high biogas yield rapidly (433 l.kg-1 VS), making it suitable as a 

feedstock for anaerobic digestion. However, environmental impacts should be evaluated in detail 

 The average biogas yield for P. tricornutum grown in standard f/2 growth medium was 274 l.kg-1 VS 

 P. tricornutum grown in f/2 (-N)+ brine waste from Babraham and Fleam Dyke sites showed inhibitory 

effect on biogas production from day 1 to day 23  

 Pastuerisation of P. tricornutum grown in f/2 (-N) + brine waste from Fleam Dyke site did not have any 

effect on the biogas production and showed similar inhibition as its non-pasteurised sample. 

 Chitosan caused a transient inhibition for the first two days of its digestion process and produced the 

same biogas yield as that of P.tricornutum by day 23. 

 Anaerobic digestion of micro-algae can provide a “baseline product” for its use while high-value 

applications are developed. 

 

5. Further work 

 Characterisation of brine waste from Babraham and Fleam Dyke sites and testing the brine waste for 

its inhibition potential should be considered. 

 Detailed chemical composition of the P. tricornutum grown on standard f/2 growth medium and f/2 (-

N)+ brine waste should be carried out to understand the transient lag seen in the P. tricornutum grown 

in f/2 growth medium, and the inhibition observed in the biogas production of  P. tricornutum grown 

in f/2 (-N) + brine waste. 

 Additional work on pre-treatment of the algae grown f/2 (-N) + brine waste to overcome the inhibition 

on biogas production should be considered. 

 Further tests on pasteurisation of Laminaria digitata with and without pasteurisation at 90 ⁰C for 12 

hours should be carried out. 

 Further tests on growing algae on the diluted brine waste 
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