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Abstract— Microalgae are a good alternative to fossil fuel for
energy generation. Chlorella vulgaris (C.vulgaris) strain of the
microalgae was cultivated on liquor from chemically treated
sewage sludge samples, to estimate the economic worth of sludge
liquor; from the anaerobic digestion of the generated biomass.
Samplel was conditioned with zetag66 polyelectrolyte (control
sample), samples 2 and 3 were treated with lime at different
concentrations and sample 4 was treated with ferric chloride.
Biomass yield (dry solids) was 1.36 kg/m?, 2.94 kg/m?, 1 kg/m?® and
0.87 kg/m? for media 1, 2, 3 and 4 respectively. The control had the
highest energy and economic worth per m® of 3.07 kWh and £1.12
respectively. Media from lime treatment had the same energy and
economic worth per mé of 2.51 kWh and £0.91 respectively. Media
from ferric chloride treatment had the least energy and economic
worth per m? of 1.81 kWh and £0.66 respectively. Sludge liquor
has potential for wealth creation and sustainable energy
generation even after chemical sludge treatment, when used to
cultivate microalgae.

Index Terms— C.vulgaris, liquor, energy, anaerobic, digestion.
I. INTRODUCTION

A. Energy sources and demand

Energy generation with minimal greenhouse gas emissions
is of global importance. The comfortable exploitation of fossil
fuel resources for primary energy needs has become
burdensome. These resources are diminishing very fast [1] and
their use negatively affects the environment at large; with
increasing accumulation of carbon dioxide in the atmosphere
[2]. Renewable energy from biomass are now being exploited
for environmental and economic sustainability [3].

Biomass energy supply increased from 38 to 52EJ between
1990 and 2010 as a result of increased energy demand and
policies developed to increase the use of renewable energy [4].
Biomass is at present the largest contributor of world renewable
energy, with even more potentials to exploit for electricity, heat
and vehicle fuels [5].

1) Microalgae usage

Microalgae are single-cell, photosynthetic organisms [6],
with rapid growth rate and high energy content [6], [7].
Microalgae have been the focus of research towards biomass

production for renewable fuels such as biodiesel, methane,
biohydrogen and bioethanol [8]. Different media compositions
are proposed and used for growing microalgae, relative to
investigations of the chemical environment of the natural
occurring microalgae [9].

Microalgae has been used for many purposes such as
anaerobic digestion to biogas [10], gasification to methane or
hydrogen, transesterification to biodiesel [1], [6], pyrolysis gas
or liquid fuels and burning to generate heat and electricity [6].

B. Sewage sludge liquor and treatment

Currently in the UK about 1.2 megatonnes of dry solids of
wastewater sludge is produced annually and approximately 6.5
megatonnes of dry soilds by the EU as a whole [11]. Sludge
contains nutrients such as ammonia, potassium and phosphorus
and can therefore be used on agricultural lands for soil
enrichment. A number of approaches are used by different
wastewater treatment plants (WWTPs) to reduce sludge
volume; thereby minimising handling and cost of
transportation, destroying pathogens in the sludge and also
smell reduction [12].

Sludge treatment processes include thickening, dewatering,
biological treatment (anaerobic digestion and composting), and
chemical stabilization, thermal treatment and drying.

During sludge treatment liquor is produced. By convention
sludge liquor is returned to the WWTPs [13], [14] and removal
of ammonia and phosphorus is achieved during side stream
wastewater treatment [15]. This causes an additional nutrient
load [16] of up to 25 percent [12], [14], [17] to 30 percent [13],
[18]. The high cost involved in treating sludge liquor when
returned to treatment works, led to the decision by most
WWTPs to adopt sustainable and less expensive methods for
treating sludge liquor [13].

The use of microalgae for wastewater treatment purposes
began only in recent years (1970s) [19]. The eutrophication of
many waters due to effluent discharges, opened up the potential
for microalgae to be used in treating wastewater [19].
Cultivation of microalgae for biomass production can therefore
be achieved from nutrients in the wastewater [15]. More so, the
microalgae can be used to destroy pathogens in the wastewater,
by increasing the pH when CO; is consumed [1].
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C. Anaerobic digestion of microalgae

Anaerobic digestion (AD) of microalgae can be economical
for methane generation, using low cost microalgae cultivated
on wastewater or harvested from water bodies [10]. Unlike
biofuel production from algae that depends on the algae lipid
content, methane generation process recovers more energy than
available in cell lipid [20]. With a cell lipid content below 40%,
AD proves to be the optimal choice in terms of energy balance
[20]. Generation of biogas by AD eliminates a lot of energy
intensive steps such as drying and extraction [10].

Biochemical composition of biomass affects methane and
biogas yield from AD and the amount of VS destroyed during
AD s critical to the entire process. These factors put some
huddles in biogas production from algae biomass because algae
have limited biodegradability [10], [20]. For most macro- and
micro-algae, only about 20 to 60% VS destruction can be
achieved and as a result of algae cell wall, there is limited
accessibility of enzymes to the substrates [10]. Therefore
biodegradation is limited; leading to a longer retention time of
about 20 to 30 days for the conventional AD process [10]. Also
high cellular protein leads to release of ammonia, which in turn
could result in toxicity [20].

The AD of microalgae for biogas can also be combined with
the production of biodiesel using the post-extracted algal
biomass [10], [20]. It was reported that the conversion of low
lipid content algae to biogas has more potential energy than its
conversion to biodiesel alone, while a combination of both
yields the greatest energy output [21].

Il. MATERIALS AND METHOD
A. Sludge sampling and liquor media preparation

Sewage sludge (combination of primary and secondary
sludge) was obtained from Esholt wastewater treatment plant,
UK. The sludge samples were chemically treated before
centrifuging to obtain the supernatant. The first sample was
prepared by adding 0.6 g zetag66 polyelectrolyte per litre of
sludge; this served as the control sample. Polyelectrolyte was
used to enhance dewatering. The second and third samples were
prepared by adding lime at different concentrations in order to
optimize the phosphorus distribution to the sludge cake.
Optimization was done at varying concentrations, but only the
liquor from the highest and least concentrations of lime was
used for microalgae cultivation. Therefore the second sample
was prepared using 27.5 g lime per litre of sludge, while the
third was prepared using 1.28 g of lime per litre of sludge. And
lastly the fourth sample was prepared by adding 35 g of ferric
chloride to the sludge to also enhance the phosphorus
distribution to the sludge cake. The samples were labelled
samplel, sample2, sample3 and sample4 respectively.

Sludge samples were centrifuged using Eppendorf
centrifuge5810 at 4000 revolutions per minute (rpm) for 30
minutes. Liquor samples obtained were too concentrated; still
having high amount of suspended solids. As this was assumed
to inhibit adequate light penetration for C.vulgaris
photosynthesis, each sample was further centrifuged using 50
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ml centrifuge tubes at 4000 rpm for 40minutes. The supernatant
was then filtered using a GF/C 90mm filter paper; to obtain
clear liquor. Liquor samples were thereafter autoclaved at
120°C and 2.5 bar pressure, in order to destroy any bacteria or
pathogen that could inhibit the growth of the algae in the media.
Samples were then cooled to room temperature.

Liquor samples were characterized for phosphate, pH,
alkalinity and ammonia-nitrogen; these parameters influenced
the dilutions done for each sample and the volume of C.vulgaris
used in preparing the culture media.

B. C.vulgaris cultivation in the liquor media

The liquor samples prepared from the sludge were used to
cultivate microalgae. C.vulgaris was obtained from a culture in
Bolds Basal Media (BBM) in the University of Leeds
laboratory, on the 4th day of culture (at the exponential growth
phase). Two hundred (200) ml of liquor media was prepared
from each sample and cultivated in 500 ml clogged conical
flasks. Aeration was achieved by the shaking action of the
incubator. Equal volume of C.vulgaris (50 ml) was used in each
media. Medial was prepared using 1/15 ml dilution of samplel,
media2 was prepared using 1/3 ml dilution of sample2, media3
was prepared using 1/16.7 ml dilution of sample3 and lastly
media4 was prepared using 1/30 ml dilution of sample4. The
dilutions were done in order to control the nutrient in each
culture. The overall percentage ratio of liquor to C.vulgaris in
each media was 5:25, 25:25, 4.5:25 and 2.5:25 for medial,
media2, media3 and media4 respectively. The cultures were
then cultivated in the INFORS HT incubator for 14 days. Total
suspended solids (TSS) and volatile suspended solids (VSS)
tests were carried out on the media during the cultivation period.
These tests measure the biomass growth in the media.

1) Total Suspended Solids (TSS) and Volatile Suspended
Solids (VSS) Analysis

a) Materials

The ESS method 340.2 [22] was used to determine TSS and
VSS. Materials used for these tests include filtration apparatus,
9 cm glass fibre filter paper, vacuum pump, oven, furnace,
desiccators and watch glass.

b) Procedure

The glass fibre filter paper was weighed and recorded. The
filter paper was then placed on the filtration apparatus, with the
vacuum pump in place. Ten (10) ml of sample was filtered
through. The filter paper was then placed in an oven drying tray
and dried in the oven (Gollenhamp Hotbox oven) at 105°C for
24 hours. The filter paper was then placed in a crucible and kept
in a desiccator to cool. The filter paper was weighed at an
interval of 10 minutes, until a constant weight was recorded.
The TSS (mg/l) was then calculated using the formula below;

__ dried wt.(mg)~ initial wt.(mg)

TSS

X 1000. 1)

volume used (ml)

The volatile suspended solid (VSS) was then determined by
placing the filter paper from the TSS in a crucible and
transferring it to a furnace at 560°C for 2 hours, to remove all
volatiles. Afterwards it was allowed to cool in a desiccator and
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weighed continuously at an interval of 10 minutes, until a
constant weight was observed. The VSS (mg/l) was then
calculated by the equation;

__ dried wt.from TSS (mg)— final wt.(mg)

VSS

x 1000. )

volume used (ml)

C. C.vulgaris growth rate and biomass yield in liquor media

Using a spectrophotometer, the absorbance; optical density
at 540nm wavelength (ODs40) was carried out on each media to
determine growth rate. Absorbance has been used to estimate
growth rate in microalgae cultivation [1], [19], [23]. Five point
measurements were done on dayl, day4, day7, day11 and dayl4
and the increase in the absorbance was used to determine the
growth rate of the algae in each media. The growth rate was
then calculated using the equation below,

Growth rate (/day) = (InOD, — InOD,)/t. 3)

Where OD: is the optical density at day t, ODy is the initial
optical density and t is the number of days.

At the end of the 14 days cultivation period, the percentage
biomass yield was calculated as a function of the total
suspended solids (TSS);
TSS Yield (%) = —L—>%t % 100. (4)

The Volatile suspended solids (VSS) yield was calculated
as a percentage of the TSS using the equation;

VSS Yield (%) = 22> » 100. (5)
TSSf~TSS;

Where TSSrand VSSs are the TSS and VSS values after 14
days respectively and TSS; and VSS; are the initial TSS and
V'SS values after media preparation before culture.

C.vulgaris yield per m® of media was also calculated for all
liquor media using the equation below;

TSS¢—TSS;

Yq 1000 6)
Where Y4 = Biomass yield (kgDS/m®media),

TSSt = final TSS (mg/l) and

TSS; = initial TSS (mg/l).

Y, = VSSy— VSS; ™

1000

Where Y, = biomass yield (kgVS/m3media),
VSS; = final VSS (mg/l) and
VSS; = initial VSS (mg/l)

D. Methane and energy worth of C.vulgaris from liquor media

The theoretical methane that can be achieved from
C.vulgaris biomass obtained was calculated. A Biochemical
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Methane Potential (BMP) test was carried out on the AD of
C.vulgaris. The result was then used to estimate how much
methane can be obtained from C.vulgaris cultivated in the
liguor media.

Yy, = BMP X Biomass VSS (kg/m3media) 8)
Where Yum = Methane yield (m3/m3media),

BMP = biochemical methane
(m®methane/kgVSSadded)

potential

The energy worth of 1 m®of liquor media was then analysed.
One (1) Nm? (normalized cubic metre) of methane is reported
to be equivalent to 9.97 kWh of energy [24]. Therefore from the
methane yield calculated, the amount of energy per m® of media
was estimated by the following equation;

Energy (kWh/m3media) = 9.97 X Yy,. 9)

The use of AD technology to generate energy in the UK has
been greatly encouraged by some government incentives. These
incentives are avenues to generate income for the energy
derived from any AD plant. Figure 1 shows the options for the
methane generated from AD and their respective incentives.

For the sake of this study, the use of methane for income
generation from combined heat and power was analysed. The
Department for food and rural affairs, UK (Defra) [25] reported
that using AD to generate renewable energy attracts 2
RoCs/MWh. A typical value of £80/MWh was assumed for 1
RoC. FiTs for small scale AD with capacity of up to 250 kW is
14p/kWh and 13p/kWh is provided for capacities between
250kW and 500kW [25]. Therefore 14p/kWh was used for
FiTs. Lastly the RHi provides 6.5p/kWh over a 20 year period
for biogas combustion in installations below 200kwh and
biomethane injection into the gas grid at all scales [25]. These
incentives were then used to estimate the financial worth of the
methane generated from liquor media.

I1l. RESULTS AND DISCUSSION

A. C.vugaris cultivation and growth rate in liquor media

For each media, a different amount of ammonia and
phosphate was taken up by C.vulgaris. The initial and final
media characteristics are presented in table 1.

The growth rate of C.vulgaris calculated during the
exponential growth phase and the biomass yield are presented
in table 2. In contrast to the low specific growth rates of
C.vulgaris observed in all media presented in table 2, an
average specific growth rate of 0.948 d-* for Chlorella sp. when
cultivated in sludge liquor was reported [19].

Low growth rates have however been recorded for Chlorella sp.
cultivated in different media types; a specific growth rate for
Chlorella sp. of 0.035 day™, when cultivated on filtrate from
anaerobic digestate [26], growth rate for Chlorella sp. of 0.45
day* when cultivated in a modified Zarrouk medium was also
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recoded [27] and a low growth rate for C.vulgaris of 0.103 d!
at the exponential growth phase,
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Fig. 1. End use options for Methane from Anaerobic Digestion and their respective incentives in the United Kingdom.

when cultivated in BG11 medium [15]. The low growth rate
recorded in this study can be said to be influenced by the N/P
ratios of the media in the range of 13.3 — 42.9 compared to the
suggested optimal range of 6.8 — 10. Clearly only medial had
close to the suggested range.

Medial and media4 in fig. 2 demonstrate a standard growth
curve of C.vulgaris in batch cultivation. The trend of media2
and 3 shows that if the cultivation was continued after the 14
days cultivation period, more growth would be realised from
the media. The high absorbance observed in the media from
chemical treatments (2, 3 and 4) could be due to the residual
effect of the chemicals used in the three media during sludge
treatment.

The outcome of C.vulgaris cultivation showed that media2
with equal amount of C.vulgaris and liquor had the highest
biomass yield (dry solids) of 2.94 kg/m? followed by medial
yielding 1.36 kg/m®, media 3 yielded 1 kg/m® and finally
media4 yielded 0.89 kg/m?3. This follows the increasing order of
C.vulgaris in the media; that is media2 had the least amount of
C.vulgaris,  followed by  medial, media3  and

1.8 +
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1.4 4

e Vedia 1
e=ll== edia 2
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e edia 4

1.2 4
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Fig. 2. C.vulgaris growth curve in liquor media

media4 in that order. Therefore increasing the amount of
C.vulgaris in sludge liquor media will gave rise to decrease in
the biomass yield (dry solids). As all media had suitable pH and
no media was starved of nutrient; having sufficient ammonia
and phosphate, the ratio of C.vulgaris to liquor can be said to
be the primary influence for the biomass yield observed.

B. Methane yield and energy potential following anaerobic
digestion of C.vulgaris

The amount of volatile solids generated is of great
importance. Medial had the highest amount of volatile solids of
0.88 kg/m?, media2 and 3 had the same amount of volatile solids
of 0.72 kg/m® while media3 had the least amount of volatile
solids of 0.52 kg/m®. The amount of methane that could be
generated from C.vulgaris biomass cultivated in the control
media was calculated as described in Eq. 6 and Eq 7. The
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methane potential from the BMP test on C.vulgaris was 0.35
M%KgV Sadded. A similar BMP of 0.31 NL-methane/gV Sadded for
Chlorella cultivated on sludge liquor was recorded [26]. On the
other hand, a low methane yield from 100% Chlorella digestion
of 126 mL-CH4/gV Stq have also been recorded [27].

The essence of estimating the methane yield is to know the
energy and economic worth of sludge liquor when C.vulgaris is
cultivated on it. Since 1 Nm3-methane is equivalent to 9.97 kWh
of energy [24], [28], a sum of 36.5p/kWh is obtainable from
energy generated, using the incentives from fig. 1.
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Figure 3 shows that medial had the highest methane yield
of 0.308 m®m®media, media2 and media3 from the lime
treatment liquor both yielded 0.252 m¥m3media, while media4
had the least methane yield of 0.182 m¥/m3media.

With energy equivalent of 9.97 kWh per Nm3-methane,
dewatering liquor from WWTPs vyields up to 3.07
kwh/m3media. Therefore in cultivating C.vulgaris for methane
generation from AD, more attention should be paid to factors

that enhance volatile solids than dry solids yield.
Table 1. Initial and final characteristics of media samples

2.5
2

1.5
1

0.5
0

M Biomass yield
(kgDS/m3 media)

B Methane yield
(m3/m3 media)

Yield

Biomass yield

H\ (kgVS/m3 media)

2
v
Q &) *

N
;e > 4 2
¥ > @Q’b\

Liquor media

Figure 3. Methane yield per cubic meter of liquor media in comparison with
biomass yield.

Raw liquor from dewatering process has good methane and
energy potential. Liquor from lime treatment would generate
about the same amount of methane (regardless of the amount
used); this should be considered when using such treatment.
Ferric chloride treatment would have significant effect on the
methane generated from the liquor media.

Table 2. C.vulgaris specific growth rate and percentage biomass yield after 14
days of cultivation

Sample Growth rate (/d) Biomass yield (%)

TSS VSS (% of TSS)
Media 1 0.228 95.8 65
Media 2 0.020 96.7 24
Media 3 0.185 83.3 72
Media 4 0.231 68.0 60

The resultant energy and economic worth of 1 m? of each
liquor media used have been presented in table 3.

The conventional oxidation of ammonium ions to nitrate
(NOs3) and then denitrification to nitrogen gas as a treatment

Media 1 Media 2 Media 3 Media 4
initial final initial final initial final initial final
pH 9.39 7.92 9.09 7.82 9.76 7.82 7.50 7.82
Alkalinity (mgCaCO3/l) 1730.0 215.0 2805.0 2245.0 1985.0 2507.7 789.2 1045.0
Ammonia (mg/l) 2128 5.6 2128 336 302.4 336 515.2 44.8
Phosphate (mg/l) 16.00 1.36 7.50 0.80 10.25 1.20 12.00 2.00
TSS (mg/l) 60 1420 100 3040 200 1200 410 1280
VSS (mg/l) 450 1330 710 1430 400 1220 470 990
option in WWTPs require a lot of energy for pumping and
aeration and therefore high cost. For this process, 4.57
3 g02/gNH3-N is required for complete oxidation. It therefore

means that for the 2240 mgNH3-N/I (2.24 gNH3-N/I) in the
liquor obtained from samplel, an additional 10.24 gO2/I (10.24
kgO2/m®) is required. On the other hand, the photosynthetic
activity of the microalgae produces oxygen. A maximum of 10
g0, m? min? (14.4 kgO, m? d?') can be generated by
microalgae in a typical photobioreactor [29]. Therefore, 141%
of the oxygen required to treat the liquor by conventional
process would be produced daily. This can be extracted and
used in WWTPs for other necessary biological processes. The
energy and cost of aeration as required by the conventional
process would therefore be greatly saved.

Also 1 m® of media has a financial worth of £1.12. The
ammonia available in the liquor from samplel is about 11 times
the ammonia required to prepare medial. Therefore, 11 times
the financial worth of 1 m® of media can be generated. In
essence, the raw liquor from sludge dewatering is worth about
£12.32.

Table 3. Energy and economic value of 1m? liquor media and the respective

ammonia and phosphate required.
Sample Energy yield Economic Ammonia | Phosphate
(kWh/m*media) worth required required

(E/m*media) (mg/l) (mg/l)

Media 1 3.07 1.12 207.2 14.64

Media 2 251 091 179.2 6.7

Media 3 251 0.91 268.8 9.05

Media 4 1.81 0.66 459.2 10

Chemical precipitation of nutrients into the sludge cake
depends on specific soil characteristics and the availability of
plant to use up the nutrient [17]. Therefore if there is insufficient
landbank or where there are stringent regulations regarding the
spreading of sludge cake on land, the process becomes futile.
As such since C.vulgaris showed an impressive growth with the
highest economic value in the raw liquor media, it would be
better to use just microalgae for treating sludge liquor.
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However, wherever it is necessary to use chemicals, only little
chemical dosing should be employed in order to save cost.

IV. CONCLUSION

The energy and revenue potential of the biomass generated
from cultivating C.vulgaris on sludge liquor makes the use of
C.vulgaris for sludge liquor treatment more economical than
conventional nutrient removal processes.
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