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1. Introduction

1. Introduction

1.1 Scenario

The world population reached 7.3 billion as of mid-2015 and it
is projected to increase by more than 11.2 billion by 2100 1.
Consequently the world production of domestic wastewaters
worldwide is increasing too and wastewater treatment plants are
playing more and more a key role in quality improvement of
treted effluents, which should not only be considered as a source
of pollution but also as a source of energy, nutrients and water.
However, in the prospective of circular economy
conventional wastewater treatment technology, including
aerobic activated sludge processes or anaerobic digestion, still
present serious technical-economic limitations caused by their
high energy requirements 2 and low possibilities of material
recovery. For example, data from Germany and Italy show that
electricity demand for wastewater treatment accounts for about
1% of total consumption of the country, which may be a good
estimation for other European countries 3. Two critical points, in
particular, contribute significantly to power consumption and
loss: the need to remove nitrogen from the supernatant of sludge
dewatering and the low biomethane production from under
loaded anaerobic digesters.
The conventional wastewater treatment scheme includes water
line and sludge line; the first one produces: a liquid effluent
compatible for discharge to natural water bodies and a sludge
rich in organic matter and nutrients as nitrogen and phosphorus.
In large plants, the sludge generally undergoes anaerobic
digestion, with biogas production, before being dewatered. The
supernatant from sludge dewatering (called blackwater or
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1. Introduction

centrate if deriving from centrifuging) is rich in nitrogen and is
normally sent back to the water line to be treated. The removal
of nitrogen from supernatants (usually 10-20% of the total
influent nitrogen load) involves significant energy costs due to
the additional aeration. Generally, the consumption for aeration
is between 0.18 and 0.8 kW h m?. Aeration is an essential
process in the majority of Waste Water Treatment Plant
(WWTP) and accounts for the largest fraction of plant energy
costs, ranging from 45 to 75% of the plant energy expenditure.
On the other hand, the efficiency of anaerobic digesters depends
on the characteristics of sludge. To comply with the Nitrate
Directive (91/676/ CE) and carry out efficient nitrogen removal,
WWTPs operate with long sludge age so that the resulting
excess sludge has a high degree of mineralization and provides a
limited substrate for anaerobic digestion. So, many anaerobic
digesters are now under loaded and could potentially co-digest
other organic materials thus improving their biogas production.
There are several studies about developing new technologies,
that optimize WWTP and make WWTP economically viable.
One of them is microalgal-bacterial process, attracting
considerable attention because of the wide range of possibilities
of material recovery from algal biomass.
In fact, algal biomass can be used as substrate for anaerobic
digestion and biogas production, for the production of biofuels,
fertilizers, plant biostimulating agents and biopolymers. The
best solution seems to be the possibility to use microalgae
grown on wastewaters for biogas production in anaerobic
digestion, as demonstrated by several studies * °.
Including algae-bacteria based processes within conventional
wastewater sequence, feeding algae on centrate can has at least
three main benefits:

v' Removing nitrogen, the demand of electric power for

nitrification decreses too *;
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1. Introduction

v" The algal/bacterial biomass can be fed to anaerobic
digesters increasing their biogas production and reducing
the need for first-generation biofuels for WWTP
operation ;

v Photosynthesis uses CO» as carbon source, thus
decreasing the carbon footprint of wastewater treatment.

1.2 Microalgae

Autotrophic microalgae are photosynthetic microorganisms with
simple growing requirements that can produce lipids, proteins
and carbohydrates in large amounts over short periods of time.
Microalgae cultures grow continuously when all necessary
nutrients, CO2, and light energy are not limiting. For numerous
aspects, microalgal cultivation is gradually increasing
worldwide. Microalgae have been used extensively in
environmental biotechnology, especially for bioremediation,
biomonitoring and bioassay of environmental toxic pollutants;
microalgal-bacterial systems have been extensively used in the
treatment of nutrient rich wastewaters since 1950s’. However,
their application has been limited to few, experimental cases, till
the last decade, chiefly because of the poor knowledge of the
processes and the limiting conditions and of the difficulties of
standardization. Moreover, in the past, problems arising from
energy constraints and greenhouse gas emissions were not as
important as they are now and the existing biological processes
seemed satisfactory for the purpose of removing organic matter
and nutrients from wastewater.

The positive interactions between microalgae and bacteria are
clear, as microalgae provide, through photosynthesis, the
oxygen need for aerobic bacteria to biodegrade organic
pollutants, consuming in turn the carbon dioxide released from
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1. Introduction

the bacterial activity. Studies often focused on the
bioremediation potential of microalgae for various types of
wastewaters such as municipal, industrial and agricultural
wastewater especially in nutrient removal, based on their ability
to uptake inorganic nitrogen (NH4*, NOs", NO2") and phosphorus
8, In particular, phosphorus resources are being depleted and the
recovery of this vital element is a serious challenge for the next
years.

Several studies have investigated the possibilities of using
centrate as the sole nutrient source in microalgae production ° 0
11 The optimal centrate concentration that can be used as
substrate for microalgae production has to be individually
studied case by case.

However, the main constrains to include microalgae on
wastewater treatment sequences are related to:

e Wastewaters, in particular supernatants from sludge
dewatering, have high ammonia nitrogen content
(normally >100 mg L™, sometimes approaching 1000 mg
L-1), which could potentially be toxic to microalgae*?;

e Supernatants have a high turbidity level, that reduces
light penetration 3,

e Supernatants are a very complex matrix and may contain
compounds that inhibit microalgae growth such as, for
instance, urea, organic acids, phenols and pesticides. So,
before being fed to microalgal systems, a pre-treatment
(by diluition, filtration or centrifugation) could be
needed to partially remove solids 4.

e To keep the process in the range of the low cost ones,
avoiding artificial heating and illumination, the
seasonality of the process must be taken into account,
and the cliamatic conditions of the site may become a
limiting factor.
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The anaerobic degradability of some algal species is
sometimes long, due to the presence of resistant cell
walls. The biodegradability can be evaluated case by
case by testing their Biochemical Methane Potential
(BMP). The results of BMP measurements reported in
literature vary within a very wide range: 153 to 600 L
CHa/kgSV, according to Ward et al.(2014)°.
Conventional microalgal harvesting methods are often
considered as energy intensive, and their cost has been
reported to contribute to more than 30% of the total
biomass production cost °.
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1.3 Outline of the thesis

This thesis deals with the feasibility of including a mixed
microalgal community in a real wastewater treatment sequence
with the double aim of removing nitrogen and producing
biomass to feed the anaerobic digesters. In particular, this thesis
focuses on the identification of relevant waste streams from
agricultural and municipal activities (like effluents, centrates,
digestates, and mixtures of them) as substrates for microalgal
culture.

Beside the introduction, the thesis contains six chapters. Chapter
2 is a critical review, which collects the current approaches to
microalgal biomass production. In particular several studies
using waste streams, including: wastewater, waste or CO»-
enriched gas (flue gas and biogas), waste organics (i.e., crude
glycerol) and waste heat. Moreover, microalgal metabolic
pathways supporting the biosynthesis of energy-rich molecules
such as triacylglycerides (TAG) and starch are discussed.

The core of experimentation is described in Chapters 3-7 using
centrate from urban settelings or agriculture activity as a
substrate for microalgal culture; in all the tests mixed microalgal
population dominated by Chlorella spp. and Scenedesmus spp.,
previously adapted to grow on the centrate from anaerobic
digester of one of Milan WWTPs, was used.

In particular, Chapter 3 shows the results of experimentation
using municipal centrate to produce biomass to feed the
anaerobic digesters removing at the same ammonia nitrogen.
Wastewaters from agricultural activities are the subject of
Chapter 4, focusing, on the characterization of different kinds of
agro-waste streams in view of their treatment with microalgae.
Chapter 4, as well as Chapter 5, reports the results obtained in
lab-scale tests using the agro wastes, which had been shown to
be more suitable for microalgae growth.
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The encouraging lab scale results justify further pilot-scale
experimentation, using agrowastes as the nutrient source for
microalgae. The results of this experimentation are presented in
Chapter 6. The objective of the tests is to investigate the use of
microalgae to remove nitrogen from the same agro-digestate
used in the previously lab-tests and to produce bioenergy
(biogas) from the microalgal biomass by anaerobic digestion.

The search for the best biomass harvesting technique is the main
objective of Chapter 7. The separation of microalgae from their
growth substrate is a major challenge to produce microalgae at
large scale 1°, because the microalgal suspension produced in the
reactors is substantially diluted (TSS concentration is generally
1-2 g LY. Harvesting is a necessary step before any use of algal
biomass, including anaerobic digestion. Finally, the conclusions
are reported in Chapter 8. The main outcome is that microalgae
can grow on centrate in laboratory and natural conditions.
Biomass growth rate and biomass volumetric productivity (VP)
ranged between 0.14-0.36 d* and 40-220 mg L*d™! respectively.
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2. Microalgal cultivation with waste streams
and metabolic constraints to
triacylglycerides accumulation for biofuel
production

Abstract: Global increases in the generation of waste streams
including liquid, gaseous, and solid waste have been posing
serious challenges for waste management, as a result of their
potential impacts on receiving environments and climate
change. The conversion of waste streams into useful
bioenergy, biofuels and bioproducts through recycling and/or
recovery has been presented as a promising alternative.
Coupling the bioremediation of waste streams with
microalgae-based biofuel production, offers an alternative
strategy to achieve waste-to-biofuel and bioenergy. A group of
unicellular photosynthetic eukaryotes, microalgae require
relatively simple nutrients and inorganic carbon sources to
their support growth, while accumulating several biofuel
precursors such as starch or storage lipids. This review
summarizes the current approaches to microalgal biomass
production using waste streams, including wastewater, waste
or CO2-enriched gas (flue gas and biogas), waste organics
(i.e., crude glycerol) and waste heat, as well as the primary
common operational challenges and corresponding mitigation
strategies involved in cultivation approaches. Moreover,
microalgal metabolic pathways supporting the biosynthesis of
energy-rich molecules such as triacylglycerides (TAG) and
starch are discussed. Metabolic constraints and potential
approaches for the enhancement of microalgal TAG
accumulation are systematically and critically analyzed.
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2.1 Introduction

Compared to first and second generation biofuel feedstocks,
green microalgae offer the advantages of high growth rates,
without competing for agricultural or arable lands,* and can
potentially produce 100-times more oils per acre of land than
terrestrial plants such as coconut, palm oil, castor bean and
sunflower seeds,> while sequestering significant amounts of
carbon dioxide (COz). Microbial oil contents (Higher Heating
Values (HHV): 30-45.9 MJ kg™)? as high as 90% of dry cell
mass have been reported under specific culture conditions,
with up to 70% achieved during heterotrophic growth.* > Most
importantly, neutral lipids can be up to 79.5% of the total lipid
content, with 88.7% present as oil triglycerides (TAG).®
However, biofuels are high-volume, low-value “C-neutral”
products and this places a number of critical constraints on the
use of microalgae for practical biofuel production.

Effective microalgae-based biofuel production depends on the
photosynthetic efficiency of cultivation and the downstream
biofuel refinement process. In high-rate microalgal biomass
production systems, cultivation can account for up to 76.8% of
the total cost in comparison 12.0% and 7.9% for harvesting
and extraction, respectively.” & Therefore, decreasing energy
inputs for microalgal growth would significantly improve the
economic viability of the entire biofuel process. Utilizing
waste streams for microalgal growth have been demonstrated
to be significant and transformative breakthroughs that
positively impact the cost, sustainability and efficiency of
microalgal biofuel systems.® For example, large amounts of
water, macronutrients (N, P), and micronutrients are necessary
for microalgal cultivation; wastewater is an excellent source of
energy-rich  organic C-molecules, and macro- and
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micronutrients,'%*2 reducing the water footprint for microalgal
culturing by up to 90%.® Moreover, microalgal cultivation
could be enhanced with CO, supplementation rather than air.**
Cement manufacturing facilities and coal-fired electrical power
plants are considered significant stationary point sources of
CO."® Thus, CO; could be captured from flue gas with the
added benefit of reducing greenhouse gas (GHG) emissions.®
In addition, mixotrophic systems with waste organics have
been shown to provide higher growth productivities and lower
harvesting costs.” These regimes often exhibit high growth
rates and cell densities, and some microalgae (C.
protothecoides®® and C. zofingiensis®) have exhibited high lipid
contents. Hence, all the findings noted above suggest that the
integration of waste streams in microalgal cultivation will be
critical in the evolution of a techno-economically viable for
biofuel production process.

However, a multidisciplinary approach that integrates
advances in fundamental biology, microalgal cultivation
systems, bio-oil extraction and processing, and metabolic
engineering of specific microalgal strains is required to
uncover the full potential of microalgae as sustainable biofuel
feedstock. Environmental stresses, particularly macronutrient
(N, P) depletion, are well known triggers for the accumulation
of highly reduced, energy-rich storage compounds such as
starch and TAGs by microalgae.t 1" 1% 20 However, TAG
content and microalgal biomass productivity are often
inversely correlated; i.e. nutrient limitation stimulates TAG
accumulation at the expense of growth.?: 22 Improving
microalgal strain performance for biofuel production will
therefore require a much better understanding of C-allocation
between the various, competing metabolic pathways, and the
metabolic regulatory mechanisms that control this C-flux
distribution, particularly during environmental stress.
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This critical review discusses current trends of the
biotechnological application of microalgal cultivation with
waste streams and the microalgal metabolic pathways
supporting storage lipid biosynthesis for biofuel production.
The feasibility and challenges of cultivation with wastewater,
waste gas, waste organics, and waste heat, as well as metabolic
pathways and lipid accumulation responses to changes in
environmental conditions are discussed in detail.

2.2 Waste streams for microalgal cultivation

2.2.1 Microalgae growth on Wastewater

Microalgae have been used extensively in environmental
biotechnology, especially for bioremediation, biomonitoring
and bioassay of environmental toxic pollutants. Microalgal
cultivation on wastewaters has been performed since the
1950s.% Studies often focused on the bioremediation potential
of microalgae for various types of wastewaters such as
municipal, industrial and agricultural wastewater especially in
nutrient removal, based on their ability to uptake inorganic
nitrogen (NHs*, NOs, NO2) and phosphorus.?* % Effluent
from anaerobic digesters (digestate, centrate),?® has been
another reported macronutrient source for microalgal growth;
where the digestates were obtained from anaerobic digester
systems fed on waste sludge at wastewater treatment plants
(WWTPs) and/or agro-wastes in farm (Table 2.1). A variety of
wastewater sources have been employed as substrates for
microalgal cultivation and/or in nutrient removal and these are
summarized in Table 2.1. Microalgal productivities have
generally been found to be strongly linked to microalgal strains
(e.g., marine or freshwater species), climatic conditions (e.g.,
light intensity, temperature) and the operational layout of the
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production systems (e.g., reactor design).?’ The strains most
commonly used in studies are Chlorella sp and Scenedesmus
sp for many reasons: they are a cosmopolitan genus commonly
found in natural waterbodies, wastewaters and open pond
systems; 2630 they are usually able to adapt very well in
different and extreme environmental conditions (such as high
concentrations of nitrogen and/or organics).3! 3 They are two
of the most resilient microalgae, because they are especially
rapid in their responses to perturbations (e.g., pH, temperature,
light, nutrient concentrations or salinity) 3% and they are ideal
experimental materials due to their fast grow rate observed
since  1950’s.%® Reported growth rates and biomass
productivities range between 0.04-1.6 d and 0.037-1.13 g L™
d?, respectively. Moreover, microalgae have demonstrated
high capacities for nutrient uptake and/or removal, with the
uptake of ammonia being thermodynamically more favorable
than nitrate uptake.® In general, >90% removal efficiencies
have obtained, even under high ammonium loadings (>100
mg-L 1), which could potentially be toxic to microalgae.®’ In
addition, microalgae have been noted to remove the micro-
contaminants, including: emerging organic contaminants,
polycyclic aromatic hydrocarbons, biocides, surfactants and
phenolic compounds from wastewater through biotic (e.g.
microalgal uptake, biodegradation, metabolism), in addition to
abiotic (volatilization, sorption, or photodegradation) treatment
processes.>®4! The removal efficiencies were found to be
comparable to that reported for conventional activated sludge
approaches.*>*  Microalgae are usually cultivated in open
pond or closed (e.g. photobioreactors (PBRS)) systems. The
choice of cultivation system depends on factors such as cost
and required reliability.*® The cost of PBR systems are almost
one order of magnitude higher than those reported for open
raceways.*” Microalgae cultured in open raceways are more
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suitable for mass production than PBRs, even if the microalgae
growth and maximum cell density is higher in PBR's than
those reported for the open raceways.! The lower cell density
in open raceway could be balanced by a high volume capacity.
However, most of larger scale microalgal studies using
wastewater for cultivation have been conducted in open pond
systems.?’ 46 48 49 A number of operational cultivation
challenges must be considered in the design of microalgae-
derived wastewater bioremediation systems. For example, light
diffusion and nutrient toxicity were two important factors
affecting microalgal growth, especially when digestate or
centrate are employed, which contained high concentrations of
total suspended solids (TSS) and ammonia nitrogen. This
results in inherently high turbidities leading to shallow
effective photosynthetic light penetration, and potentially toxic
free  ammonia concentrations, consequently  reducing
microalgal growth.?® Therefore, appropriate pre-treatments to
remove TSS, residual polymers, high concentrations of
ammonia and other toxic compounds from wastewater were
often necessary for optimal microalgal growth.>® > The most
common forms of pretreatment include solid/liquid
separation,®*> macro or micronutrient  adjustment,*
filtration,®® and dilution using tap water*® 5% or WWTP
effluent.3* 46 6163 Additionally, the complexity of wastewater
composition in terms of mixture of compounds can also
negatively influence microalgal growth. The presence of
pesticides,®* pharmaceuticals (e.g. antibiotics),®* inorganic
micro-elements such as arsenic and cadmium in centrate,* and
sodium (0.4 g L) in digestate®® can potentially inhibit
microalgal growth. Lastly, a large number of microalgal
cultivation studies using wastewaters have been performed
under relatively controlled laboratory conditions (e.g.
microalgal strain, loading rate, light, temperature, CO2 supply

21



2. Microalgal cultivation with waste streams and metabolic constraints to
triacylglycerides accumulation for biofuel production

and mixing, and synthetic and real wastewater),2: 30 62. 65, €6
Some indoor pilot scales are also used to evaluate the
feasibility of the microalgal process under some operational
conditions that can be controlled more than if it was outside,>*
67. 68 as shown in Table 2.1. Relatively few studies have been
conducted under outdoor pilot-scale conditions,”: 38 46. 4950, 52,
57, 68, 89 \where fluctuations in temperature and solar radiation
intensity that would significantly influence microalgal growth
in wastewater at different latitudes, have been systematically
investigated.
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Table 2.1. Microalgae cultivation with wastewater a substrates.

. GR Scale/ Ww N Pre- Inlet N-
Strains BP 0 type removal P removal NH, Ref.
(dh) Reactor treatment 1
- (mg L™)
Synthetic
S()Crg'fi;‘*igﬁa 5gL? - Lablffa'e medium,  60-100%  20-100% - 235-540 “
urine
Chlorella sp.,
Scenedesmus
subpicatus, 0.5 Inr Lab Secondar 7
Pseudokirchner g L*d™ 03 scale y MWW 100 % 100% ) 20
iella
subcapitata
Stigeoclonium
sp., Diatoms, 6-24 Out 20-80
Chlorella sp., gTSSm? - Open MWW 90-99 % - - (Raw 38
Monoraphidiu 1 pond influent)
m sp.
4528 . 38 Dilution
Scenedemus sp g r'%.zd - Ouptoongen MWW mgcl|\lilL’1 mgP3I;?1 = symlr:(?tic 122-406 s
gLtd? medium
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Table 2.1. (continued)

Ww Inlet N-
Strains BP G,I? Scale/ type N removal P removal Pre- NH, Ref.
(dh Reactor treatment (mg L)
Muriellopsis 1.13 475 38
sp. +0.05 0.3 mgN-L*.d” mapP L’l at 50-166
g-Ltd? Labscale MWW, ! 9 Dilution (Raw n
Pseudokirchner 1.02 In centrate 275 27 medium centrate,
iella +0.05 mgN-Lt-d” mgP L1 . 406)
subcapitata g-Ltd? !
Mixed Dilution 120
Chlorella sp 16gL* 0.04-0.06 Lab scale MWW, 77-82 %. ) with (Raw 72
Scenedesmus In centrate secondar centrate,
sp y effluent 250)
32 1.3-2.6
Eiirl 0.33 Out PBR mg N L mg P L Silution 145
Nannochlorops 9 MWW, d? d* with (Raw 1
is gaditana 004 Out centrate 14 0.8-14 seawater centrate,
i 0.2 Open mgNL? mgPL* 650)
gL™d pond d? dt
Chiorella sp 346 053 outPBR MWW, 1959 58 % - 180 (Raw 5,
g-m*d centrate centrate)
Chlorella Dilution 97-120
luteoviridis ) ) OutOpen MWW, >80 % >90 % with (Raw %
Parachlorella pond centrate secondar centrate,
hussii y effluent 180+12)
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Table 2.1. (continued)

WwW Inlet N-

. GR Scale/ N removal Pre-
Strains BP (@) Reactor type P removal treatment (m’\gl;Hlj'l) Ref.
Mixed
. In
consortia 52 . Open MWW 74% 73%  Filtration ~ 200-250
(Chlorellais gm=d Pond centrate
dominant)
Microalgal
I I 20-100
consortium 0.4-1.7 Dilution
collected from rﬁzg ¢t - Out PBR xm(é gNm2d? Porﬁ_g o with ce(rFft?:tle 57
apilotHRAP ¢ 100% g water !
treating 646 £ 29)
Mixed
microalgal
cultures: I 515 + 200
Spirulina  1.04+0.0 018 OO“’;” MWW, ) ] Dmﬁ’” (Raw o
platensis,Phor 7gL? ' P d centrate centrate,38
midium sp., pon water 00)
Oocystis sp.
Microspora sp
Mixed
microalgal Dilution 50-260
cultures 0.1-2.6 Lab scale MWW, . (Raw 3
. 4 0.04-0.9 - - with
dominated by OrssL In centrate offluent centrate,
Scenedesmus 950)
sp
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Table 2.1. (continued)

Www Inlet N-
Strains BP G,I? Scale/ type N removal P removal Pre- NH,4 Ref.
(dh Reactor treatment 1
(mg LT
133 mg N —
1 Dilution
Chlorella sp. 301gL* ) InLab MWW, g* biomass, >90% with 150 63
ADES5 scale centrate Removal 1
>90% effluent
0.16 0.32 Out 7 3
gLtd? PBR Raw mgLtd? mgpLtd?  Settled 180 Raw
Chlorella sp. dairy and influent K
0.26 02 In Lab WwW 38 2 filtered
gLtd? : scale mgL'd? mgPL'd?
- A Raw
Dominant . 212+12 Dilution
0.142¢g Lab scale Swine ) 4 25mgPL . centrate, 58
Scengggsmus Ld? 0.6 In digestate N-N dHlB L gt v\:/ve:gr 900 120 N-
NH;
Scenedesmus 0.045 0.89 Dilution
Spp.. gow Ld? Labscale  Sludge ) i with 1360 Raw -
Nannsogz;lorls ; O.OLY_?d-1 101 In digestate offluent centrate
DW
0.057 DSS
. 84% 23 mg
Chlorella gvss L! Fresh 41 .
vulgaris —___d* ; In open He - gt?g;”afrleg 300-600 %
Scenedesmus 0.037 pond DsS o -
: 4 - 92% 53 mg dilution
obliquus Ovss L anaerobic L1 gt
d! ally
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Table 2.1. (continued)

WwW Inlet N-

Strains BP (%If) Rseg::lgr type N removal P removal treZtrrient NH471 Ref.
(mg L)
) . Dilution ~80-180
Chlorella sp. R 0.28-0.41 Lab scale Diary 100% (in 62-75% and (Raw 53
In manures 21 days) filtration centrate
2232)
Neochloris 0.20-0.24  0.26-0.37 3.5-6.9 0.09-0.3
oleoabundans gLtd? mg L*d? mg L*d? Dilution
Chlorella 0.21-0.26 0.23-0.49 Lab scale AZD 38-74 0.12-0.28 and 1680 Raw 54
vulgaris gLtd? In mg L d? mgL*d?  centrifug digestate
Scenedesmus 0.22-0.26 0.49-0.64 3.0-7.8 0.16-0.36 ation
obliquus gLtd? U mg L*d? mg L*d?
SWD 1.58
0.42 1.62 algal 99% 92% :
gL? biomass (mol N-
NH; LY
0.14 1.34 SM 57% 45% Dilution 1.50(mol
Scenedesmus gL? Lab scale with N-NH; L?) 5
sp. AMDD In Cow deionized ———
gill 1.38 manure 47% 69% water Nl_lﬁi(::?lz)
1.40-1.64
0.09-042 851 59 SMiother — gq 5o 13-97% (mol N-
gL nutrients 1
NH; LY
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Table 2.1. (continued)

Www Inlet N-
Strains BP G,I? Scale/ type N removal P removal Pre- NH,4 Ref.
(dh Reactor treatment 1
(mg L)
Dilution
Chlorella sp, 5.88x107 and (raw
Scenedesmus  cells Lid - Lablzcale AZD m I\? 'E_l 1 - addition digestate= %
sp 1 9 of micro- 3500a)
nutrients
AR 1960%  80-89%
potato
AIRfish  40-64 % NA. (>|S°H°”|‘_9[\"
. ) 4
PhM'X%q' nd Lab AlR Dilution raw
ormidium, - - ndla animal 62-80 % 57-83% with influent) 60
Oocystis, scale feed
- ee water 9-565
Microspora AR o 8%
coffee 8-80 % (i
AR 2338 % N.A
yeast

Out=outdoor; In=indoor; GR= growth rate, BP=hiomass productivity;PBR=Photobioreactor; DW=Dried Weight, TSS=Total Suspended Solid; MWW:
municipal wastewater; AZD= Agro-zootechnical digestate; VSS=Volatile Suspended Solid; AIR= agro-industrial residual; SM= swine manure; DSS=
digested swine slurry.
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2.2.2 Microalgae growth on waste or CO.-enriched gas

Compared to terrestrial plants that capture and utilize
atmospheric CO. for photosynthesis, microalgae have a greater
capacity to fix CO2 because chlorophyll is present within a
single cell permitting a more rapid biomass generation.”
Growth and lipid production have been studied using strains of
B. braunii,** C. vulgaris,” and C. reinhardtii,’® under moderate
CO2 concentrations (2-20%). Lipid contents increased by up to
30% or 2.7-fold with increasing CO> up to 10%. These findings
suggest that the use of high CO2 concentrations to cultivate
microalgae for bio-oil production could be beneficial, while
partially addressing growing concerns of global warming due to
anthropogenic CO2 emissions. Therefore, the availability of
COo-rich gas sources could play an important role in mitigating
the cost of microalgae cultivation. In municipal and/or
agricultural areas, methane-dominant biogas from the anaerobic
digestion of wastewaters, biosolids, or agricultural wastes (e.g.
livestock manure) is also rich in CO2 (30-45%, v/v). In
industrial areas, CO- levels in exhaust emitted by combined heat
and power (CHP) processes, flue gas and gas flaring, are also
relatively high (3-30%).

Biogas has long been considered an environmental-friendly and
cost-effective biofuel as it is often generated from residual
biomass and waste. As such, biogas production through
anaerobic digestion has been adopted worldwide and supported
by local legislative tools to increase biogas production in various
economic sectors.*” In general, 50-70% methane (CHa, v/v), the
most important gas particularly in combustion processes,
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predominate crude biogas composition with 30-45% CO; and
2% other constituents including nitrogen and hydrogen sulfide
(H2S).”® However, the presence of incombustible constituents
such as COz, H2S, and H20 reduces the calorific value of crude
biogas and, hence, its efficient use,” which must therefore be
upgraded to meet the requirement of efficient combustion (i.e.,
CHya concentration > 90%, v/v).’

Microalgae can be used to purify biogas while biogas
contributes to cultivation. A number of studies have presented
microalgal biogas upgrading approaches (Table 2.2). These
were shown to have the potential to simultaneously upgrade
biogas, yield microalgal biomass and reduce CO2 emissions.
Prandini et al.® employed swine wastewater-derived biogas to
growth native microalgal strains and found that CO, was
completely removed from raw biogas at 219.4+4.8 mg L™ d?,
with a biomass yield of 1.1+0.2 g L™ and growth rate of
141.8+3.5 mg Lt d. Similar studies also demonstrated that
microalgal-based wastewater treatment processes could benefit
from in situ CO,-rich biogas.”®®? However, the photosynthetic
production of oxygen could potentially lead to the explosion of
the gas mixture and would therefore necessitate oxygen
separation.®3® An alternative would involve the separation of
the biogas upgrading process (CO. removal) from oxygen
desorption in a two-stage process. Meier et al.® showed that a
two-stage process, a PBR connected with a gas/liquid mass
transfer unit, was an efficient way to simultaneously remove
CO2, while maintaining low oxygen concentrations in the
biogas. Alternatively, low oxygen concentrations in the
upgraded biogas could be achieved in the co-cultivation of
microalgae with heterotrophic, aerobic bacteria.*%8®

30



2. Microalgal cultivation with waste streams and metabolic constraints to
triacylglycerides accumulation for biofuel production

Table 2.2. Microalgae cultivation with biogas as a C-source

Gas Biogas components (%, v/v) CO;
Strains resource remov  Ref
s CO, CH, H,S al (%)
Chiorella sp. Sﬁ:‘éggts'c 50 50 — 893%™
1800-
Uncultured Raw 2025 6573 3100  ~100
Scenedesmus clone biogas ppmv
Scenedesmus Deil;gu” 3754+ 58.67+ <50 ppm 5426-
obliquus biogas 2.93 3.45 PP 73.81
Scenedesmus Desulfuri
obliquus, Chlorella sed 35.28+ 61745 <50 ppm . o
sp., Selenastrum biogas 1.86
bibraianum Y
Nannoc_hloropsns Raw 2842 7949 _ 95 &
gaditana biogas
Chlorella vulgaris b?()%";s 5571 44-48 <0.1 7495
Desulfuri
MutantsChIoreIIa sed ~70 20 <50 ppm ~70 88
P biogas
Chlorella vulgaris,
Scenedesmus .
. Synthetic 44.5- 74.11- 4
obllquus_, biogas 25-55 745 <50 ppm 80.57
Neochloris
oleoabundans
Chlorella vulgaris,
Scenedesmus Desulfuri
i 3445+  61.32+ 40.25- o
obllquus_, _zed 348 574 <0.005 61.89
Neochloris biogas

oleoabundans

Flue gas has been reported to be an excellent C-source for
microalgae growth. A number of studies, summarized in Table
2.3, have explored the feasibility of microalgae cultivation
sparged with different sources of flue gas, while providing
simultaneous gas purification.
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One of the main drawbacks associated with the use of flue gas
for large-scale microalgae cultivation are the low CO2 mass
transfer rate and utilization efficiency.®* This is, in part, due to
the acidic pH conditions generated in the cultivation media with
the introduction of flue gas, including SOx and NOx, which was
not suitable for the microalgae growth and CO. sequestration.
Some studies reported that SOxand NOxcan be almost
completely removed by washing with an alkaline solution (e.g.
Ca0% CaCO3* and limestone powder®¥) and/or SOx biological
treatment.®> However, the consumption and recycling of these
chemicals, and their sludges, should be considered in reducing
process cost.®* Strategies such as intermittent aeration controlled
by pH feedback,® % decreasing aeration rate and
CO: concentration® were found to reduce the amount of alkaline
chemicals required to neutralize the -cultivation media. In
addition, the CaSOgs precipitate could be easily separated by
centrifugation, with little influence on microalgal growth and the
quality of microalgal product. Furthermore, the addition of plant
growth stimulator, such as Triacontanol, to the culture medium
could offer an efficient and cost effective approach to enhancing
microalgal tolerance to acidic flue gas pollutants.®’
Alternatively, acidic-tolerant or SOx-tolerant microalgae strains
cold be isolated and selected for the process. For instance,
acidophilic microalgae can grow at a pH as low as 0.05.% %
Several studies have indicated that high concentrations of NO in
flue gas could completely or partly inhibit microalgal growth
depending on the microalgal species and operating
conditions.1% 101 Sych inhibition was attributed to either direct
NO gas inhibition or lower pH caused by NO. Therefore, the
flue gas pretreatment could enhance the utilization of NOXx
(especially the primary component NO) as nitrogen sources for
microalgal growth in the downstream cultivation. Wet
scrubbing-based NO removal with the addition of Fe(I)EDTA
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was proposed to increase microalgal NO uptake, but the
efficiency was low due to the very low solubility and reactivity
of NO.2 More recently, Eynde et all%® employed
photocatalytic air pretreatment to transform NO into NO», with
subsequent conversion to nitrite and nitrate, which is then
biologically available for microalgal conversion into ammonia
(via nitrate reductase) and its subsequent assimilation into
organic form. This provides a viable alternative for the flue gas
pretreatment, but the environmental impact and cost
effectiveness need further investigation. As a result, the
development of novel and efficient flue gas pretreatment
technologies and the potentially toxic effects of NOx in flue gas
are important considerations in the scalability of utilizing flue
gas in microalgal cultivation.

The presence of heavy metals in flue gas (e.g. from coal
combustion®) should also be seriously considered in the
utilization of flue gas for microalgal cultivation.’®* As
previously noted for heavy metals in wastewaters above, the
most important impact is related to their presence in biodiesel.
Hence, heavy metal concentrations in the final biofuel product
and by-products must be quantified in future studies to provide a
more accurate assessment regarding the full impact of
integrating of flue gas supplementation with microalgae
cultivation.!®® The large-scale production of microalgae with
flue gas would best be conducted using strains adapted for the
operational conditions imposed by the use of flue gas including
and toxic pollutant concentrations, and high temperature.
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Table 2.3. Microalgae cultivation with flue gas as a C-source

Biogas components CO,
0,
Strains resgj1 ?ces o) rfxg]o Ref
CO, SOx  NOy (%)
Nannochloropsis sp. Boiler-based 185 125 106
14.1 54
Phaeodactylum sp. flue gas ppm  ppm
Mono_raphldlum Simulated flue 136 0.02 0.01 107
minutum gas 5
. 100-  100-
Scr_anedesmus Simulated flue 10-20 400 500 7561 o4
dimorphus gas
_ ppm___ ppm
Chiorella sp. Coal-fired flue 133 _ 6.9 6 108
gas ppm
Lo . 50
cha;iasz?;ggliira Slmulg;s;d flue 1 _ ppm  ~100 01
NO
Spirulina sp. LEB 18 . 500
Chlorella fusca LEB Coal-fl;(;d flue 9.4 0 40% ;gg 109
111 Y ppm PP )
s. obliquus Coke-fired 18 200 150 67 10
flue gas ppm  ppm
. Flue gas from 25- 15- I m
Chlorella sp. MTF-15 steel plant 24 30 20 25-50
44
0.00 g
Chlorella vulgaris Flue gas from 10-13 45 0.18 CO, 12
incinerator ppm L
ppm Ltd
1
Dunaliella parva Flue gas from 20 82.3s
. . = - 113
Dunaliella tertiolecta power plant 8 ppm  50.1c

S=sunny; c=cloudy

2.2.3 Waste glycerol to grow microalgae

Many microalgae that can grow under mixotrophic regimes
photosynthesize and fix CO. by day and use heterotrophic
metabolism of fixed carbon during both diurnal and dark
respiration.}” Hence, mixotrophic microalgae can be used
advantageously as large amounts of carbon can be incorporated
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into biofuel, while cell biomass is increased at the same time
through the addition of organic C-sources dissolved in the
cultivation media.’***® In comparing cultivation regimes for
Spirulina sp, mixotrophic cultures were found to reduce
photoinhibition and improve growth rates over autotrophic and
heterotrophic cultures.**” 18 Mixotrophic metabolism has also
been reported in  Botryococcus,’'®  Chlamydomonas,®
Chlorella,®® 30 120 and Scenedesmus'?t 122 strains. Thus,
mixotrophic cultivation likely offers the most applicable growth
regime for sustainable biofuel production from microalgae.
Mixotrophic growth can be achieved using a variety of organic
C-sources including inexpensive waste sources. One of the
potential C-sources for producing bio-oil is glycerol, an
inexpensive and abundant by-product of the biodiesel fuel
production that is generated in large quantities (up to 1 kg per 10
kg of microalgal oil) during the transesterification of lipids such
as animal fats, vegetable oil, and microbial lipids.'?®> Crude
glycerol can be used as a feedstock for the cultivation of lipid
producing microalgae and the lipid produced can then be reused
for biodiesel production. Growth and lipid production studies
using glycerol as an organic C-source have been conducted
using C. protothecoides,'?*1% C. vulgaris,?® 12 125 127 g
limacinum,*?® N. oculata,*?” B. braunii,*?> Haematococcus sp.,*?°
Nannochloris sp.,'?® and Scenedesmus sp.}?> 12 to demonstrate
the potential for recycling crude glycerol generated during
biodiesel production in the cultivation process. Perez-Garcia et
al.*% observed that enzymes related to glycerol consumption
(such as glycerol kinase; Figure 2.1) were upregulated in
microalgal cultures using glycerol as a C-source, while nitrate
transporter proteins were downregulated.

While the potential for using waste or crude glycerol as a C-
source does exist, there are practical challenges that should also
be considered when using crude glycerol to supplement
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cultivation media with mixotrophic microalgae. Firstly, the
impurities contained in the crude glycerol such as methanol
(6.2-12.6% w/w), soap (20.5-31.4% w/w),3! free fatty acids,
unreacted and partially reacted fats, and catalyst residues could
influence microalgal biomass growth, as well as lipid production
and composition. For example, soap-containing media resulted
in lower biomass yields in comparison to soap-free medium.!?
Similarly, the presence of methanol decreased microalgal
growth yields at higher concentrations of glycerol.*3? Secondly,
the nutrient utilization efficiencies, gas mass transfer (02/COy)
and light penetration may be affected by the inherent viscosity
of glycerol. Thirdly, the optimum crude glycerol concentration
should be determined as a function of microalgal species
genotype, cell physiology, and variations in operational
conditions (e.g. inorganic sources, temperatures). Moreover,
micro- and/or macronutrient supplementation may be required to
sustain microalgal growth, due to the generally low content of
these nutrients and their potential chemical interactions with
other constituents in crude glycerol. For instance, only 57+18
mg L™ of magnesium is present in crude glycerol,*** and the
presence of soaps could react with essential divalent metal
cations (Mg®* or Ca®"), rendering them biologically
inaccessible.'?®

2.2.4 Waste heat to grow microalgae

Microalgal physiological and metabolic functions are
temperature sensitive and with each species exhibiting optimal
growth, lipid yields or nutrient assimilation within a certain
temperature range. However, spatial, seasonal and daily
fluctuations in temperature and light intensity make difficult to
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control or maintain constant microalgal cultivation conditions,
which represent an operational challenge particularly in open
pond systems. Studies examining the effects of temperature on
microalgae production in outdoor cultivation systems
demonstrated that heated pond systems performed better (with
higher growth vyields) than unheated systems (up to strain
specific maximum temperatures).®**1%® Higher temperatures
generally increase microalgal growth rates and extend their
growing season in temperate and cold climates, such as in
Canada.'®” As such, microalgal cultivation using waste heat
from the cooling waters of fossil fuel powered electricity-
generating plants could be beneficial. This could reduce
requirements of fossil fuel inputs to microalgal cultivation
systems, such as electricity consumption, and natural gas used
to dry the microalgae.’®® For example, in the winter
environmental testing of its hybrid microalgae production
facility in Montana, Green Star Product, Inc. passed exhaust
heat from its generator into the microalgae cultivation system
and simultaneously, the exhaust CO, was also fed into the
microalgal system. Moreover, growing microalgae in the waste
heated water maximized microalgae growth when lower solar
insolation limited microalgal growth in winter. Another
advantage of growing microalgae at higher (>40°C)
temperatures that was noted, was the reduction in the
consumption of the microalgal crop by invertebrates since few
invertebrate grazers could survive effectively at these
temperatures.*¥’
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2.3 Metabolic constraints to microalgal TAG
accumulation

Photosynthetic organisms usually store energy in two types of
highly reduced, energy-rich fuel macromolecules: TAGs (lipids)
and starch (a glucose polysaccharide).®*® 3 The metabolic
pathways involved in microalgal fatty acid (FA) and TAG
biosynthesis appear to be directly analogous to those more
widely described in vascular plants, particularly developing
oilseeds.!4%143 FA synthesis occurs in plastids (chloroplast or
leucoplast in the case of non-green oilseeds). The first
committed step in long chain FA synthesis is the carboxylation
of acetyl-CoA into malonyl-CoA, catalyzed by acetyl-CoA
carboxylase (ACC) (Figure 2.1). FAs produced in the plastid
are exported as fatty acyl-CoA esters to the endoplasmic
reticulum where they are sequentially bonded onto a glycerol
backbone, resulting in TAG.2%143 Carbohydrates produced in
chloroplasts via photosynthetic CO. fixation can also be
transiently stored as starch or directed into various metabolic
pathways, including parallel plastidic and cytosolic glycolytic
pathways (Figure 2.1). A major rate-limiting factor limiting C-
flux into plastidic FA synthesis appears to be how rapidly
glycolysis produces C-skeletons (pyruvate), as well as the
chemical energy (ATP) and reducing power (NAD(P)H) needed
for FA synthesis.1*1%% In heterotrophic or mixotrophic green
microalgal cultures, a major route of C-flux to FAs appears to be
the production of phosphoenolpyruvate (PEP) by cytosolic
glycolysis.}* PEP is transported into the plastid by a PEP
translocator, where it is subsequently converted into pyruvate
and then acetyl-CoA by the plastidic isozymes of pyruvate
kinase and the pyruvate dehydrogenase complex'%-*3 (Figure
2.1). However, in plants and green microalgae there are multiple
points of C-flux into the plastid that are balanced by the
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competing needs for C-skeletons (e.g. pyruvate), ATP, and
NAD(P)H.0 141. 145 Eor example, owing to the action of NADP-
dependent malic enzyme (ME), plant/microalgal plastids can use
malate as an alternative substrate for plastidic acetyl-CoA,
NADPH, and FA synthesis (Figure 2.1).1% 14 The levels of
plastid and cytosolic glycolytic enzymes may, therefore,
represent a major rate-limiting factor for microalgal FA and
TAG synthesis. Plant/microalgal glycolysis is known to be
controlled from the 'bottom up' with primary and secondary
regulation exerted at the levels of PEP and fructose-6-P
utilization, respectively.}** 14 In this way phosphofructokinase,
pyruvate kinase, and PEP carboxylase (PEPC) play a central
role in the overall regulation of plant respiration since the
control of their activities ultimately dictates the rate of
photosynthate mobilization of for provision of: (i) respiratory
substrates (pyruvate, malate) needed for mitochondrial ATP
production via oxidative phosphorylation, and (ii) pyruvate,
malate, ATP, and NAD(P)H needed for plastidic FA synthesis.
Plant and microalgal PK and PEPC are tightly regulated,
allosteric enzymes belonging to a small multi-gene family that
catalyze irreversible reactions in vivo.144 145

Once TAGs are synthesized, they are stored as lipid droplets
(LD) located in the cytoplasm. LDs consist of a TAG core
surrounded by a phospholipid monolayer, and there is evidence
for structural proteins (i.e. major lipid droplet protein, MLDP)
that extending from the LD surface to the TAG core.14614 To
facilitate oil extraction the size of the LD can be manipulated by
modulating MLDP expression; e.g., downregulation of this
protein results in larger LDs.**” TAG accumulation and LD size
are also enhanced when microalgae are subjected to N or P
deprivation.’*® 1% However, the molecular mechanisms by
which FA and TAG biosynthesis or MLDP activity are
influenced by N or P nutrition remain poorly understood.
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Manipulation of metabolic pathways can redirect cellular
function for the enhanced biosynthesis of preferred end-products
such as TAG. As previously discussed, one method involves
employing specific nutrient regimes (e.g., N or P limitation) to
induce the desired changes in metabolic fluxes. However, when
microalgae divert energy into accumulating oil, they usually
don’t grow very well, whereas when they devote energy into
growth they don’t tend to make much oil. As an alternative to
manipulating cultivation conditions, metabolic engineering is a
very promising technology that involves the targeted
modification of specific metabolic pathways via mutagenesis or
the introduction of transgenes. The overall goal it to manipulate
genes encoding specific enzymes so that microalgal metabolic
pathways are tricked into producing abundant amounts of FAs
and hence TAG, even when the microalgae are not undergoing
stress. However, to date very little work has been conducted to
identify regulatory properties of key enzymes that control the
provision of C-skeletons (e.g., pyruvate, malate, acetyl-CoA),
ATP, and reducing power (NAD(P)H) needed for long-chain FA
synthesis in green microalgae cultivated under conditions that
maximize oil accumulation.#? 143 Attempts to boost oil levels by
overexpression of ACC and other enzymes of the FA
biosynthetic pathway have been disappointing.}4-14 In
particular, the origins and fate of acetyl-CoA, ATP, and
reductant are crucial points of control for the FA synthesis
pathway. Similarly, very little is known about the genetic origin
and molecular, kinetic/regulatory properties of key enzymes
such as glycerol kinase that mediate incorporation exogenous C-
compounds such as crude glycerol into microalgal metabolism
(Figure 2.1). Furthermore, some microalgal strains
preferentially store excess C as starch rather than TAG by
diverting C-flux into the starch biosynthetic pathway. %% 151
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24 Lipids synthesis pathway and lipid
accumulation in  response to environmental
condition

The prospect of producing sustainable replacements to
petroleum-derived fuel and chemical building blocks has led to
the investigation of a number of biological routes for the
production or extraction of molecules that could act as
substitutes for their fossil-derived counterpart. Genetic
engineering and synthetic biology are playing important roles in
the manipulation of C-fluxes into metabolic pathways that result
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in the production of chemically desirable end-products such as
ethylene,'®? bioplastics monomers,*>® and fuels, in the form of
fatty acids methyl esters (FAMES) and alkanes.™®*

The biosynthesis of fatty acid containing lipids is a characteristic
feature of all living organisms, as they represent the major
component of cellular membranes. The phospholipid bilayer
membrane requires a fine regulation of the chemical structure of
its fatty acids, with respect to chain length and degree of
unsaturation, since it is directly involved in cell homeostasis and
responses to environmental fluctuations. Lower temperature, for
instance, induces the synthesis of phospholipids with an
increased proportion of unsaturated fatty acids to maintain an
optimal semi-fluidity and, hence, cellular membrane function.*®
However, these lipids represent only a small fraction of the cell
biomass, in contrast to oleaginous microorganisms, in which
lipids stored as TAGs for energy and carbon reserves can
account for more than 50% of the cell dry weight.*>® Of course,
this difference is also observed in complex eukaryotes, where
some tissues are specialized for TAG accumulation (e.g. adipose
tissue in mammals, oilseeds in plants).?*® 157 Exploring the
differential transcriptional pattern of different tissues in a single
organism (mice), Qiao et al.*® identified possible genes that
could deregulate FA synthesis. Metabolic pathways that support
algal fatty acid synthesis are illustrated in Figures 2.1 and 2.2.
One rate-limiting step is the conversion of acetyl-CoA into
malonyl-CoA, by acetyl-CoA carboxylase (ACC); however,
other levels of metabolic control are present and need to be
considered to ensure high lipid accumulation. Examining the
transcriptome of fat accumulating cells such as mammalian
adipocytes, liver, and skeletal muscle cells, Qiao et al.**" noted
that in addition to ACC, stearoyl-CoA desaturase (SCD) was
highly overexpressed compared to profiles obtained from heart,
lungs, brain and other non-lipid-accumulating cells. The fatty
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acid biosynthesis route in plants is initiated in the chloroplast,
producing saturated Cis and Cis fatty acids (palmitic acid and
stearic acid) covalently linked to Coenzyme A (Figure 2.2). The
SCD catalyzes the desaturation of recently elongated fatty acid,
producing palmitoleic acid (16:1 n-7) and oleic acid (18:1 n-9).

ACC is under allosteric regulation, being inhibited by the
saturated Cis and Cig; hence, when these fatty acids are
desaturated by SCD, the negative feedback on ACC is decreased
and it can resume function in the fatty acid rate-limiting step:
conversion of acetyl-CoA into malonyl-CoA. However, SCD is
also regulated by its products, and the accumulation of
palmitoleic acid and oleic acid decreases SCD activity. The
deregulation of lipid biosynthesis was successfully
accomplished in yeast through the overexpression of the TAG-
assembling enzyme diacylglyceride-acyl-transferase (DGAL).
Qiao et al.*>" showed that the overexpression of ACC, SCD and
DGAL in the yeast Yarrowia lipolytica was sufficient to relieve
negative feedback and increase lipid productivity up to 11.5
fold, reaching 22gL' d* % The extensive metabolic
engineering tools available for yeast and bacteria allowed
researchers to explore different control mechanisms in FA
synthesis.’>" Although different organisms, it is believed that
similar mechanisms are present in oleaginous algae, and the
approach employed in Yarrowia lipolytica could likely show
similar results if DGAL were cloned and overexpressed in the
algal chloroplast.®’1%° However, the development of molecular
tools for microalgae is still in its infancy. Microalgal species are
widely spread in the tree of life and techniques developed for
one species will likely require adaptation or redesign prior to its
application in other species. The methods used for
Chlamydomonas reinhardtii cloning is ineffective to other
Chlorophyte as Chlorella vulgaris or Scenedesmus obliquus.t®
The few reports of new transformation methods for green

43



2. Microalgal cultivation with waste streams and metabolic constraints to
triacylglycerides accumulation for biofuel production

microalgae announced in recent years were unstable or are still
to be replicated by other groups.*61-162 Diatoms, for example, are
classified within the Chromista Kingdom and a few strains have
an established method for transformation based on the biolistic
technique.'® Using these tools, Trentacoste et al.?>® explored a
different approach to increase lipid productivity in the diatom
Thalassiosira pseudonana: knocking down the lipases active
during silicon starvation. This strategy led to an increase in the
overall lipid productivity without disrupting cell growth. Silicon
starvation induced lipid accumulation in the stationary phase, an
established physiological approach for diatoms,'®* and the
simple disruption of the lipid catabolism led to a 4.1-fold
increase in the cellular lipid content. That being said, there
remain a number of avenues to explore within the FA regulatory
system.
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Figure 2.2 The fatty acid biosynthesis route in bacteria and plants

However, one of the limitations of genetically modified
organisms is that they are typically adapted for a specific set of
conditions and may now be amenable to successful cultivation
under a wide range of scenarios. Lipid productivity can be
enhanced through manipulation of nutritional state and
environmental conditions. The most widely used mechanism is
nitrogen starvation, which will generally limit microalgal
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growth and divert C-flux for energy reserve, in most cases,
TAGs. The lipid content can easily be doubled, reaching 50% of
the biomass dry cell weight (DCW) in some cases.l® 1%
Phosphorus starvation has been shown to be less effective,
increasing the lipid content from 22% to 33% DCW, but smaller
than the 52% DCW observed in the same cells under nitrogen
depletion condition.?® Other stress conditions that have been
reported include iron deficiency for Chlorella vulgaris and
sodium chloride excess for Dunaliella tertiolecta.®® 167

One disadvantage of this strategy is the two-stage cultivation
requirement because the lipid accumulation process is linked to
a growth arrest resulting from an induced physiological stress.'®
Cells are grown to a desirable cell density under optimal
conditions, then cultures are subjected to an artificial
physiological stress in the second stage, which will slow cell
growth but allow for lipid accumulation as a carbon reserve.??
From an operational, this transition can take several days, which
can leave the culture vulnerable for grazing organisms or simply
prolonging retention time.’®® One alternative is the use of
xylose. This pentose has been shown to induce lipid
accumulation up to four-fold in 6-12 hours,*”® reducing the
cultivation time required for the same or higher lipid
accumulation compared to that reported for nitrogen starvation
approach.

Different cultivation strategies demand different solutions. A
wastewater treatment plant cultivating microalgae in open ponds
and releasing the effluent to a surface receiver would not likely
use a genetically modified organism. However, closed
cultivation system aiming for high-efficiency of CO2 conversion
into microalgal biomass could certainly benefit from strains
genetically tailored for lipid accumulation.
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2.5 Conclusions

The integration of wastewater, waste or COz-enriched gas,
waste glycerol and waste heat with microalgal cultivation
system offer an economically feasible and environmentally
sustainable strategy for waste treatment and biofuel production.
But the corresponding microalgal species and operational
parameters should be identified and optimized case by case,
particularly for large scale application. In addition, a detailed
understanding of metabolic regulatory networks controlling
carbohydrate partitioning between FA and storage TAG
synthesis and alternative storage end-products (i.e., starch,
protein) during microalgal cultivation will therefore be essential,
especially for the rational application of metabolic engineering
to maximize microalgal bio-oil production without sacrificing
biomass yield under different environmental stresses.
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Abstract

The paper concerns the possibility of including the culturing
of microalgae in the wastewater treatment sequence by
growing them on the blackwater from biosolid dewatering
to produce biomass to feed the anaerobic digesters. Two
photobioreactors were used: a 12 L plexiglas column for in-
door, lab-scale tests and a 85 L plexiglas column for
outdoor culturing. Microalgae (Chlorella sp and
Scenedesmus sp) could easily grow on the tested
blackwater. The average specific growth rate in indoor and
outdoor batch tests was satisfactory, ranging between 0.14-
0.16 dX. During a continuous test performed under outdoor
condition from May to November, and using the off-gas as
the CO. source, the average biomass production was 50
mgTSS L?! d? Microalgal growth was affected by
environmental conditions.

Biochemical methane potential tests showed that the
production of biomethane from algal biomass was slower
but its final value was slightly higher than that from waste
sludge (208 MLCH4 gVS™? vs. 190 mLCHa gVS™).
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3.1 Introduction

Microalgae are photosynthetic microorganisms with simple
growing requirements that can produce lipids, proteins and
carbohydrates in large amounts over short periods of time 1.
This is the chief reason why microalgal cultivation is
gradually increasing worldwide. One further attracting
aspect of microalgae culturing consists in the possibility of
using them as a biofuel feedstock, as their biomass and oil
productivity exceed those of vascular plants 2. Moreover,
their water quality and quantity requirements are lower than
those of land crops traditionally used for producing
biofuels, their culture does not involve the use of herbicides
and pesticides and, of course, they don’t need arable lands.
Their potential for absorbing CO2 can be exploited in the
treatment of gaseous emissions, as demonstrated by Wang
et al. (2008)3.

Microalgae can also be used in wastewater treatment since
many species are able to utilize organic carbon
(mixotrophic growth) # and inorganic nutrients ° that are
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abundant in wastewaters. Moreover, the presence of
microalgae may improve the oxidation of organic matter in
wastewater thanks to the photosynthetic oxygenation °.
While the idea of using microalgae in wastewater treatment
dates back to 50 years ago, with large installations tested in
California during decades (e.g. Green et al., 19957), the
circular economy concept which requires the wastewater
treatment plant (WWTP) to serve as a resource recovery
platform has recently rose interest in microalgal-based
processes®.  Several  long-term  experiences  using
pilot/demonstrative plants have been run in New Zealand °,
Morocco, Californial® and Spain!’. Results of these
experiences confirm the applicability of high rate algal
ponds for successful wastewater treatment 2. Although
results are encouraging, microalgal-based treatments may
be applied only if solar irradiance and temperature support
algal growth on a year-round basis, which hampers the
applicability of this process at high latitudes . Moreover,
those processes can be implemented only in new
installations, being the treatment train quite different from
the typical one.

Nonetheless, microalgal based processes can be also
conceived as side-stream processes to be integrated in
existing WWTPs with the aim of improving their energy or
nutrient recovery capacity. In this contest, the blackwater
(BW) from biosolid dewatering can serve as nutrient source,
while the off-gas from the combined heat and power unit
can serve as CO, source .

Interesting applications are reported on the growth of
microalgae on the effluents from anaerobic digesters fed on
waste sludge ° and on agro-wastes ®. Microalgae are able
to grow on wastewaters of different origins: domestic ',
industrial 8 and agricultural 12, Interesting applications
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are reported for the treatment of effluents from anaerobic
digesters fed on waste sludge 2*?2 and on agro-wastes 2.
The latter have been used after pretreatment including
chemical precipitation 2, microfiltration 2, centrifugation
2627 decanting,?®®,  macro  or  micronutrient
adjustment/supplementation °, and dilution 3. The reported
data demonstrate that high nutrient removal rates could be
achieved. The growth of microalgae on blackwater (BW)
from biosolid dewatering from anaerobic digesters fed on
waste sludge have been also tested at lab-scale 4%, The
highest net biomass yield was found in the genera of
Chlorella and Scenedesmus (biomass productivity 183 and
247 mg L d?, respectively ).

The harvested algal biomass is rich in nutrients and energy
and can be used as for soil amendment or converted into
biofuels. In the latter case, biogas production can be
achieved by taking advantage of the anaerobic digesters
already available in conventional WWTP. The biochemical
methane production (BMP) of the algal biomass is strictly
related to the anaerobic degradability of the selected algal
species and, in particular, of their cell wall. Indeed, the
results of BMP measurements reported in literature vary
within a very wide range: 153 to 600 L CHs kgsv?! ,
according to Ward et al. (2014)3. Blackwater is especially
rich in ammonia nitrogen and this allows an intensive
biomass growth but not a relevant lipid accumulation in the
algal cells. In spite of this, some authors 3° found that
methane production by anaerobic digestion of microalgae
grown on such blackwater was comparable to biomethane
production from waste activated sludge.

This paper discusses the possibility of including microalgal
culturing in the wastewater treatment sequence by growing
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them on the BW from biosolid dewatering in order to
produce biomass to feed the anaerobic digesters.

The microalgal growth tests have been performed indoors
(lab-scale) and outdoors (pilot-scale), in order to compare
microalgal growth velocity under environmental vs.
controlled conditions. This allowed to evaluate the effect of
environmental parameters (such as temperature and
irradiance) on microalgal production and nutrient removal.
In the pilot-scale test, the off-gas from the full-scale
combined heat and power unit (CHP) was used as CO;
source. Finally, we compare BMP from microalgal biomass
with BMP from sewage sludge in order to assess the
possibility of producing energy from the anaerobic
digestion of algal biomass as such and mixed to waste
sludge.

Therefore, the novelty of the present study consists in:

Q) the use of raw BW from urban wastewater
treatment plant as a substrate to grow
microalgae, while the majority of literature data
were obtained on pretreated (diluted and/or
supplemented and/or furtherly clarified) BW
samples;

(i) the comparison of PBR performances indoor
conditions and outdoor;

(i) the use of a continuously fed PBR operated
under natural and uncorrected environmental
conditions;

(iv)  (iv) the use of the off-gasses from the CHP as
the CO2 source.
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3.2 Methods

3.2.1 Wastewater treatment plant (WWTP)

The research was carried out in a municipal WWTP located
in the outskirts of Milano (Bresso, Northern Italy),
receiving wastewater from 220,000 inhabitant equivalents
(LLE.). The water line is made of mechanical treatments,
primary settling, secondary treatment by conventional
activated sludge (nitrification/denitrification) followed by
U.V. disinfection. The sludge line includes two anaerobic
digesters operating under mesophilic conditions (35°C)
followed by one post-digester. On average, the produced
biogas is made of 67% CHa, 31% CO2 and minor or trace
concentrations of other gasses. Biogas is sent to two
Combined Heat and Power (CHP) units producing 220 and
320 kWei, respectively. The digestate is centrifuged and a
cationic polyelectrolyte is used to enhance sludge
dewatering (EM516GK from SNF Italia S.p.A.).

3.2.2. Microalgae inoculum

A mixed microalgal community dominated by Chlorella
spp., acquired from EPSAG (Gottingen University,
Germany), and Scenedesmus spp., kindly supplied by
INRA-LBE (Narbonne, France) previously adapted to grow
on BW was used 4.

3.2.3 Photobioreactors for microalgal cultivation

Two  photobioreactors  were  used  during the
experimentation.
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In indoor tests, a 12 L plexiglas column (V=12 L, @=10
cm) served as the photobioreactor (IN_PBR). Light was
provided by 6 fluorescent lamps (FLORA model from
OSRAM, supplying a photosynthetic active radiation (PAR)
of 230 umol m?2 s1), 18 W each one, with 12 h dark/light
periods. At the bottom of the column, a fine bubble diffuser
was available through which air, or a specific gas mixture,
was flushed.

The outdoor experimentation was performed using a larger
plexiglas column (V= 85 L, @=29 cm, OUT_PBR). The
column was provided with an adjustable-flow peristaltic
pump (max flow-rate of 0.1 L min*) for continuous feeding
and with an overflow for continuous discharging of the
microalgal suspension. The CHP off-gas was cooled and
demisted and compressed at 0.12 vvm to the bottom of the
plexiglas column through a fine bubbles diffuser. According
to the WWTP operators, the CO2 content in the off-gas was
10.8+0.1%. Finally, 150-L tanks were available for feed and
discharge storage.

3.2.4 Blackwater characterization

Blackwater (BW) from sludge dewatering was used as feed,
as such or after dilution with the WWTP secondary effluent.
The BW main characteristics are listed in Table 3.1.
Because of the low P/N ratio, KH2PO4 was added to the
BW to adjust the P/N ratio to 0.1 g/g. The nitrate content is
likely to originate from the water used to prepare the
polyelectrolyte suspension. The ammonia nitrogen content
is quite low and this is due to the low percentage of total
solids in the waste sludge fed to the anaerobic digester (23
gTS kg™?). The low COD content suggests a well efficient
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anaerobic stabilization, while the low TSS content confirms
an efficient solid/liquid step (centrifuging). Both the low
ammonium and low TSS contents make this waste stream a
good candidate for microalgae culturing.

Table 3.1: Chemical characterization of the BW used to grow microalgae.

Parameter Average Min Max

N- NH," [mg L™ 264 41 437
N- NOz [mg LY 2.4 0.3 7.1
TSS[gL™Y] 0.1 0.002 1.1
COD [mg L™ 150 120 230
P-tot [mg L] 3 0.9 10.9
Conductivity [uS cm] 2230 1330 3480
pH 7.9 6.3 8.6

3.2.5 Experimental set-up

The experimentation included: 10 batch tests and a
continuous test (160 days) HRT between 7 and 10 days.
Batch tests were carried out in parallel indoor, using the
IN_PBR, and outdoor, using the OUT_PBR. Each test was
started by mixing the microalgal inoculum (10% of the
overall volume) with the BW as such or after dilution with
the secondary effluent in order to adjust the initial
ammonium concentration between 120 and 250 mgn L™
Either air or the off-gas from the CHP unit were bubbled for
mixing and as CO- supply. Tests lasted from 11 to 35 days
depending on the algal growth rate. Ammonia nitrogen, pH,
temperature (T), irradiance (1), conductivity, total
suspended solids (TSS), and optical density (OD) at 665 nm
were monitored regularly.

Relevant experimental conditions for the batch tests are
summarized in Table 3.2.

Algal growth was assessed by following the OD data
collected during the exponential growth phase. Specifically,
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the specific microalgal growth rate (Umax in dt) was
calculated as the slope of the line fitting the OD data plotted
in a log [OD(t)/OD(0)] versus time graph. Moreover, the
specific ammonium removal rate (vn in mgN grss? d!) was
assessed as the maximum ammonium removal rate referred
to the TSS concentration. Finally, the length of the lag
phase (tig) was also established observing the sub-
maximum level of the specific growth rate, according to
Shrestha et al. 2013 3°.

Table 3.2: Relevant operational conditions for batch tests.

N-

Test PBR Gas T pH |
NH,

IN1 IN Air 173 20 8.0 230
OUT1 ouT Off 191 13 8.8 175

IN2 IN Air 229 20 8.0 230
ouT2 ouT Off 205 14 7.3 206

IN3 IN Air 171 20 8.0 230
OUT3 ouT Air 172 15 9.0 226

IN4 IN Air 165 20 6.9 230
OouUT4 ouT Air 120 18 7.1 281

IN5 IN Air 233 20 7.0 230
OUT5 ouT Off 257 9 7.7 39

PBR: PhotoBioReactor (IN:indoor and OUT:outdoor); Gas: gas supplied (air or off-gas),
N-NH,: Influent N-NH, (mgN L?); T: Average temperature °C; pH: Average pH [ 1;
I:Average Irradiation (W m?)

Finally, a continuous test was conducted outdoor, using the
OUT_PBR. The BW was dosed continuously to maintain
the HRT between 7 and 10 days. Total phosphorous,
ammonium, nitrate, TSS, OD, conductivity and pH, were
monitored from 1 to 3 times a week.

Daily average values for temperature and irradiance were
obtained from the ARPA-Lombardia database for a
meteorological station located few kilometers from the
WWTP.
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Experimental data were processed as follows. Mass
balances across each sampling point were set in order to
assess nitrogen removal rate and microalgal production rate
as both TSS and OD increase. The TSS production rate
rrss (MGTSS Lt dt) was calculated on the basis of the mass
balance across the PBR:

[75S],,, = [TSSe, _ [TSSlin-[TSS],,

tit1 _
At - HRT +Trss

Were: [TSS];, and [T'SS],,, are the TSS concentrations (mg
L") measured at time t and ti.1 in the microalgal
suspension; [TSS],y is the TSS concentration in the BW fed
to the microalgal column, At is the sampling interval (d).
Similar mass balances were set to assess the rate of OD
increase (rop), the ammonium removal rate (rnwa), the
nitrate production rate, (rnos).

Finally, the ammonium removal efficiency (% mnwa), total
nitrogen removal efficiency (% nn) and nitrification
efficiency (% nnit) were assessed by taking into account the
ammonium loading rate (ALR) and the total nitrogen
loading rate (NLR) as follows: nnHa = rnHa/ALR, M = (InHs-
rnos)/NLR and mpite= rnos/ALR.

Free N-NH3 (mg L) was also computed from the total

ammonia nitrogen (TAN) as:
1

—pH+ 0.09018 +

N-NH; = X TAN

2729.92
1+ 10 T(°C)+273.15

according to Anthonisen et al., (1976)%".
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3.2.6 Biochemical methane potential (BMP) tests

BMP tests were performed on microalgal biomass to assess
their value as feedstock for anaerobic digestion. Algal
biomass was produced in a semi-continuous system indoor,
using the IN_PBR. Air was used for mixing and as a source
of CO2 and a mixture of BW (50%) and secondary effluent
(50%) was used as nutrients source. Upon microalgal
inoculation the OD was 0.483. The diluted BW was fed
twice a week in order to maintain the HRT around 7-10
days. Microalgal biomass was harvested when the optical
density at 665 nm of the suspension was around 2.2, after
22 days of semi-batch culturing. The microalgal biomass
was harvested by centrifuging at 4000 rpm during 10 min.
The waste sludge was collected from the WWTP at the inlet
to the anaerobic digesters and consisted in a mixture of
primary and secondary waste sludge.

BMP tests were started within 24 h from sample collections.
By using an automated volumetric system (AMTPS,
Bioprocess control, Sweden) using 500 mL glass bottles.
The digestate from the full-scale anaerobic digester was
used as inoculum after 7 days of endogenous incubation at
35 °C to reduce non-specific biogas generation. Test bottles
were performed in duplicate and a blank bottle was
included. The inoculum to substrate ratio was between 0.7
and 1 gvs gvs . Oligo-elements were supplied by dosing a
mineral medium, as suggested by OECD (2006). N2
bubbling for few minutes was used to deoxygenate the
suspension. Bottles were maintained at 35x0.5 °C,
mechanically mixed. Tests were continued until the daily
methane production was less than the 1% of the
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accumulated methane during a minimum of 3 days. Data
processing was performed by subtracting the methane
production of the blank bottle and by referring this net
methane production to the amount of volatile solids of the
substrate (microalgal biomass or waste sludge).

3.2.7. Analytical methods

Analyses of total nitrogen, total phosphorus, COD and total
and volatile suspended solids (TSS and VSS) as well as
total and volatile solids (TS and VS) were carried out
according to Standard Methods®, while ammonia and
nitrate nitrogen were measured using spectrophotometric
test kits (Hach-Lange LCK303, LCK 339, respectively) on
0.45 um filtered samples. Temperature, pH, conductivity
and dissolved oxygen were measured directly on-site by
portable probes. Optical density (OD) was measured at a
wavelength of 665 nm.

The lipid content in the microalgal biomass was determined
gravimetrically according to Bizzotto et al (2009)%. Prior to
measurements, the microalgal suspension was centrifuged at
4000 rpm during 10 min and lyophilized. Lipids were
extracted in n-hexane by an ultrasonic device.

3.2.8. Statistical analyses

All the statistical analyses were conducted using the R
Project software ! and the package Hmisc #2.

Pearson’s correlation coefficients and p-values were used to
explore  significant  linear  relationships  between
experimental parameters, microalgal growth and N-NH4
removal (Mmax, VN) in batch tests. Relationships having p-
values < 0.05 were deemed to be statistically significant.
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The T test for paired data was performed to detect
differences between indoor (IN) and outdoor (OUT)
performances in terms of pmax, Vn and tiag. Also in this case
p-values < 0.05 were deemed to be statistically significant.
The experimental parameters tested for the batch tests were:
lag phase length (days), mean values (calculated after the
lag phase) of: total nitrogen (mg L), total phosphorus (mg
L), N-NHs (mg L?), OD, conductivity (uS cm?), pH,
temperature (°C) and irradiance (W m).
Generalized Linear Models (GLMs) were used to evaluate
the results of the continuous trial since they allow to
analyze categorical and continuous variables at the same
time.
The experimental parameters included in the full GLM as
independent variables were: irradiance, temperature, season
(spring, summer and fall), pH, conductivity, OD, TSS
concentration, N-NH4 concentration in the BW (IN) and free
ammonia and OD value (for nnHa, Mnit, MN) i the column
(OUT). The effect of such parameters was tested on the
following dependent variables:

e rate of OD increase (rop);

e ammonia removal efficiency (nnHa);

e nitrification efficiency (nnit);

o total nitrogen removal efficiency (nn).
Different authors **%* used different integration times to
compute average or cumulated values for temperature and
irradiance. In our study various integration times (from 3 to
7 days) were tested. So, 20 variables were obtained
(Cumulative Irradiance [CIn], Average Irradiance [Aln],
Cumulative Temperature [CTn], Average Temperature
[ATn], with n varying between 3 and 7).
First, the integration time that better explained the variation
in OD was selected for the CI, Al, CT and AT separately.
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Then, cumulative and average values corresponding to the
previously selected integration time were compared for both
temperature and irradiance. In both cases, the Akaike
Information Criterion (AIC) was used for the model
selection. After, a one-way analysis of variance was used to
test for differences in cumulated temperature and in
cumulated irradiance among season (spring, summer and
fall) to describe the general trend.

Restricted models were generated removing variables in a
backward-stepwise procedure and compared with the full
GLM model using the ANOVA test. The restricted models
were maintained only if they did not change substantially
the estimate (p>0.1) when compared with more complex
models.

3. Results and discussion

3.3.1.Microalgal growth during batch tests

Figure 3.1 reports an example of the typical trend of N-NHa
concentration and OD during indoor and outdoor batch
tests. First, a lag phase is observed, due to the need of
acclimation to high nutrient concentrations and culture
conditions. Then, N-NH4 concentration started decreasing
while the OD increased exponentially, indicating that
unlimited growth was taking place. Eventually, algal growth
slowed down as soon as ammonium became limiting. One
can see that the increase of OD and the decrease of N-NH4
concentration were faster in the indoor test while the lag-
phase was shorter and this was probably due to the more
constant and controlled light and temperature conditions
under indoor conditions.
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Figure 3.1: Microalgal density (expressed as absorbance at 665 nm
=0D) and concentration of N-NH4 during indoor and outdoor batch
test 1.

The average length of the lag phase was 7 and 10 days for
indoor and outdoor tests, respectively, as shown in Figure
3.2. However, according to the T test for paired data, tiag
was not significantly different between indoor and outdoor
tests (df = 4, p-value = 0.30). For outdoor tests, the Pearson
test showed that tag was negatively correlated with
temperature and irradiance suggesting that high temperature
and irradiance shortened the lag phase.
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Figure 3.2: Box plot representation of the time lag (tiag), the specific ammonium
removal rate (vN) and the microalgal specific growth rates (umax), during
batch tests indoor and outdoor. Boxes show the range between the 25 and 75t
percentiles. The whiskers extend from the edge of the box to the minimum and
maximum data values. The horizontal line indicates the median value.

As for the microalgal specific growth rates (Umax), average
Umax for indoor and outdoor batch tests were 0.14+0.05 d*
and 0.16+0.14 d* respectively. The T test for paired data
did not suggest a significant difference in Umax values (df =
4, p-value = 0.80) between indoor and outdoor tests. The
Pearson test showed that OD, TSS concentration and pH are
positively correlated with pmax. Moreover, temperature was
also found to be positively correlated with algal growth
within the tested interval (9-20°C). On the contrary,
irradiance was not significantly correlated with algal growth
within the tested interval (32-352 W m™). It is true that the
penetration of light decreases with increasing algal density:
this would explain that a correlation was observed between
irradiance and tiag but not between irradiance and pmax.
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The higher value of the standard deviation for outdoor pimax
depends on the larger variability of environmental
conditions in those tests.

The average values of vn were 25+16 and 48+60 mgn grss
d! indoor and outdoor, respectively. Once more, the T test
for paired data showed no significant difference in vn
values (df = 4, p-value = 0.49) between indoor and outdoor
tests. According to the Pearson test, OD, pH and
concentrations of TSS, and N-NHs were all positively
correlated with vn. Moreover, a positive correlation was
found between pmax and v being both values correlated to
algal growth. Finally, the N-NHs removal was high and
always above 90% in all the tests. Those results confirmed
that microalgae were able to grow in batch on the tested
BW and to remove ammonia nitrogen under the provided
conditions.

No significant differences were found in algal growth rate,
ammonium removal and lag phase length between outdoor
and indoor tests, and this is likely due to the fact that the
tested outdoor natural conditions varied around those
adopted in indoor tests leading to larger standard deviations
but similar average values. The obtained values compare
well with literature data referred to batch tests on synthetic
or real digestate from waste sludge digestion (Table 3.3).
Generally speaking, all data on algal growth rate fall within
0 and 0.9 d. The closer experiences are those reported by
Uggetti et al. 20143 and Fouilland et al., 201422 that grew
Scenedesmus spp. using digestate as feed; the reported
interval for the specific growth rate are well in agreement
with the wvalues obtained in our experimentation.
Differences may be attributed to the operational temperature
(higher than in Uggetti et al., 2014%) or to the chemical
composition of the digestate.
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Table 3.3: Summary of literature data on microalgal culturing on
blackwater from biosolid dewatering.

Microalgae Nutrient Culturing Growth Ref
Strains Source conditions rate p
dh
Nannochloris spp Synthetic Indoor batch T=19-  0.13-0.72 ®
digestate 35; pH=6.8-9.2
PAR = 11-360 HE
m?s?!
Mixed Mixture of Indoor batch 0.04-0.9 81
(Scenedesmus sp digestate T =304 °C
dominant) and PAR =80-90 pE m"
wastewater 2gt
pH = 7-11
Chlorella sp. Mixture of Indoor batch 2z
ADES5 digestate T=30+2°C -
and PAR =200 pE m-2
wastewater stpH=7
Mixed Chlorella Mixture of Indoor continuous 0.07 1
spp. and BW and (HRT=104d)
Scenedesmus secondary 1=230 pPE m-2 st
obliquus effluent T=21+1°C
pH =6.9-84
(a) Scenedesmus Digestate Indoor batch (a) 0-0.89 2
spp.; from | =261+20 JE m? (b) 0-1.1
(b) Nannochloris secondary st
spp.; sludge T=21°C
Mixed Synthetic 100 ml Erlenmeyer (a) 0.75 4%
(a)Chlorella spp. medium flask (b) 0.76
(b)Scenedesmus
obliguus
Scenedesmus spp Mixture Batch 0.25+0.1 4
swine PBR
digestate Photoperiod 12:12
distilled room temperature
water
Mixed Chlorella Mixture of a) Indoor batch a) 0.07- This
spp. and BW from =230 uE m2s? 0.2 study
Scenedesmus biosolid T=20£1°C
obliquus dewatering pH =8+0.5 b) 0.06-
and b)Outdoor batch 0.36
secondary 1=185+90
effluent T=14+3 °C
pH = 8+0.8
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3.3.2. Microalgal growth during continuous tests

Table 3.4 summarizes the average test conditions and
results of the continuous test and Figure 3.3 shows the
trend of N-NH4 concentration and of OD during the course
of the experiment.
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Figure 3.3: Trend of NH4-N concentration and optical density in the
inlet (IN) and outlet (OUT) of the PBR during outdoor continuous test.

The difference between N-NH4 concentration in the influent
and in the effluent demonstrates a significant removal, and
the increase of cell counts and OD values allows to quantify
the algal growth during the trial. One only exception was
observed around day 60 when a low-strength BW was
collected from the WWTP whose ammonium content was
even lower than that in the PBR.
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Table 3.4: Summary of different parameters studied during
continuous outdoor test IN = in the fed BW and OUT= in the
effluent stream.

Parameters Average+ Standard
deviation
Cumulative Temperature °C 20.4+17.4
Cumulative Irradiance (W m2) 1984292
pH i 7.98+0.46
pH OUT 7.22+0.99
Conductivity (US cm™) 2,180+718
Conductivity (US cm™) our 1,590+300
N-NH,4 (mg Ll) IN 272470
N-NH4 (mg L-l) ouT 68+43
N-NH; (mg LD our 4.2%9.2
N-NO; (mg Ll) IN 2.23+2.33
N-NO3 (mg L-l) ouT 52+34
ODin 0.06+0.08
ODour 1.12+0.61
Chlorella sp density (cells mL™?) our 4.71E+05+1.97E+05
Scenedesmus sp density (cells mL™) our 6.20E+04+7.38E+04
TSS (mg L) iy 67+133
TSS (mg Ll) ouT 582+244
Biomass productivity (TSS mg L*d?) 50+40

The biomass productivity, expressed as TSS mg Lt d, is
comparable with literature data, 23-40 mgTSS L d 4849,
Generalized Linear Model results confirmed that Cls and
CTs were able to better explain the variation in OD,
suggesting that the 4-days cumulative temperature and
Irradiance display the strongest correlation with algal
growth if compared to average values and to cumulative
values over shorter (3-days) or longer (5-7-days) integration
intervals. Season had a significant main effect both on
Cumulative Temperature (Fz3 = 5.99, p < 0.01) and on
Cumulative irradiance (F2,30 = 7.91, p < 0.01). During fall,
both Cumulative Temperature and Cumulative Irradiance
were lower than in spring and in summer.
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Statistical analysis using GLMs were also used to
understand the effect of environmental conditions and BW
composition on microalgae growth and nitrogen removal in
the continuous test.

The correlation between phosphorus removal and
microalgal growth was weak, probably because phosphorus
was added to adjust P/N ratio, so we did not include it in the
statistical analyses.

According to the results summarized in Table 3.5,
microalgal growth rate (rop) is negatively correlated to the
optical density in the influent (IN) and to the concentration
of free ammonia in the column, as determined in the
effluent (OUT). The latter is inhibiting, while the former
reduces light penetration within the columns. The
microalgal growth rate increases with increasing
temperatures. No effect on the microalgal growth was
observed for pH, conductivity and influent ammonium
concentration. Microalgal growth rate appears to be affected
by the season, being fall the less favorable and spring the
most favorable seasons, as also shown in Figure 3.4.
According to data in Table 3.5, nitrification efficiency
(nnit) was positively affected by temperature, confirming
that nitrification is faster at higher temperatures. Moreover,
nitrification appears to decrease with increasing optical
density and microalgal growth rate (data not shown). Both
evidences suggest that microalgae and nitrifying bacteria
may compete for common substrates, such as P or COg,
and/or that environmental conditions that favor microalgal
growth are unfavorable to nitrifying bacteria. The effluent
COD was not monitored, therefore the relevance of
heterotrophic bacteria respiration could not be quantified.
However, heterotrophic bacteria are expected to be present
and to play a role in the complex relationships among the
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various groups of organisms in the column as suggested in
previous works!’-°0:51,
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Figure 3.4: Boxplots representation the microalgae production in
different seasons (spring, summer and fall). Boxes show the range
between the 25™ and 75™ percentiles. The whiskers extend from the edge
of the box to the minimum and maximum data values. The horizontal
line indicates the median value.
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Table 3.5: Estimate of the statistical analysis on data from the
continuous experimentation. Season is a three levels categorical
variable (spring, summer and fall).

Dependent variables Independent variables
fop (OD (d-l) Ilnit% HN% HNH4%
OD -183.661***
OD our N.D. -0.149* 0.207***
N- NH4 iy 0.006**  0.405***
N-NH; OUT -2.791%** -0.036***  -1.849**
Conductivity v -0.001***  -0.080***
Irradiance 0.001*
Temperature 1.410** 0.004’ -0.006* 0.506’
Season fall -62.523* 92.868*
Season spring 38.400* 87.046*
Season summer -13.684* 191.886*
pH 0.144*

Significance levels (code) referred to ANOVA test: p< 0.001 (***), p< 0.01 (**), p< 0.05
(*), p< 0.1 (‘). N.D. not considered

The nitrogen removal efficiency (nn) is the result of the
overall effect of algal growth and ammonia stripping, both
processes contributing to the total nitrogen removal.
Apparently, nitrogen removal is fostered by high optical
density in the column (that corresponds to high levels of
microalgal cells), by intense irradiance, by high level of pH,
by high ammonium concentration and by low conductivity
which, in its turn, does not play a significant role on
microalgal growth. This would suggest that ammonium and
optical density positively affect ammonia stripping while
conductivity reduces the stripping efficiency since high
salinity reduces the efficiency of liquid/gas transfer®?. As
for free ammonia, high concentrations were previously
found to negatively affect algal growth, while they are
expected to foster ammonia stripping, thus leading to an
overall mild negative impact on the total nitrogen removal.
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Finally, in the last column of Table 3.5, the coefficient of
the effect on the ammonium removal efficiency (nnH4) is
summarized. Ammonium removal depends on all the above
listed processes (microalgal growth, stripping and
nitrification). As expected, the coefficient is negative for
both free ammonia and conductivity, due to their negative
effect on algal growth and conductivity. The effect of
irradiance, that is strong on algal growth, is not relevant on
the overall ammonium removal since it does not affect
stripping nor nitrification, while the coefficient is positive
for temperature, season and ammonium in the influent. This
suggests that ammonium removal rate increases with
increasing ammonium concentration in the influent. No
effect is observed for optical density that has contrasting
effects on the three above listed processes contributing to
ammonium removal.

Figure 3.5 shows mpnit, nn-nHa @and nin during continuous test
(22 samples for each independent variable were
considered); nitrification gave the lowest efficiency, while
the ammonium removal efficiency, which depends on
microalgal growth, stripping and nitrification processes,
gave the highest.
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Figure 3.5: Boxplot representation of % nitrification efficiency (#nit),
% ammonium removal efficiency (#NH4), % nitrogen removal
efficiency (#N) during continuous phase. Boxes show the range between
the 25M and 75" percentiles. The whiskers extend from the edge of the
box to the minimum and maximum data values. The horizontal line
indicates the median value.
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3.3. Microalgal lipid content

The lipid content of the microalgal suspension was
determined in samples collected from the semi continuous
test. The microalgae lipid content was between 1 and 2.4 %
of total microalgae dry weight, quite low if compared to the
values reported in literature. Sialve et al., (2009)>* indicated
a range of 7-23% into microalgae grown on synthetic
medium. On the other hand, many factors affect the
accumulation of lipids in algal biomass and the pattern of
the fatty acids inside the algal cells. As demonstrated by
Makulla (2000)*°, the growth rate (which, in turns, depends
on a number of factors) and the nutrient availability are both
important and their respective roles have practically never
been distinguished at experimental level.

High lipid cell content is usually found in cells grown under
stress conditions, typically under nutrient limitation, which
are often associated with low biomass productivity®. In the
present experimentation, N-NH4 concentration in the feed
was always over 100 mg L and algal productivity was
quite high, so none of the cited conditions for high lipid cell
concentration occurred, possibly explaining the low lipid
content in algal biomass. On the other hand, the total lipid
content could have been underestimated by the hexane
extraction. There is still uncertainty about the best
extractant for algal lipids and Prommuak et al. (2013)° for
instance, report that the best one is a mixture of chloroform
and methanol at the ratio of 2:1 (v/v). In spite of the low
lipid content, the results of BMP tests were satisfactory, as
shown below.
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3.3.4 BMP tests

BMP tests were conducted on three samples:
Q) algae collected at the end of the semi continuous
operation,
(i) waste sludge (mixture of primary and secondary
sludge, WS) from the full scale WWTP
(iii)  a mixture of algal biomass and waste sludge
(32% and 68% w/w based of the volatile solid
content, respectively).
The trend of the average value of methane production on
duplicates is reported in Figure 3.6 (the average distance
was always lower than 5%). The methane production is
faster when waste sludge is degraded with 50 % and 90% of
the ultimate methane production achieved after 4 and 11
days, respectively. The conversion of microalgae biomass
into methane follows a slower kinetics with 50% and 90%
of the final production achieved after 24 and 41 days,
respectively. However, the ultimate specific methane
production is slightly higher (+9.5%) for microalgae (208
MLcha gvs?) than for waste sludge (190 mLcra gvs™). By
knowing the ultimate specific methane production of
microalgae and waste sludge, the expected methane
production from a mixture of them was computed by the
linear composition of each contribution according to their
percentage in the mixture. This expected methane
production compares well with the measured one.
Apparently, no significant synergistic nor antagonistic
effects are to be expected by co-digesting microalgae in the
existing anaerobic digester designed to treat waste sludge.
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Figure 3.6: Results of BMP tests on microalgal biomass, waste sludge
and a mixture of microalgal sludge and waste sludge (WS) (32% and
68% w/w respectively). The solid line corresponds to the expected
methane production by assuming the additivity of WS and microalgae.
Average distance between replicate was below 5% and is not reported
on each data-set to improve readability.

The methane potential of the microalgal biomass remains
within the broad range reported by Ward et al. (2014)%
which, upon reviewing literature data indicated a range of
153-600 mLchs gvst.  Indeed, data from this
experimentation are within the low range and this is in
agreement with the low lipid content of the algal biomass.
Indeed, the algal BMP is expected to be higher for those
microalgae that are naturally richer in lipid or that are
grown under environmental conditions that con induce lipid
production (°°® among others).

The slow degradation of the microalgal biomass was
previously ascribed to the time required to hydrolyze the
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microalgal cell wall which can resist anaerobic degradation
even after prolonged exposure to the anaerobic microbial
community, thus preventing their degradation °. Indeed,
both Chlorella spp. and Scenedesmus spp. have a cellulose
or hemicellulose-based cell membrane which has to be first
hydrolyzed by endoglocanase, esoglucanase and xylanase.
Those enzymes are normally produced by the anaerobic
community %, however pretreatments can be used to speed-
up the process 4. The combination of Anaerobic Membrane
Bioreactor (AnMBR) and microalgae-based technologies
can be considered an interesting approach for recovering
nutrients and energy from sewage whilst reducing carbon
foot- print, as demonstred by Viruela et al (2016)°L.

3.4 Conclusions

The main outcome of this experimentation is the pilot-scale
demonstration that microalgae can grow on BW from
biosolid dewatering in natural, uncontrolled conditions,
within the tested range of environmental parameters
(Northern Italy from May to November). The tested
blackwater had a quite high N-NH4 concentrations (120 to
257 mg L in batch tests and 272 + 70 mgL? in the
continuous test) and the average microalgae growth rate in
indoor and outdoor batch tests ranged between 0.14-0.16 d
1. The average algal biomass production during the outdoor
continuous cultivation was 50 mgTSS L?* d?! and the
harvested algal biomass had a biochemical methane
potential slightly higher than that of the waste sludge
typically fed to the anaerobic digester of the WWTP (208
mLCH4 gVS™ vs 190 mLCH. gVS™) . Statistical analyses
confirmed to be affected by environmental conditions
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(temperature and season) and to be negatively correlated
with the occurrence of nitrification.

These results suggests that microalgal cultivation can be
integrated into existing WWTP implementing the anaerobic
digestion of waste sludge allowing to foster biogas
production thus improving the energy balance of the
WWTP.
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4.1 Introduction

The biogas technology in Lombardy has spread remarkably in
the last years, so that the region accounts for approximately
one third of the national biogas production. Anaerobic
digestion has ensured an improved environmental
sustainability of animal breeding but has not solved the issue of
excessive nitrogen (N) discharge into this nitrate sensitive area.
To reduce the N load into the fields, farms are forced to use
expensive technical solutions, thus increasing production costs
1 This motivates the impellent need of searching
environmentally and economically sound technologies to
reduce the N load in agricultural wastewaters. Microalgae are
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fast growing photosynthetic organisms that require few simple
elements such as light, carbon dioxide and nutrients (primarily
N and P) that are largely present in the livestock wastes 2. The
oxygen produced during the photosynthetic process results in
the oxidation of organic pollutants. Heavy metals may be also
be uptaken or co-precipitated 3. Microalgal-based processes are
technically simple and have a low energy request since they
exploit solar energy. Moreover, they allows for the valorisation
of waste heat streams and CO: that are available in biogas
plants, resulting in a convenient process integration and in the
reduction of the carbon footprint of the agricultural sector *.

In this context, the Microgate (Use of MICROalgae to
mitiGATE nitrogen pollution from agricultural wastewaters)
project intents to validate the feasibility to use microalgae to
remove ammoniacal nitrogen from the liquid phase of
digestates from animal manure anaerobic digestion. Currently,
initial results are available on the characterization of selected
waste stream and on the semicontinuous culturing of
microalgae at lab scale on one of those streams.

4.2 Material and methods

4.2.1 Wastewater characterisation and analytical methods

The characterization of the following wastewaters was
performed:

e W1: swine manure, from a farm breeding 20,000 pigs
collected before and after the primary treatment by
rotating sieve and dissolved air flotation;

e W2: digestate from a full scale digester fed on the solid
fraction of swine manure, maize silage, poultry manure
and cheese whey, more details in Scaglione et al (2015)
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®. Digestate was collected before and after solid/liquid
separation by centrifugation;

e Wa3: digestate from a full scale digester fed on swine
and dairy manure, maize silage, and minor
contributions of poultry manure and cheese whey.

Digestate was collected before and after solid/ liquid separation
by screw-press.

Three sampling were performed in May-July 2015. Samples
were characterized for relevant chemical parameters: solid
content (TS and VS), COD, N-NHs, N-NOs, P-POq, turbidity
and pH according to Standard Methods ®.

4.2.2 Microalgae culturing at lab-scale

The liquid fraction of W2 was used. Semi-continuous culturing
tests were performed in triplicate in 150 mL glass vials,
initially prepared by mixing the microalgal inoculum, with 15
ml of W2 and tap water. A mixed microalgal community
dominated by Chlorella spp. and Scenedesmus spp. previously
adapted to grow on digestate was used. Light was provided by
6 fluorescent lamps (FLORA model from OSRAM), 18 W
each one, with 12 h dark/light periods. Air was flushed at the
bottom of each vial through a fine bubble diffuser. Every 1 or 2
weeks, a fraction (10 out of 150 mL) of the algal suspension
was withdrawn and substituted by an equivalent volume of
W?2. The frequency of feeding was adjusted in order to achieve
an almost complete depletion of the ammonium concentration
to avoid too high ammonium concentration (below 160 mgN L
1) after each feeding event. The concentration of N forms was
constantly monitored and correlated to the microalgal
concentration, which was measured spectrophotometrically
(optical density at 680 nm).
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4.2.3 Results and discussion

The main results of the wastewater characterization are
reported in Table 4.1. In some cases, the values of total and
soluble COD seem inconsistent (soluble slightly higher than
total) but this depends on the non homogeneous presence of
solids in the sample aliquots used for the analyses of total
COD. Air flotation and centrifugation allowed for significant
reductions in the solid content and total COD. Nutrient
concentrations were less affected, with some P reduction likely
due to precipitation. In view of using those wastewaters to
grow microalgae, the liquid fraction of W1 has a suitable
turbidity and solid content, acceptable ammonium
concentration and N/P ratio; the COD/N ratio is quite high
suggesting that heterotrophic bacteria are expected to grow as
well. The W2 liquid fraction has the lowest turbidity value and
low COD/N; however, the high ammonium content and high
N/P value are potential issues. On the contrary, W3 has
unacceptable levels of both solid content and turbidity which
would seriously limit light penetration. Therefore, the liquid
fraction (L) of W1 and W2 were selected as candidates for
algal culturing tests.
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Table 4.1. Wastewater characteristics of raw samples (TQ) or liquid
fractions after solid/liquid separation (L).

Parameter Samples

W1TQ W1 L W2TQ W2 L W3 TQ W3 L

TS (g LY 5+1 2+0.3 67+7 9+2 60+2 53+0.7

TS(@Lh 5+1 2+0.3 677 942 60+2 53+0.7

VS(gLh 3+0.6 0.74+0.1 475 4+3 38+1.5 32+0.4
pH 74+0.2 7.3£0.08 7.7+0 7.4+1 7.8+0.06 8.2+0.08
N-NH, (mgL?)  200+110 20080 220+400 960+400  2200+100  2200+200
P-PO, (mg L) 28+15 17+7 100+47 34+11 178+109 234+70

Turbidity (FAU) 194490  202+23  9,600+7,500 1,600+320 2,800+2,000 3,500+2,200

S-COD (g L™ 1.3+0.2 1+0.1 4.7+0.7 7.2+¢7.5 22.4+31.0 5.0+0.18

T-COD (gLY)  4.6+06 0.95+0.11  65x11 6.2+4 55.6x4.6 4022.2

N/P 13+4 1747 23+14 32+24 2623 1145

*S-COD soluble COD, T-COD total COD

Results of the first semi-continuous tests of algal growth on
W2 L with a concentration of 1730 mgNH4-N L™ are reported
in Figure 4.1-4.2. Ammonium was efficiently (>97%)
removed and the microalgal concentration increased over time
up to 3-4 times the initial value, above which light penetration
was probably insufficient to sustain further algal growth.
However, long average hydraulic retention times (above 80 d)
were requested due to the high ammonium concentration in the
wastewater.
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Fig. 4.1. Results of the semi-continuous growth test on W2: ammonium
concentration All data are mean + standard error (n = 3).
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Fig. 4.2. Results of the semi-continuous growth test on W2: Optical
Densiry.All data are mean * standard error (n = 3)
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4.3 Conclusions

The encouraging lab scale results obtained justify a pilot-scale
continuous test with a 800L race-way pond treating W2 L has
been just started up in a farm and will last for around 6 months
(May 2016-October 2016).
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5 A novel option for reducing the optical
density of liquid digestate to achieve a more
productive microalgal culturing

Abstract

The liquid fraction of digestate produced by agricultural biogas
plants is rich in macro- and micro-nutrients that are valuable
for the culturing of microalgae. Nonetheless, the high
ammonium concentration may cause toxicity and the high
optical density may reduce light penetration, negatively
affecting the biomass production rate. Dilution with fresh water
has been frequently suggested as a mean for improving the
digestate characteristics in view of microalgal culturing. In this
paper, the feasibility of culturing microalgae on undiluted raw
digestate or on digestate after pretreatment by stripping and
adsorption was investigated.

First, adsorption tests were performed using commercial
activated carbon from wood in order to identify appropriate
conditions for optical density (OD) reduction. Up to 88%
reduction was obtained by dosing 40 g L after 24 h of contact
time. Then, semi-continuous culturing tests were performed on
a microalgal inoculum including mainly Chlorella spp. and
Scenedesmus spp. under controlled temperature and light
conditions during 6-14 weeks. Raw, stripped, and stripped and
adsorbed digestate samples were tested. The biomass
production rate increased from 27+13 mgTSS L d? on raw
digestate, to 82+18 mgTSS L* d! mgTSS L d? by using
stripped digestate, and to 220+78 mgTSS L d! by using the
stripped and adsorbed digestate. Moreover, nitrification was

114



5 A novel option for reducing the optical density of liquid digestate to
achieve a more productive microalgal culturing

constantly suppressed when using the stripped and adsorbed
digestate, while relevant nitrite built-up was observed when
using raw and stripped digestate. These results suggest that
microalgae are able to grow on the raw digestate, provided that
long hydraulic retention times are applied. A much faster grow
(up to 10 times) can be obtained by pretreating the liquid
fraction of digestate by stripping and adsorption, which may
be an effective means of improving the areal productivity of
microalgal culturing on digestates.

Keywords: Microalgae; digestate; optical density; stripping;
adsorption.
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5.1 Introduction

In agricultural areas, biogas technology is extensively used for
reducing organic matter load from livestock wastewater
effluents, through the transformation of organic carbon into
biogas as a sustainable and renewable source of fuel 1,
Anaerobic digestion (AD) has ensured an improved
environmental sustainability of animal breeding and full-scale
installations (biogas plants) have spread rapidly in Europe. As
a result of this rapid development, huge amounts of digestate,
are produced and generally separated into liquid/solid fractions
at farm scale. Liquid digestate, rich in nitrogen and potassium,
is normally spread into fields as fertilizer, whereas the solid
phase, rich in phosphorous and stabilized carbon, is generally
used as soil amendment. Nonetheless, due to European Nitrate
Directive  (91/676/CEE), but also to economic and
environmental issues, its conventional valorization route as soil
amendment and/or fertilizer does not always fit the local
context of intensive livestock areas 2.

Nutrients discharged from biogas plants and liquid digestate
spreading cause significant environmental problems such as
water contamination and eutrophication 3. This aspect has
prompted attention toward technical solutions to deal with this
nitrogen load either by chemical-physical processes such as
stripping, evaporation, membrane filtration # or with advanced
biological processes, such as the anammox process °. Recent
studies have focused on the possibility to use liquid digestate
as a nutrient source for microalgae growth 2 and . According
to Xia and Murphy® the land requirement for microalgal
cultivation is estimated as 3% of traditional direct land
application of digestate. Furthermore, in a concept of circular

116



5 A novel option for reducing the optical density of liquid digestate to
achieve a more productive microalgal culturing

economy, microalgae growth on digestate effluents can be
further send it back to the anaerobic digester as co-digesting
l;%edstock or be used as a slow-release fertilizer in agronomy?
However, two major drawbacks of using liquid digestate as a
substrate for microalgae growth are related to its high nitrogen
content and turbidity level *°. Indeed, liquid digestate is often
characterized by: a high concentration of total suspended
solids, causing an inherently high turbidity and reducing light
transmission, and a high ammonia concentration (>100
mg-L™1), which could potentially be toxic to microalgae *°.
Thus, pre-treatments have been often adopted to remove or
dilute the undesirable compounds from supernatants. As
concerns turbidity, the most common pre-treatments include
solid/liquid separation 2, filtration 2 and dilution 3 which also
helps in lowering the ammonium concentration. Another novel
and promising option for turbidity reduction is the use of
activated carbon (AC) for reducing the turbidity level of liquid
digestate, and thus facilitating microalgae growth. The use of
activated carbon has attracted attention due to its high sorption
capacity of various kinds of components 456  Furthermore,
this activated carbon could be produced from renewable
biomasses like lignocellulosic biomasses (i.e. wood) through a
process in two steps: char production through pyrolysis
followed by a steam or chemical/thermal activation "8, The
use of AC for turbidity reduction has been highly investigated
for wastewater or seawater treatment with good results %2022,
Nonetheless, until now, no studies reported the use of AC to
reduce the turbidity of liquid digestate in view of microalgae
culturing.

The main objective of this study was to evaluate the feasibility
of growing microalgae on digestate without addition of fresh
water for dilution. To this aim, undiluted (raw) digestate was
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first tested as microalgal growth medium. Then, pretreatments
(ammonia stripping and a combination of stripping and
adsorption on AC) were applied to digestate to reduce
ammonium concentration, turbidity, and optical density, thus
facilitating microalgae growth. First, the effects of the AC
concentration (in the range 1 to 40 g-L™*) and time contact (in
the range 0 to 1440 min) were investigated on optical density
reduction. Then semi-continuous microalgae culturing tests
were conducted on raw and pretreated liquid digestate.

5.2 Materials and methods

5.2.1 Liquid digestate characterization

Liquid digestate (DIG_L) came from a piggery farm in
Northern Italy, breeding up to 20.000 pigs. At the hosting farm,
a full-scale wastewater treatment plant (WWTP) and a full-
scale anaerobic digester followed by a solid/liquid separation
were in operation (more details in Scaglione et al. 2015)°.
Digestate was collected after solid/liquid separation performed
by centrifugation and is here after referred to as DIG_L.

5.2.2 Adsorption tests

Adsorption tests were carried out by using a commercial
activated carbon (AC) from wood (Norit® CA1, Sigma
Aldrich, Saint Louis, USA). Tests were carried out at room
temperature (20°C), under static conditions, by varying the
solid loading of AC from 1 to 40 g-L %, and the adsorption time
from 0 to 1440 min.  After adsorption, samples were
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centrifuged at 12200 rpm for 2 min (MiniSpin®, Eppendorf,
Hamburg, Germany) and the supernatant was separated and
kept for optical density (OD) analysis.

Optical density (OD) at 680 nm was used to quantify the
clarification effect of the adsorption process. Indeed, the
primary pigment involved in photosynthesis is chlorophyll a,
which has strong absorption bands in the regions 400-450 and
650-700 nm 22, According to preliminary tests (data not
shown), the mixed microalgal community used in the algal
growth tests showed two maxima in the adsorption spectrum
corresponding to 420 and 680 nm. A strong correlation was
observed between OD at 680 and at 420 nm measured on
samples of adsorbed DIG_L, suggesting that just one OD
measure at these two wavelengths could be measured and used
to assess the clarification effect of the AC adsorption process.
Therefore, the clarification effect of the adsorption process was
assessed from the OD level at 680 nm of the original DIG_L
(ODdigestate@680nm) and of the adsorbed digestate
(Odadsorbed digestate@680 nm), as follows:

OD reduction (%) = (OD digestate@680 nm — OD adsorbed
digestate@680 nm) / (OD digestate@680 nm) Eq. 1

5.2.3 Semi-continuous culturing tests

Semi-continuous culturing tests were performed in 150 mL
glass test tubes (4.5 cm diameter, 20 cm height) . Light was
provided by 6 fluorescent lamps (FLORA model, OSRAM,
Munich, Germany), 18 W each one, with 12 h dark/light
periods. Air was flushed from the bottom of each flask through
a fine bubble diffuser to maintain well mixed conditions.
Temperature remained around 20£2°C. As inoculum, a mixed
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microalgal community dominated by Chlorella spp. and
Scenedesmus spp., and previously adapted to grow on the
liquid digestate from a digester fed on waste sludge, was used
23

Each test tube was prepared by mixing the concentrated
microalgal inoculum (10 mL) with 15 mL of the DIG_L and
tap water (125 mL). The initial condition was selected in order
to start from a non-inhibiting ammonium concentration and to
ensure sufficient algal inoculum to ensure a rapid colonization.
Specifically, the following conditions were set in each test
tube: 160 mgN-L?* of ammoniacal nitrogen concentration and
0.5 of OD.

Every 1 or 2 weeks, a sample (10 out of 150 mL) of the algal
suspension was withdrawn and substituted by an equivalent
volume of DIG_L. The frequency of feeding was adjusted in
order to achieve an almost complete depletion of the
ammonium concentration before each feeding, thus avoiding
too high ammonium concentration after each feeding event,
which remained below 160 mgN-L™. Semi-continuous
culturing tests were performed in triplicate. The concentration
of N forms, phosphorus, total and volatile suspended solids,
pH, temperature, OD at 680 nm and algal counts were assessed
on samples of the algal suspension withdrawn from the test
tubes.

During these experiments, microalgae were cultured on two

types of pretreated liquid digestates. The first one was

pretreated by a stripping phase and will be referred to as
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DIG_S; the second one was prepared by further treating the
stripped digestate with AC in order to reduce the OD
(DIG_S&A). The stripped digestate was prepared using an air
compressor providing 0.6-1.2 vvm through a fine bubble
diffuser. No alkaline chemical was used since alkaline pH
(around 9-9.5) was naturally achieved during air bubbling. The
stripping process lasted from 5 to 7 days at 20£2°C.

The DIG_S&A was prepared by treating the stripped digestate
with activated carbon. Following the results of the adsorption
tests, a solid load of 40 gAC L was used (section 2.2). The
adsorption process was carried out under static conditions for
10 minutes at ambient temperature (20 °C). Then, the activated
carbon was separated by centrifuging (3000 rpm for 5
minutes).

Three batches of DIG_S and DIG_S&A were prepared to be
used to feed the microalgal cultures. Each one was prepared
from a freshly collected DIG_L which was first stripped and
then adsorbed on AC. Each batch of DIG_S and DIG_S&A
was then stored at 4°C and used for microalgal feeding for no
more than 2 weeks. Optical density at 680 nm, turbidity,
ammonium, nitrate, nitrite, soluble COD and phosphate
concentrations were assessed for each batch of DIG_S and
DIG_S&A.

Semi-continuous culturing tests were performed in duplicate on
both DIG_S and DIG_S&A. Initially, each test tube was
prepared by mixing the microalgal inoculum with 150 ml of
DIG_S or DIG_S&A, respectively. Every 2 — 5 days, a fraction
(70 mL) of the algal suspension was withdrawn and substituted
by DIG_S or DIG_S&A, respectively. The feeding frequency
was the same for all the test tubes and defined in order to allow
for the almost complete depletion of ammonium in those test
tubes fed on DIG_S&A. The same feeding frequency was also
adopted for test tubes fed on DIG_S.
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The monitoring plan was similar to the one described
previously in section 5.2.3.

5.2.4 Analytical determinations

Total and volatile suspended solids (TSS and VSS), COD,
BODs, BOD2o were analyzed according to Standard Methods
(APHA, 2005). Ammoniacal, nitrite and nitrate nitrogen (N-
NHs, N-NOz and N-NO2) and phosphate (P-POs) were
measured using spectrophotometric test kits (Hach-Lange,
Germany, LCK 303, LCK 340, LCK 342 and LCK 348,
respectively), on 0.45 um filtered samples. pH and
conductivity were measured by a portable probes (XS PC 510
Eutech Instruments, USA). Optical density (OD) was measured
using a DR 3900 Hach Lange, Germany, spectrophotometer at
a wavelength of 680 nm and by using a 1 cm path length
cuvette.

Microalgae were counted using a Hemocytometer,
(Marienfeld, Germany) and a microscope (B 350, Optika,
Italy). A sample 1 mL on microalgal suspension from each vial
was withdrawn and conveniently diluted (dil. 1:10); then, 0.1
ml of the sample was injected into the hemocytometer
chamber. The number of Scenedesmus and Chlorella algal cells
were distinguished according to their morphological
characteristics and counted, and the final estimated cell number
was obtained from the mean of 9 square (1 mm?) readings. In
case rotifers and nematodes were spotted during the
microscopic observation, their presence and qualitative
abundance was recorded.
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5.2.5 Statistical analysis

All of the experiments were performed in duplicates, all data
are mean + standard error (n = 2). The statistical analyses were
conducted using the R Project software (R core Team 2015).
The T test for paired data was performed to detect differences
between daily biomass production (mgSST L d?) and
biomass concentration (in term of optical density), when using
stripped digestate (DIG_S) and stripped digestate with
activated carbon (DIG_S&A) as feed. p-values < 0.05 were
deemed to be statistically significant.

5.3 Results and discussion

5.3.1 Chemical composition of liquid digestate

Three samples of the liquid fraction of digestate were collected
from the farm within a 6 months period. The average chemical
composition is reported in Table 5.1. One can see that liquid
digestate has highly variable characteristics, which can be
chiefly explained by seasonal variations in the piggery waste
production, and in the digested co-substrates, as already shown
in Scaglione et al. (2015)°.

Specifically, liquid digestate had a high OD due to the high
concentration of suspended and dissolved solids which limit
light penetration and therefore photosynthesis and microalgae
growth, as already pointed out in previous %22, As regard
nutrients and COD their values fall within typical literature
intervals®. It is worth noting that the liquid digestate had an
ammoniacal nitrogen concentration between 0.6 and 1.7
gN-L™%: high level of ammoniacal nitrogen have previously
been suggested be potentially toxic to microalgae °, while low
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P concentration could have limiting effect on microalgal
growth?®. As for the N:P ratio it varied within a large interval
(48+32 gN gP). Such values are well above the theoretically
optimum value of 10-16 molN molP-1 (corresponding to 4.5-
7.2 gN gP) suggested by Geider & La Roche?’. However, the
N:P ratio is within the range of other digestates previously
tested for their capacity to sustain microalgal growth. Indeed,
Marcilhac et al.?® observed that the N:P ratio of digestate
samples ranged from 38 to 135 gN gP* varying depending on
the biogas plant and on time at a given plant. In order to use
digestate as substrate for microalgae culture either dilution or
pretreatment may be therefore useful to improve light
penetration and to reduce ammonia concentration.

Table 5.1. Chemical composition of liquid digestate (DIG_L) measured on
three samples at different sampling time, and average value (meanzstd).

Parameter meant std
TSS (mg L) 1,400+1,600
VSS (mg LY) 1,800+1,600

pH 7.7+0.8
N-NH, (mg L) 1,200+500
P-PO, (mg L) 30+10
Optical Density (-) 1.340.5
CODgy (Mg LY) 4,000+6,000
Total COD (mg L?) 6,300+4,000
BODssol (mg L™ 600+100
BODg sol (mg L) 1,000+200
N:P 48+32
COD:N 5.0+6.6

5.3.2 Effect of AC adsorption on the optical density of liquid
digestate

Figure 5.1 shows the OD reduction of liquid digestate at
different AC dosages (1 to 40 g-L 1) and adsorption times (0 to
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1440 min). As observed, the efficiency of the optical density
reduction increased as the AC concentration increased. The
best OD reduction (88%) was obtained at a AC dosage of 40
g-L ! and at an adsorption time of 10 min. Indeed, as showed
in Figure 5.1, after 30 min, the reduction of OD remained
constant. A picture comparing the raw and adsorbed digestate
obtained by applying the previously identified adsorption
conditions can be found in Figure 5.2.

%40g/Lm20g/L = 10g/L 1 5g/L = 3g/Lmlg/L
Ll

60% 70% 80% 90% 100%
Optical density reduction (%o)

Figure 5.1. Optical density reduction (%) during the first 360 min, all data
are mean + standard error (n = 3).
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3 r? LV

Figure 5.2. Visual evidence of the reuction of the optical density upon AC
adsorption. DIG_L before (right vial) and after (left vial) the adsorption
step.

5.3.3 Microalgal culturing tests

5.3.3.1 Growth on diluted liquid digestate

Results of the first semi-continuous tests of algal growth on
DIG_L with a 1730 mgNH4-N L™ concentration are reported
in Figure 5.3. Microalgal density increased over time up to 3-4
times the initial value. Above such value, light penetration was
probably insufficient to sustain further algal growth. Between
day 41 and 80, a poor repeatability was observed associated to
a significantly higher biomass density in one of the triplicate
test tubes during that same period. From TSS data, the
cumulated biomass production (CBP, mgTSS) was computed
and compared to the cumulated volume of DIG_L fed to each
test tube (Figure 5.3). Results show that the amount of algal
biomass produced is proportional to the volume of DIG_L fed
during each fed-batch cycle. The highest values of specific
biomass production rate were observed between day 52 and 74
during which the average HRT was 55 d and corresponded to
27+13 mgTSS L1 d,
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Figure 5.3. Results of the semi batch growth test on DIG_L: time trend of
(a) optical density, (b) cumulated biomass production (CBP line) and
cumulated treated DIG_L volume (CV, dashed line). All data are mean *
standard error (n = 2)
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Ammonium was efficiently (>97%) removed (Appendix A.1)
with effluent concentrations (i.e. concentration measured at the
end of each fed-batch cycle) ranging from < 1 mg L? to 35
mgN L. Maximum ammonium removal rate, assessed as the
slope of the time trend of ammonium concentration under non-
limiting ammonium concentration (> 10 mgN L*, data not
shown) was found to be: 24+1.5 mgN L1d? for the three
flasks. However, ammonium removal was also affected by
other concomitant processes. Stripping is likely to have played
a significant role since pH was averagely 9.6+0.6 leading to
relevant free ammonia concentrations. Moreover, nitrification
was also observed although its appearance and relevance
differed remarkably among each test tube and in time. As for
nitrate, the average concentration slightly increased from day
24 onward from 2.1+0.2 to 5+0.4 mgN L suggesting a slow
nitrification process which was similar in all replicates
(Appendix A.1). On the contrary, nitrite (Appendix A.2)
remained negligible in replicate 1, while it increased
remarkably in replicate 2 and 3 after day 60, reaching a
maximum level of 210 and 110 mgN L, respectively, at day
96; later, its concentration decreased. Denitrification was
unlike to take place since dissolved oxygen was continuously
entering via aeration maintaining aerobic conditions during
both light and dark hours.

Extra phosphorus was dosed at time 33, 61 and 74 to increase
the P concentration (Appendix A.1) in the test tubes from few
mgP L to 15-20 mgP Lt. Average P removal rate was 0.5
mgP Lt d?.

Even for phosphorus biological (assimilation/release) and
chemical-physical (precipitation/dissolution) processes are
expected to take place simultaneously.

Soluble COD in the liquid digestate increased during the first
part of the test and eventually stabilized (Appendix A.1). The
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COD removal rate remained quite constant during the whole
test, with average removal efficiencies of 83+4% which could
be supported by heterotrophic bacteria or by mixotrophic algal
growth (among others 29:303132),

As for the algal counts (Figure 5.5), Chlorella spp. was found
to be the prevailing algal species (by up to 2 order of
magnitude) in all vials up to day 68, then Scenedesmus spp.
prevailed, probably due to a decrease in the ambient
temperature under 20°C. The total number of algal cells was
well correlated with the OD (R? of 0.77). The maximum total
algal counts recorded were 13 E+06 cell mL™ for replicate 1,
4.6 E+6 cell mL™? for replicate 2, and 9.4 E+06 cell mL™? for
replicate 3; those values were obtained between day 52 and 68
when absorbance was at its maximum as well. The mean
number of Chlorella spp. and Scenedesmus spp. reached in the
vials was 2.5 E+6 cell mL™* and 0.9 E+6 cell mL™*. Replicate 1
was the vial with the larger algal growth, with a mean count of
4.1 E+6 cell mL! for Chlorella spp. and 1,1 E+0.6 cell mL*
for Scenedesmus spp. Few rotifers, which feed on microalgae,
were found in all the vials. Nematodes were found from day 33
in replicate 2, while in the other vials they were found
sporadically later on (from day 61 for replicate 1 and from day
90 for replicate 3).

The second set of semi-continuous algal growth tests was
conducted on the DIG_L after stripping (DIG_S) and stripping
and adsorption (DIG_S&A), according to the procedure
described in section 5.3.3.1. Three batches of DIG_S and
DIG_S&A (B1, B2, B3) were prepared during the course of the
experimentation and their characteristics are summarized in

129



5 A novel option for reducing the optical density of liquid digestate to
achieve a more productive microalgal culturing

Table 5.2. The adsorption step caused a remarkable reduction
in both optical density (81+7%, similar to the removal
efficiency obtained during the adsorption tests and reported in
section 3.2). Similarly, high reductions were achieved for
soluble COD (87+3%) and for nitrate (90+3%). On the
contrary, no significant variation was observed in the
ammonium concentration. As shown in Table 5.2, phosphorus
was released by the activated carbon, leading to a remarkable
increase in the phosphorus concentration in the DIG_S&A.

Of the three batches described in Table 5.2, B1 was used from
the beginning of the culturing test until day 14, B2 from day 15
until 28, and B3 from day 29 until 40, respectively. The
feeding procedure was similar to that applied to grow
microalgae on the raw digestate. Since the ammonium
concentration in the feed was lower, the average HRT, set
according to the time needed for ammonium depletion, was
much shorter than in the first set of trials, being 11 days up to
day 29 and 8.8 days from day 30 to day 40.

Table 5.2: Characterization of the stripped (DIG_S) and stripped/adsorbed
(DIG_S&A) samples.

Parameter DIG_S DIG_S&A
Batch Bl B2 B3 Bl B2 B3
Conductivity (mScm?®) 35 47 42 36 42 47
OD (-) 027 1.04 098 0.04 028 0.14
N-NH, (mg L5 220 530 560 250 520 560
N-NOs (mg L) 93 10 105 10 068 13

Soluble COD (mgL?) 1410 1370 1410 156 229 170

According to the T test for paired data, daily biomass
production (mgSST L™d!) and biomass concentration (in term
of optical density), was significantly different between stripped
digestate (DIG_S) and stripped and adsorbed digestate
(DIG_S&A) as feed, (df = 10, p-value = 0.0001, and df=10, p-
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value= 0.0009, respectively for biomass production and
biomass concentration). As shown in Figure 5.4a, microalgal
concentration remained always higher in the test tubes fed on
the DIG_S&A than in those fed on DIG_S, differences
becoming more and more significant with time. From day 15 to
day 29, the optical density increased in the test tubes fed on
DIG_S&A while it tended to decrease in those fed on
DIG_S. This behavior suggests that a higher growth rate was
achieved when feeding the stripped and adsorbed liquid
digestate. Later, biomass concentration reduced in all the test
tubes because of the reduction in the average HRT. The
cumulated biomass production was computed from TSS data,
and in Figure 5.4b it is compared to the cumulated volume of
liquid digestate fed to the test tubes. The CBP appeared
significantly higher in the test tubes fed on DIG S&A than in
the other ones. Coherently, a significantly higher biomass
production rate was observed in the test tubes fed on
DIG_S&A (220+78 mgTSS L1d?) than on those fed on
DIG_S (82+18 mgTSS L'd?). According to the T test for
paired data, daily biomass production (mgSST L*d') and
biomass concentration was significantly different between
stripped digestate (DIG_S) and stripped digestate with
activated carbon (DIG_S&A) as feed, (df = 10, p-value = p-
value = 0.0001, and df=10, p-value= 0.0009, respectively fot
biomass production and biomass concentration).

A slightly higher removal efficiency of the ammoniacal
nitrogen (Appendix B.1 and B.2) was observed, on average, in
the test tubes fed on DIG_S&A (96+4%) than on those fed on
DIG_S (88+9%).
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Figure 5.4. Results of the semi batch growth test on DIG_S and DIG_S&A :
time trend of (a) optical density, (b) CV, solid line, cumulated biomass
production and cumulated treated volume of pretreated digestate on the
secondary y-axis(dashed line). All data are mean + standard error (n = 2)

Nitrification was almost negligible in the test tubes fed on
DIG_S&A while an increase in nitrite (up to 30 mgN L) with
no significant production on nitrate was observed in test tubes
fed on DIG_S from day 30 onward (Appendix B.1 and B.2).
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As for phosphorus (Appendix B.1 and B.2), very different
concentrations are found in the DIG_S and DIG_S&A, as
commented before. In the test tubes fed on DIG_S, effluent
concentrations decreased from 3 to 1 mgP L during the first
two weeks; at day 15, extra P was dosed in order to increase
the P level in each test tubes to 20 mgP L thus avoiding P-
limiting conditions. Later P decreased slowly and, from day 20
onward, remained stable around 5 mgP L. In the test tubes fed
on DIG_S&A, the P level remained between 200 and 300
mgP L.

A limited COD (Appendix B.1 and B.2) removal was observed
in the test tubes fed on DIG_S (15+3% on average), while a
30% increase in the soluble COD was observed in the test
tubes fed on DIG_S&A. This is due to the release of COD
from the algal biomass that is more relevant than COD
oxidation. Indeed, the residual COD after adsorption is poorly
degradable thus making COD release more relevant than COD
oxidation.

As for algal counts (Figure 5.5), Chlorella spp. was found to
be the prevailing algal species in the test tubes fed on
DIG_S&A, while in the DIG_S ones the prevalent species was
Scenedesmus spp. However, in all vials the number of both
microalgae species was of the same order of magnitude. The
total number of algal cells was well correlated with the optical
density (R? between 0.8 and 0.9). The maximum values of total
number of algal cells were obtained on day 10 and on day 29 in
DIG_S and in DIG_S&A, respectively, when the maximum
absorbance values were also observed. In those days, the total
algal count was 2.8 E+06 cell mL™? and 1.7 E+6 cell mL* for
the two replicates of the DIG_S set, and 4.9 E+06 cell mL*
and 5.3 E+06 cell mL* for the two replicates of the DIG_S&A
set. The mean number of Chlorella spp. and of Scenedesmus
spp. in the DIG_S vials was 0.3E+6 cell mL? and 0.4E+6

133



5 A novel option for reducing the optical density of liquid digestate to
achieve a more productive microalgal culturing

cell mL:, respectively, while in the DIG_S&A vials it was
1.18 E+6 cellmL? and 0.9 E+6 cell mL?, respectively.
Rotifers were found in both the sets, but in DIG_S their
number was significantly larger than in the DIG_S&A one.
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Figure 5.5. Average percent of Chlorella cells in the DIG_L (rounds),
DIG_S (triangles) and DIG_S&A (squares) culturing tests with time, all
data are mean + standard error (n = 2).

5.4. Discussion

Digestate is rich in nutrients that are needed in microalgal
culturing. For this reason, the use of digestate for microalgal
culturing has been proposed either as an opportunity to reduce
microalgal-culturing costs or as a process to reduce the nutrient
level in digestate thus reducing the land request for digestate
spreading especially in livestock intensive breading area. The
dual-system “AD/microalgae” has recently attracted attention
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for an alternative used of the rich nutrients fraction of liquid
digestate 589, Indeed, liquid digestate is the major fraction of
digestate and may contain high levels of ammonia nitrogen 3.
Nonetheless, some major limitations exist before an industrial
scale-up of microalgae ponds using liquid digestate as the high
ammonia and turbidity content of liquid digestate 2 and 3.
Although ammonium is a preferable form for microalgal
utilization **, high total ammonia nitrogen (TAN) (both
ammonium and free ammonia) levels may lead to inhibition 3.
Turbidity is another important parameters that could limit the
availability of photosynthetically active radiation and
consequently microalgae growth. Thus, dilution with fresh
water is commonly applied to lower both the ammonium level
and turbidity, thus improving the microalgae efficiency growth
13 but further affecting the overall economic and environmental
balances of the dual system. In the present study, a stripping
step was applied to reduce the ammonium concentration, which
may allow for ammonium recovery and further AC were used
for liquid digestate turbidity reduction in order to avoid the
need for dilution.

Indeed, stripping is a well known chemical/physical process
which allows for the recovery of nitrogen in the form of
ammonium salt. Its applicability to the liquid fraction of
digestate is still limited mainly due to the fact that the
ammonium salts marketability is yet uncertain. The used of AC
for turbidity reduction has been highly investigated for
wastewater or seawater treatment with good results °2°, The
results reported in this study are in accordance with Hatt et
al.?%, who noticed a minimum of 80% turbidity removal on
secondary wastewater by performing batch tests at 20°C, for
2h, under stirring conditions and by using different types of
granular AC with a mean dosage of 400 mg L. Interestingly,
Hatt et al. % highlighted a good correlation between the
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efficiency of turbidity reduction (Abs UV 400nm) and the
available meso and macropores of AC. Furthermore, the lower
concentration of AC used in wastewater treatment compared to
our investigation on liquid digestate for similar turbidity
reduction could be mainly explained by the lower turbidity of
secondary wastewater (around 7 NTU®®). Nonetheless, the high
production cost of AC remains a limitation for its full-scale
industrial implementation and used in remediation process .
Thus, the use of AC produced from low cost lignocellulosic
biomasses (i.e wastes residues, agricultural wastes) may be
considered as a good alternative in this specific application.

As shown in Table 5.2, the proposed pretreatments were
successful in improving the treatability of digestate. Indeed, the
ammonium concentration is lowered by the stripping process to
acceptable levels (200-500 mgN L™?). A digestate from the
anaerobic digestion of waste sludge with similar ammonium
level as been yet proven to be adequate for microalgal
culturing 2. However, stripping does not significantly affect
the optical density, which is reduced by the adsorption process.
Moreover, the applied pretreatments (stripping and adsorption)
allows to modify the N:P ratio, thus allowing for its potential
optimization. Finally, as commented before, the optical
properties are improved both in terms of optical density and of
turbidity if compared to the original DIG_L.

Microalgal culturing tests were then performed to assess the
impact of the applied pretreatments on the biomass growth
rate. The raw digestate could be successfully used to grow
microalgae and a microalgal production rate of 27+13 mgTSS
L1d! was obtained. In the literature, a large interval of
microalgal growth rate can be found, spanning from 30 to 670
mgTSS L1d?, and this is partly due to differences in the
culturing mode, algal strains, and digestate pretreatments 22,
The low value obtained in this experimentation can be partially
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explained by the high free ammonia levels and by the high
digestate optical density which limits light availability. In order
to limit ammonia inhibition, a quite high hydraulic retention
time had to be applied (around 100 days, on average, with
lower values of 55 d during the stationary growth phase). Such
a long HRT would results in huge pond volumes and the land
request for the treatment could become prohibiting.

By applying pretreatments, the biomass production rate was
indeed improved since it increased to 82+18 mgTSS L*d*
when the stripped digestate was used and to 22078 mgTSS L-
1d? when a further adsorption step on activated carbon was
applied, which corresponds to an almost 10 fold increase if
compared to results obtained on the raw digestate. This would
result in proportional reductions in the land request.
Nonetheless, the high production costs of AC remains a
limiting factor in view of a full-scale application 3. Thus, as
a perspective work, low cost adsorbent such as biochar and/or
AC from renewable lignocellulosic biomasses should be
investigated.

Moreover, the use of pretreatments may also affect the
composition of the community of microalgae and bacteria that
develops. Simultaneous activity of microalgae and nitrifying
bacteria took place both in microalgae cultivation test with raw
liquid digestate and stripped digestate while nitrification was
not observed in test tube fed on stripped and absorbed
digestate. Nitrite accumulation up to 210 mgN L' were
registered indicating the presence of ammonia oxidizing
bacteria activity, but this phenomenon was not stable and the
trigging factors are not yet clear. Nitrate accumulation was not
registered indicating a low activity of nitrite oxidizing bacteria
(NOB). Relevant nitrite accumulation was observed when free
ammonia levels approached and overcame 50 mgN-NHs; L™
These high free ammonia levels probably led to an inhibition
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of NOB, which are known to be sensitive to free ammonia
already at concentration of 1-5 mgN-NHs L*, with an 1C50
(50% inhibition concentration) of 10 mgN-NHsz L 38, On the
contrary, ammonia oxidizing bacteria (AOB) are more tolerant
to high free ammonia levels, as suggested by the higher IC50
values reported in the literate varying within the range of 40-
600 mgN-NH3z L2, depending on acclimation. Nitrification is
indeed a common process taking place in algal
ponds/photobioreactors treating digestate. Gonzalez-Fernandez
et al. 40 verified in an open pond treating digested piggery
slurry that nitrification (with mainly nitrite accumulation)
resulted in the major nitrogen transformation of ammonium
nitrogen: the percentage ranged 36-58% of the total nitrogen
fed to the ponds. Marcilhac et al 28 reported that microalgae
outcompeted nitrifying bacteria since the nitrification rate
decreased with the increase in microalgal N assimilation.
Moreover, their experiments showed how microalgae become
better competitors for nutrients under P-limiting (<0.1 mgP L)
conditions. Uggetti et al. ° reported the presence of nitrification
and in their microalgal growth tests and observed that nitrite
and nitrate production was enhanced at high microalgae
concentration (1.3 or 1.8 gTSS L7). This evidence was
explained by the fact that at higher algal concentration larger
quantity of oxygen are produced stimulating ammonium
oxidation by nitrifiers, while microalgal growth rate is
negatively affected by a self-shading phenomenon. In the
present experimentation, the only test tubes in which negligible
nitrification activity was observed were those fed on
DIG_S&A, in which the highest microalgal production rate and
biomass concentration was observed. This observation is in
disagreement with data from Uggetti et al. °. This may be due
to the fact that in our experiment air was supplied continuously
leading to constantly non-limiting dissolved oxygen levels.
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Moreover, in test tubes fed on the adsorbed digestate, the lower
OD of the DIG_S&A allowed the culture to achieve higher
algal concentration before it possible became light-limited.
Despite being a commonly observed process, the true
mechanisms and the driving forces of the competition between
microalgae and nitrifiers still need to be fully elucidated.
Nonetheless, the use of adsorbed digestate suppressed nitrifiers
growth suggesting that the lower OD and higher P level in
DIG_S&A compared to the other tested conditions contributed
in favoring microalgae over nitrifiers.

As previously mentioned, the removal of COD was also very
different from one case to another, reaching 83% in DIG_L,
just 15% in DIG_S&A and being negative, with a 30%
increase, in DIG_S. Of course, the starting COD was much
higher in DIG_L, lower in DIG_S and minimum in DIG_S&A
and the treatments are likely to have removed the more
degradable fraction of the total. Actually, the final value of
COD in algae/bacteria consortia, as it was the case in the
described experiments, is the result of the combined effect of
bacterial oxidation, algal degradation and release from death
cells. Moreover, many authors reported effective mixotrophic
growth of algae, such as various species of Chlorella,
accounting for strong COD removal also in poorly degradable
wastewaters, pointing out the double role of organic
compounds as both carbon source and growth factors (among
others 29303132 On the contrary, in very few cases mixotrophic
metabolism is reported for Scenedesmus species *L. In the three
substrate culturing tests, the total number of algal cells is
comparable but some differences exist in the percent of
Chlorella cells, as shown in Figure 5.5 reporting the time trend
in the three cases. Actually, the greater density of Chlorella in
L _DIG_L could depend on the larger availability of organic
matter and could contribute to the greater COD removal, which
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could thus be due not only to bacterial activity. The percent of
Chlorella decreases from DIG L to DIG_S and then to
DIG_S&A, as the efficiency of COD removal in the three
cases.

5.5. Conclusions and perspectives

Results of this experimentation suggest the feasibility of
culturing microalgae on the liquid fraction of digestate without
the need for dilution. However, long hydraulic retention times
had to be used when using the raw DIG_L and low biomass
productivity were obtained. In view of reducing the land
request, pretreatments (stripping/adsorption) were tested as a
mean to sustain faster microalgal grow. Commercial activated
carbon proved to be effective in optical density reduction. By
feeding the pretreated digestate, much faster microalgal grow
was obtained. Indeed, these pretreatments allowed to increase
the microalgal production rate by almost 10 times.
Nonetheless, the high production cost of AC remains a
limitation for its full-scale industrial use. AC produced from
renewable biomasses like lignocellulosic substrates may be
considered as a perspective alternative in this specific
application. A crucialpoint is due to ammonia removing by
stripping, which is not environmentally due to the high
greenhouse potential of NHs-N.
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6 Microalgal based treatment of digested
agro wastes - lab and pilot-scale experiments

Abstract

Microalgae can be used to remove nutrients from waste
streams while their biomass can be further used to produce bio-
fuels. In this contest, an experimental research was carried out
to investigate the use of microalgae to remove N from the
digestate produced by the co-digestion of agro-wastes and to
produce bioenergy from the microalgal biomass by its
anaerobic digestion. In an outdoor bubble column, inoculated
with a mixed consortium of Chlorella vulgaris and
Scenedesmus sp, and fed on the diluted (1:4, to obtain an
ammonia nitrogen concentration of 200-250 mgN L) liquid
fraction of digetate, a 80% nitrogen removal was observed with
the production of 50 mgTSS L™ d*. In a following indoor test,
microalgal flocculation and nitrate and nitrite accumulation
were observed, which are critical issues to be further
investigated. The methane yield of the microalgal biomass in a
60 days batch test was higher than that of manure (207 versus
160 NL kgVs™).

Abstract book: International water Association (IWA)
Brisbane, 9-14 October 2016
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Keywords: Agrowaste digestate supernatant, anaerobic digestion,
microalgal growth, nitrogen removal

6.1 Introduction

Microalgae are well known for their capacity of growing fast
on waste streams and can thus be useful for nitrogen removal
from concentrated wastewater flows *, while their biomass can
be exploited for energy production 2.

Literature reports a very wide range of nitrogen removal
efficiencies (20-100%), but, in most cases, the experimental
results show that microalgae are able to remove over 60% of
nitrogen, especially of ammonia nitrogen?®.

The biomass productivity of microalgae exceeds those of
vascular plants #, moreover, the average lipid content varies
between 1 and 70% of dry weight (for example Chlorella sp.
10-48%) and under certain conditions (N deficiency) some
species can reach 90%, with a maximum lipid productivity of
0.35g L d*®. For those characteristics, microalgae have been
recognized as the feedstock for the so-called "third-generation™
biofuel®>. However, to improve the economics and the overall
environmental impacts of biofuel production from microalgae,
the use of reclaimed nutrients and CO: sources has been
suggested to be a key step®. Moreover, growing microalgae in
waste streams may also be seen as a mean to remove nutrients
to meet discharge limits enforced by the Nitrate Directive
(91/676/EEC).

Within this context, an experimental research has been carried
out to investigate the possibility of using microalgae to remove
nitrogen from the digestate produced by the codigestion of
piggery manure and agrowastes and to produce energy from
the microalgal biomass by anaerobic digestion.
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6.2 Material and Methods

6.2.1 Photobioreactors for microalgal cultivation

The first experimentation was used to assess microalgal
growth, the second to produce algal biomass to be tested for
biogas production by anaerobic digestion tests. In both cases a
mixed culture of Chlorella vulgaris and Scenedesmus sp grown
on a municipal digestate was used as inoculum.

The pilot-scale experimentation was located at a piggery farm
in Northern Italy (Cremona), breeding up to 20,000 pigs and
hosting a full scale wastewater treatment plant (WWTP) and an
anaerobic digester (more details in: Scaglione et al., 20157). A
pilot-scale photobioreactor (PS-PB) was installed outdoor and
run in natural light and temperature conditions. The PS-PB was
a 67 L plexiglas column (@ = 29 cm) fed on a mixture of
digestate supernatant after centrifuge separation and WWTP
final effluent (1:4 v/v). CO2 and mixing were provided by
bubble aeration at a flow rate of 0.2-0.3 vvm. Phosphorus was
added to the feed to adjust the N/P ratio to 1:10. The PS-PB
was run in batch during the first 9 days, later it was fed
continuously for 25 d, with 10 d hydraulic retention time
(HRT).

The lab-scale photobioreactor (LS-PB) was a 12 L plexiglas
column (net volume =10 L, @=10 cm). Light was provided by
6 fluorescent OSRAM, FLORA, 18 W lamps with dark/light
period about 12 hours. CO. and mixing were provided by
bubble aeration. The LS-PB was fed on a mixture of digestate
supernatant and tap water. The LS test was started in semi-
batch during the first 17 days, at an average HRT of 10 d, and
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decreasing gradually the fraction of tap water in the feed, so
that NHs-N concentration in the feed rose from 104 to 640 mg
L (corresponding to a volumetric loading rate of 10.4 to 64
mgN L*d? photobioreactor). During the last 10 days, the
column was run in batch.

6.2.2 Analytical determinations

Analyses of total nitrogen (Ntwt), total phosphorus (Pwt), COD
and Total Suspended Solids (TSS) were carried out according
to Standard Methods 5220-D (APHA-AWWA-WPCF, 1992),
while ammoniacal and nitrate nitrogen were measured using
Hach Lange kits (LCK 302 and 340, respectively). Prior to
chemical analyses, samples were filtered on 0.45 um pore size
nitrocellulose membranes. Optical density was measured at
665 nm. Temperature, pH, conductivity and dissolved oxygen
were measured directly on site by suitable probes.

6.2.3 Biochemical methane production (BMP) tests

The algal biomass grown in the LS-PB was harvested by
settling and centrifuging (4000 rpm, 10 minutes), and tested for
biomethane potential. BMP tests were performed in duplicate
using a commercial laboratory instrument (AMTPS,
Bioprocess control, Sweden). Relevant testing conditions were:
temperature 35+0.5 °C, digestate from the farm as inoculum
(12 gVS kg?), inoculum to substrate ratio between 1.1 and 2.5
(gVS gVvS?) and digestion time 60 days. The BMP of algal
biomass was compared to that of cow manure.
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6.3 Results

During pilot scale test, algae grew rapidly, as demonstrated by
the immediate raise of pH over 9 and by the doubling of the
optical density during the first 9 d of operation in batch mode.
During the continuous mode, algal density remained quite
constant, around the average value of 0.55 gTSS L, and the
efficiency of Ntot and of N-NH4 removal were both very high
(on average 80 and 87%, respectively). Figure 6.1 reports the
concentrations of TSS and N-NHj4 at the inlet and at the outlet
of the photobioreactor during the continuous run.
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Figure 6.1 TSS (a) and NH4-N (b) concentrations at the inlet and at the
outlet of the PS photobioreactor.

As for the LS-PB, the NHs-N removal was good (87.5%);
however, nitrification occurred and NOs-N concentration
reached 100 mg L after 16 days. Algal cells formed
aggregates, probably due to the high residual polyelectrolyte
concentration in the digestate supernatant, and did not grow as
expected. TSS concentration slightly decreased to 1.3 g L?,
from the initial value of 1.6 g L. Therefore, the feeding was
stopped and the column was run in batch. In the meantime the
polyelectrolyte had probably been degraded and algae had the
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time for acclimation. After 10 d of batch mode, algal biomass
had increased to 1.8 gTSS L and NHs-N concentration was
12.9 mg L. However, nitrification was still observed with
significant production of nitrate and nitrite (see Table 6.1).
Apparently, a mixed consortium of microalgae, N-NH4 and N-
NO; oxidising bacteria developed which can compete for CO;
and for N itself, as also observed by Risgaard-Petersen et al.
(2014)%. The causes and effects of NO2 accumulation should
still be studied: in principle algae should be able to use N-NO>
but high concentrations could be inhibitory °.

Table 6.1 Concentrations (mg L) of the different nitrogen forms in the LS-
PB at the starting (T17) and at the end (T27) of the batch period.

Parameters (mg L) Time

T17 T27
Total Nitrogen 400 389
N-NH, 80 12.9
N-NO, n.d. 95
N-NO; 110 268

In Figure 6.2, results of the BMP test are reported.
Experimental data were fitted to a first order kinetic model
(BMP(t) = BMPx(1-e*Y). As summarised in Table 6.2,
microalgae showed a higher ultimate anaerobic degradability
although the degradation kinetics was slower than that of
manure. However, co-degradation of microalgae and manure
appears feasible when digesters with long HRT are used, as
those used for co-digestion of manure and energy crops.
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Table 6.2 Results of BMP tests on microalgae and manure samples

Parameters Samples
Microalgae Manure
BMPg [La2rak 1am/kgVS] 207 160
BMP., [L@273K,mm/kgVS] 243 163
ki [d1] 0.032 0.080
R7[-] 0.995 0.998
o
S

150
|

CH4(NmL gvs™)
100
|

50

_ X 4‘. A manure

& oa ®  microalgae

— kinetic model manure
kinetic model microalgae
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Figure 6.2 Specific methane production (CHs NmL gVS?) in BMP tests.
Dots: experimental data; lines: fist order kinetics model fitted on data.
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6.4 Conclusions

The experimental results confirmed that algal based processes
are promising for treating digestates from piggery farms and
the produced biomass can be fed to anaerobic digesters to
increase biogas and energy recovery. However, some aspects
should be further investigated such as the occurrence of
undesired  flocculation, and the regulation of the
nitrifiers/microalgal consortium.
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7. Biogas production from microalgae grown
on supernatant from biosolids dewatering

Abstract

Microalgae have been grown in a 85 L, outdoor bubble column
located in a large wastewater treatment plant (WWTP) in
Northern Italy. The supernatant from biosolid dewatering was
used as N and P source while the off-gas from the CHP engine
was used as CO- source. The microalgae suspension was used
to perform solid/liquid separation tests and served as co-
substrate with the mixed primary/secondary waste sludge from
the same WWTP in anaerobic digestion semi-continuous tests.

Abstract book: World Conference on Anaerobic Digestion
Vifia del Mar Chile, 15-18" November 2015
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7.1 Introduction

Microalgae are nowadays considered as an important source of
high value compounds as well as a potential renewable source
of energy. In suitable culture conditions, microalgae are more
efficient than vascular plants and their biomass and oil
productivity greatly exceed that of vascular plants 1. For
example, the median value of the maximum specific growth
rate of microalgal species is approximately 1 day* whereas for
higher plants it is 0.1 day™ or less 2. Microalgae are able to
sequester atmospheric or waste CO, 3, to remove nutrients
from wastewaters # and to remove metals. A potential field of
application of algal cultures is that of wastewater treatment
plants (WWTPs). In fact, WWTPs are often operated with long
HRT in order to maximize nitrification and achieve nitrogen
removal by the subsequent denitrification and this causes the
production of relatively low amounts of waste sludge with a
high mineralization degree, so with a low methanogenic
potential. Moreover, the sludge treatment line includes sludge
dewatering producing a supernatant with high nutrient content
which must be recycled to the water line for nutrient removal
and which can be suitable for microalgal culturing. Methane
yield values of various microalgal strains can be found in the
literature and vary within large intervals ° suggesting their
potential as co-substrate in anaerobic digesters. The present
paper focuses on the possibility of including algal cultures in
the wastewater treatment sequence by growing them on the
supernatants from sludge dewatering with the double aim of
removing nitrogen and producing biomass to be fed to
anaerobic digesters. Microalgal biomass needs to be harvested
159



7. Biogas production from microalgae grown on supernatant from biosolids
dewatering

before being sent to anaerobic digester and harvesting costs
may account for up to 20-30% of the total cost of algal
biomass production, due to small size of algal cells. Here the
results of testing different harvesting processes are presented.

7.2 Materials and Methods

7.2.1 Microalgae culturing

Microalgae were grown in a 85 L, outdoor plexiglas column
(150 cm height, 28.9 cm internal diameter), located in a large
WWTP in Milano (220.000 I.E.), Italy. The column was
connected to a feeding tank (150 L approx.) through a variable-
flow peristaltic pump (Qmax 120 mL min?). The produced
suspension was sent to a storage tank (150 L approx.) by a
gravity driven overflow. Additionally, flue gases coming from
the CHP unit were collected, sent to a demister, and pumped to
the column. The main monitoring parameters were the total
and dissolved solid concentrations, nitrogen and phosphorus
contents and optical density, temperature, pH, conductivity and
dissolved oxygen. Sampling and analyses were performed 1-3
times a week within the period from 26 May to 28 November.
The hydraulic retention time varied between 7 and 11 days, and
the nitrogen content in the feed varied between 40 and 340 mg
N L. Chlorella sp. and Scenedesmus sp. were the main algal
strain in the pilot plant.

7.2.2 Biomass harvesting and solid/liquid separation tests

Microalgal biomass was processed by three solid/liquid
separation mechanisms. Gravity settling was performed during
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2 h in 2 L Imhoff cone (3 repetitions). Centrifugation tests
were performed by using a lab centrifuge at 4000 rpm during
11 min (4 repetitions). The separated phases were characterized
in terms of the volume, total solids (TS) and total volatile
solids (TVS) content. Finally, flocculation tests were
performed by using different dosages of the EM 516 GK
polyelectrolyte (which is normally used at the WWTP in
digestate centrifuging), and by characterizing the remaining
supernatant through TSS measurements. The tested doses
ranged between 1 and 4 mg g 1ss * . Tests were repeated 5
times.

7.2.3Anaerobic digestion

A lab-scale anaerobic digester (Lab-AD) was used for sludge-
algal co-digestion tests. The Lab-AD was a 2.4 L glass reactor,
equipped with a thermostatic water bath. Stirring was obtained
by a vertical mechanical stirrer operated at 80 rpm. One of the
outlets of the digester was connected to a complementary
system for measuring the produced methane comprising a
plastic graduated cylinder (1000 mL) turned down inside a1 N
NaOH bath where the produced CO; is absorbed and the
remaining gases, mainly CHa, displaced the liquid volume
according to its production. The Lab-AD was operated in a
semi-continuous mode by manually feeding and discharging
from 1 to 3 times a week during 6 months. Four feeding
conditions were applied, as summarized in Table 7.1. As a
reference, operational conditions of the full-scale anaerobic
digester (FS-AD) are also listed.
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Table 7.1: Anaerobic digesters operational parameters.

Reactor Phase Time Algae  OLR HRT T
(d) %*  gusL? (d) o)

1 63 0 0.79 21 32

2 32 23 0.42 47 32

3 33 24 0.58 34 30

Lab-AD 4 15 0 0.45 39 27

FS-AD u u 0 0.52 30 35

FS-AD mAverage annual conditions; *% of microalgal VS in the feed; OLR: Organic loading
rate;HRT: Hydraulic Retention Time

7.2.4 Analytical methods

Total nitrogen and total phosphorus were measured using the
persulfate method 4500-P J of (APHA, AWWA, 2005) while
N-NH4* was analyzed according to the spectrophotometric-
indophenol methodology of (IRSA-CNR, 2004). Temperature,
pH, conductivity and dissolved oxygen were measured directly
on field by suitable probes, while solid contents were
determined according to methods. Optical density was
measured at 665nm. The anaerobic digester monitoring
consisted in the measurement of TS, TVS, pH, T, TKN and
TN, following the recommended procedures of (APHA,
AWWA, 2005)%, and FOS/TAC ratio using the method
described by Lossie e Putz (2008)°.

7.3 Results and discussion

7.3.1 Microalgae biomass production

Microalgal production varied in the course of the
experimentation according to the seasonal variations in
temperature and irradiance and in the feeding strategy as
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reported in Table 7.2. The obtained microalgal suspension was
in the range of 0.35-0.82 grs L.

Table 7.2: Average values for the bubble column operational parameters

Month HRT NLR | T Microalgae*
(d  (gysL?d?) (Wm) (°C) (grsL™)
June 104  29.8 257 24.0 0.82
July 9.9 204 232 235 0.42
August 10.9 18.0 205 24.7 0.35
September 7.4 34.3 166 20.9 0.53
October 7.4 39.5 91 15.1 0.52

*Concentration of microalgal suspension, l:irradiance (W m®).

7.3.2 Microalgae harvesting efficiency

As seen before, the microalgal suspension produced in the
bubble column is substantially diluted, making harvesting a
necessary step before the AD process. In settling and
centrifugation tests, the solid capturing efficiency (nm defined
as the fraction of microalgae mass retrieved in the separated
phase) was computed (Figure 7.1).
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Figure 7.1. Results of settling and centrifugation tests. VSE is VS
separation efficiency (%), VSC is VS present in solid cake (g L'!) and VSA is
VS present in algal suspension. All data are mean * standard error (n = 3).

Centrifugation was much more efficient than sedimentation in
terms of both the nm values, and the concentration of solids in
the separated solid cake. While sedimentation achieved a
maximum of 15.1grs L (11.3grvs L), centrifugation was
able to achieve up to 71grs L (56gtvs L™). Additionally, nm
lower than 16% in sedimentation tests and up to 52% for
centrifugation, which means there is still a significant amount
of remaining biomass in the supernatant, which will be lost. To
improve the separation efficiency flocculation tests were
performed in order to assess the optimal flocculant dosage. The
best results were obtained with 1.5 mg grss® which

164



7. Biogas production from microalgae grown on supernatant from biosolids
dewatering

corresponded to the lower solid concentration in the clarified
supernatant (Figure 7.2).
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Figure 7.2. Flocculation tests: in x axis is the flocculant dosage, in y axis
the TSS concentration in the clarified phase. AB is Algal Biomass. All data
are mean + standard error (n = 3).

Those results are in agreement with other works!" 2, that
confirm centrifugation as the most efficient method (over 95%
algal biomass could be obtained). However, high capital costs,
energy input and operational costs prevent its at a larger scale,
as shown in Table 7.3.
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Table 7.3: Summary of the performance and cost of different dewatering
techiniques, according with Uduman et al. (2010)*2.

Dewatering Highest Energy Reliability Limitation
process possible  consumption
yield
Dewatering
Flocculation >95% Low for slow Verygood Flocculants can be
removal mixing; expensive,
microalgae varies and their residues
may cause
problems
Centrifugation  12% TSS  Very high (8 Verygood High energy input
kWh/m?)
Gravity 0.5-1.5% 0.1 kKWh/m® Poor Process is slow
sedimentation TSS

Currently, centrifugation is most commonly used to harvest
microalgae containing high-value bioproducts such as highly
unsaturated fatty acids, pharmaceuticals and other.

7.3.3 Biogas production and organic matter degradation from
microalgae-waste sludge codigestion

Once the microalgal biomass was concentrated, it was mixed
with waste sludge in order to carry out the co-digestion tests in
the lab-scale anaerobic digester. To compare the performance
of the original AD process with waste sludge as the sole
substrate with the proposed co-digestion alternative, a 7:1 ratio
sludge-biomass was fed, using the specific methane yield
(Ycha, NLcha gvst) and VS removal efficiency as main
performance indicators. As detailed in Table 7.1, two reference
phases were conducted, one at the beginning and one at the end
of the experimentation which were different in the feeding
conditions. Phase 1 was operated at a higher OLR than the FS-
AD, while in Phase 4 a lower OLR and longer HRT were
applied. However, higher Ychs and VS removal were observed
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in phase 1 than in phase 4, suggesting a decreased
degradability of the waste sludge fed to the lab-scale AD,
depending of the operation of the water line of the full scale
WWTP (Table 7.4). During the first phases of
microalgae/sludge co-digestion, the OLR was reduced to
0.44gvs Lt d1 in order to allow for the adaptation of the
anaerobic consortium to the new feed. As a result, higher Ycha
and VS removal were observed and no detrimental effects of
microalgae feeding were observed in the lab-scale AD
performance. During phase 3 and 4 the same amount of waste
sludge was fed to the lab-scale AD while an extra 24% of the
OLR was obtained in phase 3 by adding the microalgal
suspension. However, the overall methane production
remained almost constant suggesting a poor conversion of the
microalgal biomass into methane, possibly requiring longer
degradation time. As suggested by Mussgnung et al., 2010%°,
the accessibility of the microalgal cell content to the anaerobic
microbial consortium may depend on the presence and nature
of the cell wall, leading to higher methane yields for microalgal
species without or with a protein-based cell. Scenedesmus sp
and Chlorella sp may express a low methane yield having a
cellulose-based cell wall.

167



7. Biogas production from microalgae grown on supernatant from biosolids
dewatering

Table 7.4: Performances of the lab-scale anaerobic digester.

Phase YCH4 VS pH TKN NH4+

(NmMLcha removal (mgN L%  (mgNL?
Ous ) efficiency
(%)
1 196 34 7.21 258 245
2 211 38 7.22 289 272
3 107 29 7.14 n.a. n.a.
4 140 20 7.11 173 n.a.

FS-ADm 220422 30+12.5

mAnnual average values

7.4 Conclusions

Experimental results suggests that: microalgae can be cultured
on the supernatant from biosolid dewatering in outdoor
conditions. Microalgae can be co-digested with waste sludge
without detrimental effects on the anaerobic consortium.
However, longer degradation times than those available in the
FS-AD could be required to guarantee an efficient methane
production from the microalgal suspension.

Microalgae can be harvested by centrifugation and the
flocculant used for biosolid dewatering appeared effective and
could improve the microalgae harvesting efficiency.
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8. Conclusions

8.1 General conclusions

This thesis focuses on the potential of microalgae in the
wastewater treatment field, with particular reference to
nitrogen removal and biomass use for biogas production by
anaerobic digestion. The chief requirements for algal growth
are macronutrients (especially N), light and CO; as carbon
source, all factors which are easily available in different kinds
of wastewater and, expecially, centrate, with seasonal
limitations for light, according to site and climate.
Consequently, a great potential exists for placing an algal-
based process in the sludge line, using the supernatant from
sludge dewatering as a substrate and the off-gas from the
cogeneration unit as an additional CO2 source as well as to
buffer pH, and exploiting natural sun radiation. The advantages
of this option are related to the decrease of the N load recycled
to the biological process and, thus, to the decreased energy
needs for N oxidation. As presented in Chapter 1, the removal
of nitrogen from supernatants is usually 10-20% of the total
influent nitrogen load and involves significant energy costs due
to the additional aeration. Moreover, the biogas production
would increases using algal biomas as additional organic
substrate fo anaerobic digestion and to the CO2 emissions from
the co-generation unit would decrease.

The majority of literature data were obtained on
pretreated centrate samples and controlled conditions, while
the experimental work presented here was conducted also
under outdoor pilot-scale conditions, with fluctuations in
temperature and solar radiation intensity and showed that:
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Microalgae species as Chlorella and Scenedesmus can
be coltured outdoor using centrate from sludge
dewatering as the only nutrient source, in spite of its
low phosphorus content.

Microalgal culturing is also feasible using the liquid
fraction of agro-digestate as substrate without any
dilution. Commercial activated carbon (AC) proved to
be effective to reduce optical density and thus
improving light penetration. However, its high cost
remains a limitation for a full-scale industrial
appicfation. AC produced from renewable biomasses
like lignocellulosic substrates may be considered as a
perspective alternative in this specific application.
Average growth rates in indoor and outdoor batch tests
were satisfactory and ranged between 0.14 and 0.16 d*?,
average biomass production in continuous tests was 50
mgTSS Lt d? on centrate from municipal WWTP. In
the case of agro-digestate the biomass production rate
increased from 27+13 mgTSS L d? on raw digestate,
to 82+18 mgTSS L'd?! on digestate undergone to
ammonia stripping, and to 220+78 mgTSS Ltd? on
stripped digestate furtherly treted with activated carbon.
For all the tests the N-NH4 removal efficiency was up
to 80%. The obteined results are in agreement to
literature data (e.i. Uggetti et al., 2014 ! and Fouilland
etal., 2014 ?)

The ultimate specific methane production is slightly
higher (+9.5%) for microalgae grown on municipal
centrate (208 mL CHs gVvS™) than for waste sludge
(190 mL CHg4 gVvS™). Similarly, microalgae grown on
agriculture centrate: gave a sligthtly higher specific
methane production than manure (207 mL CH4 gVvS™*
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vs 160 mL CH4 gVS™). However, the time needed to
obtain the ultimate anaerobic degradation of algal
biomass was quite long (around 40 days) due to the
time required to hydrolyze the microalgal cell wall.
Microalgae can be harvested by centrifugation and the
coaugulant used for biosolid dewatering in the WWTP
where the eperiments were carried out appeared
effective and could improve the microalgae harvesting
efficiency.

However, some aspects need further investigation.

The seasonality of the outdoor process is a critical
point, which is strongly dependent on light and
temperature and on the stability of the culture, whose
understanding still needs some sound investigations on
the interrelations and ecological processes occurring
within the algal/bacteria consortium including also
other kinds of organisms (i.e. rotifers, nematodes, etc.).
The processes for harvesting and dewatering of
microalgae need to be compared in terms of efficiency
and economic feasibility.>*

The microalgal species and the operational parameters
should be identified and optimized case by case,
particularly for large scale application.
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8.2 Future perspectives

Those results created the conditions to continue the
experimental work: in the frame of two different projects two
raceway pilot plants (1,000 and 800 L volume, respectively)
have been installed at the municipal- and agro- WWTPs.

The first project called IMAP (Integration of MicroAlgae in
conventional WWTPs for energy recovery) focuses on the
integration of microalgal culturing units within a conventional
wastewater treatment scheme with minor modifications of the
existing treatment scheme. The second one, called
MICROGATE (Use of MICROalgae to mitiGATE nitrogen
pollution from agricultural wastewaters), aims at evaluating the
use of microalgae to remove ammonia nitrogen from the liquid
fraction of digestates from the anaerobic digestion of animal
manure.

An important field which will have to be investigated concerns
the recovery of materials after (or instead of) anaerobic
digestion. Microalgae are well known for the important
substances which can be extracted from their cells and be used
for different purposes, including the preparation of
nutraceutical, pharmaceutical and cosmetic products, etc.
However, the laws in force are nor clear about the fate of algae
grown on wastewaters. Many Authors have stressed the
stimulant properties of algal biomass for plant growth. In this
case also, however, no standard method to evaluate the
potential use of algal biomass in the various kinds of
agricultural production has been defined.

In the end, the production of new generation plastics could also
be an important outcome and, apparently, could be feasible in
spite of the absence of specific rules.
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Appendix A.1: Effluent concentrations in microalgal growth
tests on raw digestate (DIG_L). Mean and standard deviation
refer to triplicate data.

Time Average + standard deviation (mg L)

days COD N-NO3 N-NOZ N-NH4 P-PO4
10 2+0.2 2.6£1.21 038+0.35 0.13+0.11 2.4+3.6
24 4+0.1 0.6+1.08 0.09+0.16 6.745.3 0.11+0.01
31 7+0.2 2.240.20 0.08+0.01 17428 0.28+0.05
38 11+0.4 2.7+0.10 0.26+0.30 12+21 9+4.3
45 16+£0.5 2.3£0.09 0.08+0.01 0.32+0.42 4.242.6
52 19+1.1 3.1+0.29 0.93+1.4 0.33+0.49 2.1+1.2
54 24+1.4 3.4+0.1 2.4+2.8 3815 0.32+0.11
61 28+1.9 3.540.15 0.24+0.41 0.06+0.1 1.4+15
66 3442.2 4.1+0.29 4.9+4.23 16+20 6.4+7.5
70 40+2.5 4.7+0.28 18422 22+19 2.61+2.3
74 51+2.7 4.5+0.25 47+49 12+14 6.4+6.6
90 58+2.7 5+0.4 60+56 31453 22+1.4
102 65+2.5 4.4+0.39 57+57 5.6£10 1046.3
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Appendix A.2: Effluent nitrate concentrations from each
replicate test vial (T1, T2, T3), in microalgal growth tests on
raw digestate (DIG_L).

Time N-NO; (mg L)
days T1 T2 T3
10 0.03 0.72 0.38
24 0.00 0.00 0.27
31 0.09 0.07 0.08
38 0.10 0.61 0.07
45 0.08 0.08 0.06
52 0.25 0.00 25
54 0.01 5.4 17
61 0.00 0.00 0.72
66 0.02 7.3 7.4
70 0.20 10 43
74 0.09 43 98
90 0.07 67 112
102 0.08 56 113
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Appendix B.1: Effluent concentrations from each duplicate test vial (T1, T2), in microalgal
growth tests on stripped digestate (DIG_S).

Time Parameters (mg L)
days COD N-NO; N-NO, N-NH, P-PO,
T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
5 1,100 1,201 8.5 15.72 1.7 37 4.1 26 2.6 2.4
10 1,136 1,065 9.31 8.25 0.05 10 0.54 10 1.0 1.0
15 1,232 1,151 10.2 10.2 0.42 0.48 0.31 29 0.9 1.0
18 1,380 1,400 10.7 10.4 8.6 0.18 17 45 15 11
23 1,136 1,217 9.56 10.3 8.2 3.0 8.3 59 9.4 16
29 1,140 1,183 9.78 9.08 6.2 4.1 96 33 34 4.9
31 1,240 1,080 9.81 14.13 19 0.9 63 143 5.4 5.3
33 1,260 1,230 6.52 5.54 23 11 124 210 4.6 4.1
36 1,110 1,310 12.64 11.86 30 27 40 255 18 4.7
38 1,170 1,090 15.14 9.92 24 32 42 82 9.7 5.1
40 1,100 1,070 10.54 9.08 21 34 27 68 3.7 5.0
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Appendix B.2: Effluent concentrations from each duplicate test vial (T1, T2), in microalgal
growth tests on stripped and adsorbed digestate (DIG_S&A).

Time Parameters (mg L)
days COD N-NO3 N-NO, N-NH,4 P-PO,
T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
5 n.a. n.a. 0.60 0.54 0.04 0.00 n.a. 18 334 379
8 14 15 0.7 0.8 0.0 0.0 n.a. 71 287 310
10 26 28 0.8 0.9 0.0 0.0 n.a. 20 267 258
15 44 49 1.0 1.1 0.0 0.0 2 7 218 241
18 66 73 0.9 1.1 0.0 0.0 0.2 0.1 290 315
23 84 90 0.8 0.8 0.1 0.0 0.0 0.0 299 390
29 101 109 0.9 0.8 0.0 0.0 16 6 207 209
31 119 127 0.8 0.7 0.1 0.0 24 39 216 228
33 135 142 0.8 0.6 0.5 0.1 0.3 17 268 277
36 143 157 1.0 0.6 0.4 0.0 14 77 208 262
38 153 164 15 0.6 1.1 0.1 8.3 37 241 193
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