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ARTICLE INFO ABSTRACT

Keywords: Production of biodiesel is one of the most important European targets within renewables for the future. To
Wastewater derived lipids consider biodiesel a feasible alternative to fossil fuel, unconventional resources need to be exploited. This review
Biodiesel aims to provide up-to-date knowledge on the existing reuse of lipids from urban wastewater to produce biodiesel.
pgétewater valorization Lipids are readily removed by mixed microbial populations during wastewater treatments in sewage plants.

Assessment results on potential annual European market supply indicate 3 — 414 10* tons (min for activated and
max for grease trap sludge) of potentially extractable biodiesel from wastewater and an expected biodiesel
demand of 14.8 10° tons. Considering the prospect of transforming sewage plants into biorefineries, we may
cover on average 1.5, 6.2, 6.7 and 24.4% of activated, primary, scum and grease trap sludge respectively, of the
European biodiesel market from wastewater-derived lipids. In addition, by implementing an optimized bio-
technology selector, the overall biodiesel yield could be higher due to increased lipid incorporation into mi-
crobial biomass. This is not an insignificant amount and, if efficiently implemented, could represent an ex-
ploitable resource for biofuel production, an important and desired step towards a circular economy. The
technology readiness level is still very low. There are several challenges and possible drawbacks, e.g., biogas
yield loss, substrate depletion, or formation of floating sludge. Finally, no definitive legislative barriers towards
wastewater-derived lipids have been identified; however, quality criteria as well as waste status have to be
defined.

Circular economy

EU target is to recycle 65% of urban waste by 2035 (EC, 1999;
EU, 2008). An economic incentive for producers is to put more green

1. Introduction

As human populations and demand for natural resources increase
there is a growing need for more efficient reuse of raw materials. The
circular economy initiative, supported by OECD (OECD, 2019), is reg-
ularly a priority topic at the World Economic Forum in Davos (Swit-
zerland), and was adopted by the European Commission in 2015
(EC, 2015) to facilitate a smooth transition towards sustainable re-
sources management. It aims to stimulate shifts from the “take-make-
dispose” (widely-cited expression to describe transformation of raw
materials into products, which are then used until they are finally
discharged as waste) behavior of a classical linear economy to a circular
system where products and thereby materials are reused in new cycles.
It proposes changing business models and product design as well as
collaboration between suppliers and customers while creating eco-
nomic value (i.e., new job opportunities, skills development in craft,
design and material recovery). For this to happen, changes in people's
perspective and attitude are essential (Kehrein et al., 2020). A common
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products on the market while supporting recovery and recycling
schemes (e.g., for vehicles). Production of fatty acid methyl esters
(FAMEs), namely biodiesel, remains one of the most important Eur-
opean targets for the future in terms of renewable fuel for transporta-
tion (Ajanovic, 2013). In fact, the value of 10% of fuel to be renewable,
set by the European Parliament, still remains the final objective to be
achieved by 2020. In addition, the revised Renewable Energy Directive
(RED II) (EU, 2018) submitted that member states must require fuel
suppliers to deliver at least 14% of the energy consumed by road and
rail transport from renewable sources. The share of biodiesel produced
from waste-based feedstock is expected to grow substantially by 2030.
Recently, many reports and regulations have been introducing circular
economy principles in areas where sustainability of renewables is
strongly considered. Generally, renewable sources having a high en-
vironmental impact such as indirect land use change due to crop-to-fuel
cultivation, which needs to be better regulated. Accordingly, the limit
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for “first generation” biodiesel (derived from vegetable oil and animal
fat) will be fixed at 7%, making the use of alternative resources, such as
used cooking oil, wastewater from agro-industries (slaughterhouses,
fish-processing factories) and urban wastewater rich in lipids (fat, oil,
grease; FOG) more favorable and attractive for the European market
(EC, 2009). FOG originates from household discharge (i.e., vegetable
oils, meat and dairy products), therefore, municipal wastewater con-
tains remarkable quantities of it. When entering the sewage disposal
system, FOG causes several problems, both in the drainage system, and
in wastewater treatment plants themselves.

This review article gives an overview of the fate of lipids in sewage
systems, diurnal lipid concentrations and composition in the influent,
and the current state of lipid reuse from urban WWTPs. We emphasize
the potential for harvesting lipids at different stages of wastewater
treatment, and map lipid profile variations. In addition we describe
methods and technologies (more or less developed) for utilizing sludge
to produce biodiesel, although lipid upcycling methods are scarce, and
to date none of them have been deployed full scale. We further in-
vestigate the market potential (supply-, and demand-side) as well as
readiness, risks and legal framework for biodiesel produced from was-
tewater derived lipids.

2. Methodological approach
2.1. Search strategies

Data were extracted from Web of Science (Clarivate Analytics, PA,
USA), Eurostat, EU Commission, OECD databases and individual
member states reports concerning circular economy (Luxembourg — 3
documents, Germany - 2, United Kingdom - 2, Ireland - 1). Besides 25
governmental documents and 10 project webpages, a query of various
combinations of keywords in the scientific database (such as “biodiesel
urban/municipal wastewater”, “biodiesel urban/municipal wastewater
sludge”, “biodiesel extraction urban/municipal wastewater”, “biodiesel
oleaginous microorganism* urban/municipal wastewater”, “oleaginous
bacteria biodiesel”, “lipids urban/municipal wastewater treatment
process”, “supercritical extraction lipid sludge”, “supercritical extrac-
tion biodiesel wastewater”, “hydraulic pressure lipid sludge”, “DIC lipid
sludge/wastewater”, “microwave extraction lipid sludge/wastewater”,
“ultrasound extraction lipid sludge/wastewater”) generated 275, 74,
52, 3, 80, 103, 13, 18, 5, 1, 13, 17 peer reviewed articles, respectively,
refined by document type (letters excluded — 2 documents) and lan-
guage (Spanish — 4 documents excluded, Chinese — 1 and Portuguese —
1). It is important to note, that by using this particular database and
selection, we might have missed relevant documents which were not
peer reviewed or were written in languages other than English. Each
selected collection was added to the Marked List (function in Web of
Science), with a total of 449 records after the removal of duplicates. The
records were exported as a plain text and thereafter processed using
comprehensive science mapping analysis (R package Bibliometrix
(Aria and Cuccurullo, 2017)). All publications span a period between
1994 and 2020, with a scientific production peak covering the last
decade which demonstrates the significant interest raised in the scien-
tific community. Source dynamics are depicted in Fig. 1. The most re-
levant sources are Bioresource Technology (68 articles), Algal Research
(24), Water Science and Technology (13), and Water Research (10)
journals. Except for Water Science and Technology, increasing impact
factor correlates with the annual increase in number of articles pub-
lished in the respective journals. The most cited sources are Bioresource
Technology and Water Research, almost 3000 and 700 citations each.
53 corresponding authors’ countries worldwide were identified, most of
the articles originated in the USA (79) and China (70), with very low
international collaboration (Multiple Countries Publication ratios of 0.1
and 0.3, respectively, higher ratio, indicates increased collaboration).
The number of studies included in qualitative synthesis was 171, from
which 45 were used for the quantitative synthesis.
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2.2. Selection criteria

To the best of our knowledge we used all the available results and
data from all articles accessible via our databases. For oleaginous mi-
croorganisms and extraction/transesterification protocols, we excluded
those with the lower/lowest lipid/biodiesel yield per dry biomass or
lower/lowest lipid production if a studied article reported more than
one organism or method. Data were taken directly from the articles, in
some cases, biodiesel yield was calculated from the given percentage of
lipid yield. It is important to highlight the scarcity of literature pre-
senting both the biodiesel yield (extracted FAMEs/dry sludge
weight*100) and its fatty acid composition. The maximum yield at
different stages of wastewater treatment were compared and One-way
Analysis of Variance (ANOVA) was computed in R.

2.3. Terminology

The terminology needed to be unified to the most frequently used
term. For example: i) “solvent extractables” (Hall et al., 2011) includes
triacylglycerols, phospholipids and other nonsaponifiable lipids such as
cholesterols equal “lipid content”; ii) in order to quantify the amount
that can be converted to biodiesel, these lipids are transesterified to
FAMEs, therefore “transesterifiable lipids” (Cea et al., 2015) or “neutral
lipids” (Cea et al., 2015) are equal to “FAMEs” or simple “biodiesel”
(Olkiewicz et al., 2012).

3. Lipids in urban wastewater treatment plants and their
conversion to biodiesel

3.1. Incidence and utilization of FOG in urban wastewater systems

Lipids (fat, oil, grease; FOG) often present an issue already when
wastewater is being collected and transported, and thereafter when
being treated in wastewater treatment plants (WWTPs) (Williams et al.,
2012). Applying British statistics (SevernTrent, 2016) at a larger scale,
the annual costs related to cleaning of sewers and removal of blockages
caused by FOG were calculated to 1 EUR per PE (population equiva-
lent). This means that over 500 mil EUR per year are necessary for
maintenance of pipelines in the whole EU. Estimating the follow-up
costs for the remaining FOG being treated in WWTPs is more difficult.
Lipids have a detrimental effect on oxygen transfer to microorganisms,
resulting in a decline of microbial activity in activated (secondary)
sludge (Henkel, 2010). Additionally, adsorption of lipids to biomass
decreases the ability of sludge to settle resulting in bulking and/or
foaming (Andreasen and Nielsen, 2000; Soddell et al., 1998). FOG can
easily be separated at the inlet by mixing with cellulosic wastes, paper,
pieces of wood and other light materials, using a screen and a grease
trap. However, not all WWTPs are equipped with grease traps (“oil-
water separators”), since this upper layer is considered to be hazardous
material according to the European Waste Classification
(EWC:13-05-08 (EPA, 2015)) and needs to be properly treated and
disposed of at high cost. The current recovery and reuse of wastewater-
derived lipids (FOG), is limited to biogas production in digesters. The
majority of the lipid potential in sewage is currently not utilized. In-
stead it is dissolved and gets partially degraded to CO or is disposed of
with sludge (incineration, composting, deposition in landfill, use in the
production of construction material), which incurs additional costs for
WWTPs, accounting for up to 65% of the total plant operational costs
(Zhao and Kugel, 1996). Assuming that activated sludge has a growth
yield efficiency of 0.5-1 mg dry weight per mg of biological oxygen
demand (BOD), 1 kg of removed BOD will generate 0.5-1 kg of dry
excess sludge depending on the sludge age (DWA, 2016; Liu, 2003).
Efficient valorization of this waste, e.g., turning it into biodiesel (fatty
acid methyl esters; FAMEs) would eliminate the costs conferred in its
disposal, and in addition, would generate a net profit.

Mean concentration of long chain fatty acids (LCFAs) in urban
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Fig. 1. Number of scientific publications per year in corresponding journals.

wastewater influent has a wide range. The lowest range reported is
from 19 to 32 mg L~' (Dignac et al., 2000; Quéméneur and
Marty, 1994), medium from 98 to 131 mg L~ for 3 Romanian WWTPs
(Beldean-Galea et al., 2013), and highest from 22 to 539 mg L~! for
diverse French WWTPs (Jardé et al.,, 2005). Quéméneur and
Marty (1994) showed that 45% of the lipid fraction comes from feces
and 55% from kitchen waste. Kitchen wastewater contains 14-36% li-
pids (Penn et al., 2018), derived from vegetable oils and animal fats.
Vegetable oils are rich in 16:0 (palmitic acid), 18:1(n-9) (oleic acid),
18:2(n-6) (linoleic acid) and in B-sitosterol, while animal fats contain
large amounts of 16:0, 18:0, 18:1(n-9) and cholesterol (Gunstone, 1967;
Segura, 1988). Feces contain 4-23% lipids (Mahlie, 1940) and their
fatty acid fraction is dominated by three acids: 18:1(n-9), 18:0 and 16:0
(Williams et al., 1960).

The majority of FOG, 80-95%, is in particulate form (size >0.45
um) (Dignac et al., 2000; Quéméneur and Marty, 1994). The major
reported particulate fatty acids are 18:1(n-9), 16:0, 18:0 and 18:2(n-6).
The dissolved fraction had a similar composition to the particulate, with
a slight increase in 18:1(n-9) and 18:2(n-6) (Fig. 2). The fate of lipids
during the wastewater treatment processes is not entirely understood
(Chipasa and Medrzycka, 2008). Generally, it is agreed that the lipid
removal mechanism from wastewater involves adsorption/desorption
on particulate matter (Dueholm et al., 2001; Hwu et al., 1998), hy-
drolysis by extracellular enzymes and consumption of fatty acids by
activated sludge bacteria (Hwu et al., 1998); resulting in small
(Dignac et al., 2000) to significant changes in the composition of fatty
acids (Beldean-Galea et al., 2013). Reports on removal efficiency for
fatty acids are not consistent. Dignac et al. (2000) showed 98-100%
overall removal in the activated sludge step, with 20:4n6 being de-
graded the least. Beldean-Galea et al. (2013) observed highest effi-
ciency (83.3%) in a WWTP comprising a combination of all treatment
processes (physical, chemical and biological), while the lowest effi-
ciency (28.1%) in a WWTP was based on physical operation only. In
another study, between 9 and 97% of dissolved fatty acids and 69% and
90% of particulate fatty acids were removed in a plant consisting of

either physical-chemical or biological process units (Quéméneur and
Marty, 1994).

Lipids are less responsive to biodegradation than other organic
substances such as sugars and amino acids (Chipasa and
Medrzycka, 2006). However, overall in the literature lipids are con-
sidered to be readily removed (even at high loads), especially in acti-
vated sludge. The results showed that in a WWTP containing activated
sludge, the percentage of some unsaturated fatty acids (C20:2n6,
C18:2n6c&t, C18:1n9c&t and C16:1n7) decreases during biological
treatment, while the percentage of some saturated fatty acids (C22,
C18, C16, C14 and C12) increases (Beldean-Galea et al., 2013). Another
bioconversion in activated sludge suggested the production of LCFAs
(long chain fatty acids) shorter by two carbon atoms as a result of the (-
oxidation process (Chipasa and Medrzycka, 2008). Loehr and
Roth (1968) showed that biodegradability of lipids >C;, (LCFAs) in
wastewater increases with decreasing carbon chain length and in-
creasing degree of unsaturation. In addition, lower substrate utilization
rates of LCFAs are expected because they are found in treated waste-
water effluents, usually >0.3 g/L (Chipasa and Medrzycka, 2008).

3.2. Biodiesel, composition and characteristics

Industrially today, biodiesel (fatty acid methyl esters; FAMEs) is
produced by processing vegetable oil or animal fat. These feedstocks are
expensive and to some extent part of the ongoing food vs. fuel discus-
sion.

Transesterification (Ma and Hanna, 1999) is the preferred method
to process biodiesel from diverse feedstocks. Other methods include,
direct use and blending of raw oils (Adams et al., 1983; Engler et al.,
1983; Peterson et al., 1983; Strayer et al., 1983), micro-emulsions
(Schwab et al., 1987) and thermal cracking or pyrolysis (Chang and
Wan, 1947; Crossley et al., 1962; Niehaus et al., 2013; Pioch et al.,
1993; Weisz et al., 1979).

Including transesterification, there are three different process routes
by which sewage sludge can become a suitable substitute fuel in diesel
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Fig. 2. Diurnal relative concentrations of fatty acid methyl esters in dissolved or particulate form in urban inlet wastewaters (particulate fatty acids collected between
4 — 10am, 11am - 4pm, and dissolved between 4 — 10am depicted in column 1.—6., 7.—9. and 10.—11., respectively).
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Fig. 3. Diagram of process routes for biodiesel production from sewage sludge.

engines (Fig. 3). The first necessary step for all possible routes is sludge
dewatering. Since water may hinder the process, the water content of
the sludge has to be reduced by suitable means prior to processing.
Here, a combination of mechanical dewatering and thermal drying
techniques can be applied. Technical implications of the dewatering
step are related to the sludge management of wastewater treatment
plant operators and to the fact that common practice measures are often
disruptive. Vacuum drying, at 60 °C, 100 mbar, is preferred (this value
was obtained from on-site data) to reach approximately 20-30% solid
matter. No regular curve of water evaporation can be identified to re-
commend an optimal drying time as the evaporation of water is influ-
enced by the type of vacuum dryer, the operating conditions (i.e., air
temperature and vacuum rate) and the quality of the raw material.
Technological know how is not yet advanced enough to recommend a
unique solution, therefore, a hybrid method is often preferred to reduce
the generally long drying time of a conventional vacuum dryer. After
the dewatering step, several following routes are possible, described
below.

A two-step biodiesel production route comprised of lipid extraction
from the sewage sludge using organic solvents (such as n-hexane) or
supercritical CO,. Subsequently the solvent is removed from the ex-
tracted lipid fraction by suitable measures (e.g. distillation), and the
lipids are converted into biodiesel by direct esterification or transes-
terification of triglycerides and free fatty acids (Samios et al., 2009).
According to the character of the feedstock, in most cases alkaline- or
acid-catalyzed reaction routes are applied. The alkali reaction (cata-
lyzed by NaOH, KOH, carbonates or corresponding sodium and po-
tassium alkoxides) requires a low operating temperature achieving high
conversion within couple of hours, it is the most commonly used

method commercially. For the alkali-catalyzed transesterification, the
glycerides and alcohol must be substantially anhydrous and low in free
fatty acids (FFA) (Wright et al., 1944). If they are not, the alkali catalyst
will react with FFA to form soaps, and additional water can cause hy-
drolyses of triacylglycerols releasing further FFA to form more soaps.
The saponification reaction has been shown to lower the yield of bio-
diesel and to inhibit the separation of esters from glycerol
(Van Gerpen, 2005). If water and FFA content exceeds 0.3 and 0.5%,
respectively (Berrios et al., 2007; Wright et al., 1944), acid-catalyzed
(sulfuric, sulfonic, phosphoric, hydrochloric acids (ISTC, 2006) or alu-
minum chloride hexahydrate salt (Pastore et al., 2014)) transester-
ification takes place. The downside of the acidic approach are lower
reaction rates (Siddiquee and Rohani, 2011; Van Gerpen, 2005).

In situ transesterification refers to lipid extraction and biodiesel
conversion in a single process step. The solvent for lipid extraction and
the catalyst for transesterification are added simultaneously to the
sludge and after successful formation of biodiesel, FAME is removed by
suitable measures (e.g. solid-liquid separation followed by phase se-
paration).

In contrast to the previous processes, thermo-catalytic reforming
can accept sewage sludge with a water content of up to 30% while other
routes need completely dry sludge matter. During this process route,
three substances are produced: hydrogen rich syngas, bio-oil and bio-
char. Biofuel can be produced from the liquid fraction. Because the oil is
not suitable for direct use as fuel in a conventional combustion engine,
it has to be upgraded by additional treatment. Hence a catalyzed hy-
drogenation treatment is applied, which removes heterogeneous atoms
such as sulfur, nitrogen and oxygen or substitutes them with hydrogen.
The resulting product complies with European fuel standards and
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therefore can be used as diesel (Schmitt et al., 2019).

For the most commonly used process route, esterification/transes-
terification, yield of lipids may vary according to the chosen method of
lipid extraction. The extracted lipid content depends on the solubility of
the fatty acids, and on the ability of a solvent to permeate biomass in
releasing the lipid content (Menegazzo and Fonseca, 2019). Generally,
different amount of lipids can be extracted from different treatment
steps of WWTPs (Cea et al., 2015) (as described in detail in chapter 4.1).
Additionally, sample/sludge pre-treatment was shown to have a sub-
stantial effect on potential lipid and FAMEs yield. For example,
Wang et al. (2016) reported on a combination of three solvents (me-
thanol, hexane and acetone) in different ratios added to sludge and
different ratios of the solvents. Among the different variants, the solvent
with the highest percentage of hexane (20:60:20) generated the largest
lipid amount from scum sludge. The largest lipid amount in primary
and activated sludge was yielded with the highest methanol portion
(80:20:0). Activated sludge is mainly composed of microorganisms
whose cell membranes contain phospholipids (polar head and unipolar
tail), hence increasing the methanol concentration in the extraction
mixture may disrupt cell walls, releasing more extractable materials
than other solvents can (Dufreche et al., 2007). For FAME yield from
scum sludge, the yield gradually increased with methanol percentage,
the opposite was observed for primary and activated sludge. The fatty
acid profiles were similar regardless of solvent ratio used (Wang et al.,
2016). Similarly Revellame et al. (2010) observed the effect of me-
thanol on sludge ratio and sulfuric acid concentration giving a max-
imum biodiesel yield of 4.88% from activated sludge (dry weight) at
methanol to sludge ratio 25:1 (volume/weight) and sulfuric acid con-
centration of 4% (volume/volume). Mondala et al. (2009) observed
different FAME yields at different combinations of reaction tempera-
ture, sulfuric acid concentration and mass ratio of methanol to sludge.
The highest yield from primary and activated sludge was observed at
the highest sulfuric acid (5%) concentration, and highest methanol to
sludge ratio, 12:1 both at 50 or 75 °C. In contrast, Chi et al. (2018) did
not observe a significant difference in FAME yield when pre-treated
with ultrasound. The heat and free radicals released during the ultra-
sound process (2 kW, 3 min, final temperature 52 °C) may have da-
maged the oil contained in the microorganisms (Sheng et al., 2012).
This was confirmed by Olkiewicz et al. (2015) who indicated no in-
fluence of ultrasonic pretreatment on four different types of sludge
(primary, activated, blended (mix of primary and activated sludge) and
stabilized). Chi et al. (2018) showed the important role of hexane ad-
dition for the improvement of biodiesel production and yield (in methyl
esterification process). It mainly promoted the dissolution of FAMEs
and improved the solubility of fat, however, it did not affect the
transesterification reaction (FAMEs composition). It can also contribute
to the extraction of more lipids from excess sludge (sludge from the
bottom of a clarifier that returns back to the sludge treatment) or the
following esterification reaction to produce biodiesel. Whereas
Ma et al. (2016) reported that heptane is an important washing agent
prior to the glycerin esterification and base catalyzed transesterification
of scum. They showed that beside desulfurization performance, heptane
washing also led to higher total FAMEs yield of higher quality.

The composition of fatty acids is fundamental for the production of
biodiesel, and it directly influences the quality of the biodiesel
(Menegazzo and Fonseca, 2019). Generally, highly unsaturated fats are
expected to be more prone to oxidation, hydrolysis and lower gel for-
mation than their saturated counterparts. The boiling points increase as
the number of carbon atoms in the carbon chain increases, but decrease
with the number of double bonds. Longer saturated fatty acids are ex-
cellent for biodiesel production, whereas unsaturated fatty acids are
great for cold weather biodiesel production, therefore, a mixture is
desirable (Gustone, 2004). Biodiesel can be used directly in conven-
tional engines. Owing to its unique characteristics - having a higher
cetane number (quality and performance of fuel, ignition speed) than
average e.g. for the scum derived biodiesel 69.5 (Anderson et al., 2018),
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lubricity, positive ethanol fuel energy balance (net energy gain), higher
flash point (more stable to autoignition), compatibility with the existing
fuel distribution infrastructure and being free of sulfur - biodiesel is a
promising renewable fuel offering a partial substitution to non-renew-
able petroleum-derived diesel fuel (Aghbashlo et al., 2016;
Hajjari et al., 2014). In addition, biodiesel emits 20% less unburned
hydrocarbons, 30% less CO, and 50% less smoke compared to other
diesel fuels (Datta and Mandal, 2016).

Conventional extraction processes on an industrial scale have sev-
eral drawbacks such as insufficient recovery of extracts, solvent re-
sidues, hazardous waste production, and high energy consumption. The
extraction rate strongly depends on the choice of solvents which are
often not selective enough, resulting in a poor yield of bioactive extract
relative to the high energy input required. Use of green chemical
technologies (i.e., supercritical fluid extraction) to ensure maximum
conversion efficiencies and higher selectivity at minimal energy con-
sumption and waste production remains a challenge for biorefineries to
become sustainable. An overview of the innovative research in this area
applied to green extraction of natural products is given by
Clark et al. (2012) and Rombaut et al. (2014), listing supercritical ex-
traction, hydraulic pressure, instant controlled pressure drop process,
microwave and ultrasound assisted extraction as emerging green bior-
efinery possibilities. Commercial perspectives of the most advanced
method, processing of the lipid fraction based on supercritical tech-
nology, were reviewed in Temelli (2009). This approach maximizes the
utilization and the value of various crops and biomass due to its high
selectivity and high level of recovery without the presence of residual
solvent. Supercritical CO, extraction was identified to be more efficient
in terms of FAMEs yield when processing algal biomass grown on do-
mestic wastewater treatment plant effluent, compared to ultrasonic
extraction with methanol/chloroform solvents or microwave assisted
direct transesterification with methanol and KOH as solvents (Table 1
(Drira et al., 2016)). Literature on the use of emerging green biorefinery
technologies is very limited. Research and innovation in sustainable
recovery from urban wastewater is just beginning, bringing together
various sectors towards more efficient and circular systems. More re-
search is needed for further industrialization of the process.

4. Research on wastewater-derived lipid biodiesel

4.1. Different stages of wastewater treatment as a potential feedstock for
biodiesel production

As lipids are readily removed by mixed microbial populations in
WWTPs, total FAME yield showed a decreasing trend along the treat-
ments: 30-60% originated from grease trap sludge (EWC (Pastore et al.,
2015; Sangaletti-Gerhard et al., 2015)), 9-27% from primary sludge
(di Bitonto et al., 2019; Mondala et al., 2009; Olkiewicz et al., 2014,
2012; Pastore et al., 2013; Wang et al., 2016), 6-23% from scum (from
flotation tank) (Bi et al., 2015; di Bitonto et al., 2016; Wang et al.,
2016), 0.5-6% from activated sludge (Chi et al., 2018; di Bitonto et al.,
2019; Dufreche et al., 2007; Hodaifa et al., 2013; Mondala et al., 2009;
Olkiewicz et al., 2014, 2012; Pastore et al., 2013; Patino et al., 2018;
Revellame et al., 2010; Wang et al., 2016; Zhang et al., 2014), 1.2-11%
from blended sludge (primary and activated sludge in ratio 65:35)
(Cea et al., 2015; di Bitonto et al., 2019; Olkiewicz et al., 2014, 2012;
Zhang et al., 2014), and 1% from stabilized sludge (anaerobic digestion
of blended sludge) (Olkiewicz et al., 2012).

In general, primary sludge lipids originate from human waste and
kitchen discharge, while the lipids in activated sludge, containing
biomass, are considered to be derived from microbial -cells
(Turovskiy and Mathai, 2006). At first glance, fatty acid composition
collected from various WWTPs worldwide and at different stages of
treatment did not appear to be substantially different (Fig. 4). The
content of palmitic (C16:0) and oleic acid (C18:1) were highest, with
stearic (C18:0) and palmitoleic acid (C16:1) second. However, analysis
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Fatty acid methyl esters

Fig. 4. Composition of fatty acids in total FAMEs yield in samples collected at different stages of urban wastewater treatment (EWC, primary sludge, scum and
activated, blended and stabilized sludge, 1.—2., 3.—8., 9.—17., 18.—27., 28-33., 34. column respectively). ANOVA significance levels <0.01 and <0.001 are

depicted with two and three asterisks, respectively.

of variance revealed the type of wastewater, meaning the stage of
treatment when samples were taken, to be highly significant for some
acids, especially oleic and palmitoleic (p <0.001), palmitic and linoleic
acid (p <0.01).

4.2. Oleaginous microorganisms

Sustainable production of renewable and economically feasible
biofuels is nowadays a hot topic globally. Understanding of resource
limitation (land use, water scarcity) for first- and second-generation
biofuels (mostly from food crops and non-edible biomass residues) gave
rise to third-generation biofuels produced from non-edible feedstocks
such as microalgae, bacteria, yeast and fungi. In addition to the meta-
bolic synthesis of lipids (esp. fatty acids and triacylglycerols), oleagi-
nous microorganisms (OMO) have been found to accumulate lipids,
especially triacylglycerols, under specific cultivation conditions. This
has established them as a comparable alternative source of oil due to
their fast growth rate, large lipid content, minimal space requirements
compared to animal or plant production, and potential further im-
provement due to metabolic engineering or genetic manipulation
(Azadi et al.,, 2014; Cheirsilp et al., 2011; Chi et al., 2011b;
Galafassi et al., 2012; Meng et al.,, 2009; Muniraj et al., 2015;
Sergeeva et al., 2008). Beside lipid accumulation, OMO may contribute
to macropollutant removal from wastewater, such as NH, ", NO; ™~ and
P0O,37, as these are vital for their growth (Thomas et al., 1984).

The high cost of biodiesel production using OMO has been the
biggest obstacle for its industrialization (Wang et al., 2012). The pro-
cess of biodiesel production from wastewater sludge and OMO involves
many steps (microorganisms selection, cultivation, harvesting and de-
hydration, extraction of lipids, biodiesel production), of which lipid
extraction is the most important and costly (Christie, 1993;
Fon Sing et al., 2013; Molina Grima et al., 2003). Biodiesel production
using OMO as a potential feedstock in the future has been intensively
studied and reviewed thoroughly elsewhere (Azécar et al., 2010;
Bellou et al,, 2014; Cho and Park, 2018; Huang et al., 2017;
Kumar et al., 2017; Li et al., 2008; Liang and Jiang, 2013; Ling et al.,
2016; Mata et al., 2010; Meng et al., 2009; Olguin and Olguin Eugenia
J, 2012; Qin et al., 2017; Rossi et al., 2011; Wang et al., 2012) and
therefore was not the objective of this paper. On the other hand, lit-
erature referring to municipal wastewater as a growth substrate for
OMO has only recently been published and is relatively sparse. Species
selection may depend on various factors, such as the biomass and lipid
productivity of each strain, characteristics of the wastewater, the origin
of the strain, and its growth requirements for optimized biodiesel pro-
duction.

Table 1 gives an overview of these strains studied worldwide. From
the reported values, algae fed with filtered and sterilized wastewater

treatment influent accomplished nutrient removal efficiency of up to
90%, reaching a lipid content of 28.5% of dry weight biomass with a
lipid productivity of 32 mg/L/day (Mahapatra et al., 2014). The lipid
productivity in mechanically treated wastewater (‘primary waste-
water’) is relatively low (<0.002 g/L/day), but demonstrated feasi-
bility of completely converting organic waste (removing undesirable
nutrients) to lipid biomass and subsequently to biodiesel. The FAMEs
content was over 11% of the harvested dry weight biomass of both
yeast strains (Yarrowia lipolytica and Cryptococcus curvatus). In addition
it was confirmed, that productivity can be significantly improved by
optimization of culture conditions and control strategies (Chi et al.,
2011a). For the yeast culture grown on primary sludge, the lipid pro-
ductivity was a bit higher but with overall lower FAMEs content (0.4%
(Zhang et al., 2014)). Groups working with primary treated wastewater
showed lipid content ranging from 9 to 32% for strains of diverse mi-
crobial origin, however, the disclosed content of FAMEs did not exceed
0.3% of dry weight biomass (Bohutskyi et al., 2019; Hall et al., 2011;
Ryu et al., 2014; Van Den Hende et al., 2011; Woertz et al., 2009) with
the exception of Scenedesmus acutus, where the efficiency of the trans-
esterification reaction was almost 90% (Table 1, (Sacristin de Alva
et al., 2013). Microalgae grown on wastewater sampled from the
aeration tank of the activated sludge process (‘activated wastewater’)
showed lipid productivity of 0.1 g/L/day, with extractable FAMEs
content of 11% from Chlorella sp. (Eida et al., 2018; Li et al., 2011).
Activated sludge grown cultures possessed 12 to 31% lipid content,
which in the case of Serratia sp. displayed 90% conversion to FAMEs,
yielding 11% dry weight biomass (Kumar and Thakur, 2018;
Zhang et al., 2014). High lipid and FAME content were reported for
Naganishia liquefaciens yeast grown on pre-digested activated sludge
(pre-treated with NaOH at 80 °C and ultrasonic digestion), yielding 65%
and 56%, respectively. Authors working with activated treated waste-
water and Chlorella sp. reported lipid productivity ranging between 23
and 161 mg/L/day, despite the overall low FAMEs content of 0.3%
(Cho et al., 2011; Mutanda et al., 2011). From blended sludge or cen-
trate (liquid removed from thickened sludge) produced biomass, both
Nannochloropsis oculata and Chlorella protothecoides were shown to have
a high lipid accumulation potential, 24% and 29% of lipid content,
respectively (Binnal and Nirguna Babu, 2017; Zhou et al., 2012). The
data for Nannochloropsis (over 23% of FAMEs content) indicate its
suitability for biodiesel production. The highest biodiesel yield (86%)
was obtained from a microalgal consortium with predominant Chlorella
sp. grown on domestic WWTP effluent (Drira et al., 2016). High bio-
diesel yield (48% and 29% of dry biomass respectively) was shown in
algae-bacteria granular consortia with and without Chlorella and Sce-
nedesmus as targeted algae grown on synthetic urban wastewater
(Liu et al., 2018). Fungi cultures, Trametes versicolor and Ganoderma
lucidum, yielded 32% and 18% of FAMEs, respectively
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Table 2
List of recent and ongoing projects founded by the European Union ordered
chronologically.

Project name Funding Duration time Total Lead partner
agency budget in €  country

ALGFUEL FP7-PEOPLE  2011-2013 1.5E+05 Spain

ALL-GAS FP7- 2011-2016 1.2E+07 Spain
ENERGY

3CBIOTECH ERC 2011-2016 1.5E+06 Ireland

BioAOPBDies = FP7-PEOPLE  2012-2014 1.7E+05 Spain

SMDR FP7-PEOPLE  2013-2017 1.0E+05 United Kingdom

Watecco ERC 2014-2016 1.5E+05 Israel

SOLENALGAE ERC 2016-2021 1.4E+06 Italy

TO-SYN-FUEL  H2020 2017-2021 1.5E+07 Germany

Usewaste H2020 2018-2018 7.1E+04 Israel

WOwW! NWE- 2018-2021 6.4E+06 Netherlands
Interreg

(Vasiliadou et al., 2016). Natural biofilms of freshwater consortia were
shown to grow on synthetic wastewater with simultaneous accumula-
tion of lipids, but only up to 6-25% of the dry weight content
(Miranda et al., 2017).

The relative content of particular long chain fatty acids did not re-
veal any pattern, most likely due to the diverse species and broad
medium characteristics. Nonetheless, a generally high percentage of
palmitic (C16:0), oleic (C18:1), palmitoleic (C16:1) and stearic acid
(C18:0) possessing relatively high cetane numbers (81.8, 61.1, 53.8 and
89.6, respectively (Giakoumis and Sarakatsanis, 2019)) suggest a high
potential for the next generation of bioenergy feedstocks if further
optimized. As shown previously, the fatty acid composition of different
species has a significant effect on the characteristics of the produced
biodiesel (Gouveia and Oliveira, 2009; Hu et al., 2008; Otles and
Pire, 2001; Pratoomyot et al., 2005; Thomas et al., 1984). In addition,
different nutritional and environmental factors, cultivation conditions
and growth phases also affect the fatty acid composition. For example,
nitrogen deficiency and salt stress was shown to induce accumulation of
C18:1 in all treated microalgae species (Thomas et al., 1984), similarly
2% enrichment of CO, led to 46% increase in lipid productivity of
Scenedesmus obliquus with enhanced monounsaturated fatty acid pro-
duction, mainly C18:1 (Han et al., 2016). Considering that cultivation,
cell recovery and lipid extraction directly reflects the results obtained,
the most appropriate methods for these operations must be applied
(Menegazzo and Fonseca, 2019).

The life cycle of oleaginous microorganisms cultivated in a high C/N
ratio media is characterized by three distinct physiological phases
(Dourou et al., 2018). During the balanced growth phase, when all
nutrients are in excess, the microorganisms convert the C source mainly
into cell biomass. Depletion of at least one of the essential nutrients
(such as nitrogen, phosphorus, sulfur or magnesium) triggers the
oleaginous phase, when C is converted into storage lipids (TAGs). Once
the carbon gets depleted, cells initiate the degradation of lipids, en-
tering the reserve lipid turnover phase. Therefore, beside the optimi-
zation of a fermentation protocol, being aware of the metabolic pro-
cesses, it is possible to engineer strains in such a way that their
metabolism is shifted towards desired pathways, increasing both the
robustness and productivities of oleaginous strains. Strategies to in-
crease the capacity of oleaginous microorganisms to accumulate lipids
were recently reviewed by (Dourou et al., 2018; Lazar et al., 2018).
Such strategies include suppression of competition to lipid biosynthesis
pathways, over-expression of genes implicated in lipid (TAGs) synth-
esis, and inactivation of genes implicated in storage lipid turnover.
Elimination of starch synthesis in Chlamydomonas strains increased the
TAG production 10-fold (Li et al., 2010), and inactivation of glycogen
synthesis in Y. lipolitica lead to an improvement of up to 60% in TAG
accumulation compared to the original strain (Bhutada et al., 2017).
Decline in the by-production of citric acid increased the lipid content in
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Y. lipolitica 3-fold (Sagnak et al., 2018). Over-expression of genes im-
plicated in lipid (TAGs) synthesis enhanced the lipid content in Y. li-
politica up to 60 fold (Blazeck et al., 2014) and 7 fold (Tai and
Stephanopoulos, 2013). Inactivation of genes encoding for genes re-
sponsible for TAG degradation increased lipid content in the same
strain from 0.7- to 4-fold (Beopoulos et al., 2008; Dulermo and
Nicaud, 2011; Gajdos et al., 2015; Wang et al., 2013). In addition,
evolutionary strategies can be combined with genetic engineering for
optimization of the lipid accumulation abilities of oleaginous micro-
organisms, as shown for Y. lipolitica. After 77 generations, the popula-
tion was able to accumulate 30% more lipids than the starting strain
(Daskalaki et al., 2019). Although not upscaled yet, these efforts may
lead to a significant improvement in lipid accumulation in oleaginous
microorganisms suitable as biodiesel feedstock.

4.3. Latest research projects

Recently, there has been a trend for new projects (listed in bold in
this chapter) involving both academia and industry, trying to optimize
the recovery of wastewater-derived lipids and scaling up to real con-
ditions. An overview of the ongoing European projects is given in
Table 2. What follows is a description of the projects. The project Wider
business Opportunities for raw materials from Wastewater (North-
West Europe Interreg project, 2018-2021, ~6.5M€ (WOW!, 2018)) is
fitting a conventional WWTP with a specially designed bioreactor and a
selector to enhance growth and lipid accumulation of Microthrix par-
vicella. This Gram-positive filamentous bacterium is mostly well known
for causing bulking and foaming problems in WWTPs, beside its ability
to dominate activated sludge. On the other hand, this strain can ef-
fectively accumulate long chain fatty acids. The aim is therefore to
upscale biomass of Microthrix accumulating lipids and simultaneous
accumulation of lipids from wastewater, gaining both a net profit and a
lipid related maintenance-free wastewater processes. Intimate cou-
pling of biological advanced oxidation process for environmental
de-pollution and biodiesel production (7th Framework Programme,
2012-2014, ~170K€ (BioAOPBDies, 2012)) was aimed at biological/
advanced oxidation removal of micropollutants from wastewater ef-
fluent and subsequent use of the produced biomass during processes
such as a lipid feedstock for biodiesel production. Different types of
biomass were used for this purpose, such as mixed microbial cultures or
fungi (Trametes versicolor and Ganoderma lucidum, Table 1). Biodiesel
production from microalgae (7th Framework Programme,
2011-2013, ~150K€ (ALGFUEL, 2011)) is aimed at identification of
microalgae species suitable for biodiesel production in different media
(such as the sea, brackish and wastewater) and to improve the under-
standing of the main mechanisms driving formation of microalgal TAGs
productivity. The demonstration of Waste Biomass to Synthetic
Fuels and Green Hydrogen project (Horizon 2020, 2017-2021, 14.5M
€ (TO-SYN-FUEL, 2017)) aims to build up, operate and demonstrate
conversion of organic waste biomass, mainly sewage sludge, into bio-
fuels. The project is implementing a new integrated process combining
Thermo-Catalytic Reforming with hydrogen separation through pres-
sure swing adsorption, and hydro deoxygenation, to produce fully
equivalent gasoline, biodiesel and hydrogen. Industrial scale de-
monstration of sustainable algae cultures for biofuel production
(7th Framework Programme, 2011-2016, ~12M€ (ALL-GAS, 2011))
proposed a large-scale production of biodiesel and other bio-fuels on
microalgae cultures fed with wastewater influent. The specified algae
yield was estimated to be 100 t/ha/year with a net oil content of 20%.
Spinning Mesh Disc Reactors, a new paradigm for photocatalytic
and enzymatic reaction intensification (7th Framework Programme,
2013-2017, 100K€ (SMDR, 2013)), uses a high surface area rotating
mesh supporting a catalyst to create process intensification at rapid
mixing and increased heat and mass transfer rates compared to con-
ventional reactors. The project is focused on degradation of pharma-
ceuticals in wastewater and enzymatic biochemical transformation of
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waste oils to biodiesel. Improving photosynthetic solar energy
conversion in microalgal cultures for the production of biofuels
and high value products (European Research Council, 2016-2021,
~1.4M€ (SOLENALGAE, 2016)) is aimed towards cultivation of bio-
mass at reduced costs, therefore different microalgal strains are culti-
vated on various nutrient sources derived from urban wastewater,
sewage sludge or agro-waste. Cold carbon catabolism of microbial
communities underpinning a sustainable bioenergy and bior-
efinery economy (European Research Council, 2011-2016, ~1.5M€
(3CBIOTECH, 2011)) is applying classical microbiological, physiolo-
gical and real-time polymerase chain reaction-based assays to qualita-
tively and quantitatively characterize microbial communities involved
in biorefinery conversion of waste biomass (including municipal
sewage). Water column profiler for quantification of photosynth-
esis and biomass of phytoplankton in natural and man made water
bodies (European Research Council, 2014-2016, ~150K€
(Watecco, 2014)) can provide fast, real time data on the efficiency of
photobioreactors for proliferation of algal cultures to attain high yields
of their target products (e.g., production of biodiesel in sewage treat-
ment systems). Patented modified-immobilized enzymes used in the
production of biodiesel at commercial scales using any type of
feedstock (Horizon 2020, May-September 2018, ~70K€
(Usewaste, 2018)) investigates enzyme technology for a continuous,
cost-effective production of biodiesel using any grade feedstock
(0-100% FFAs).

5. Market potential
5.1. Assessment of potential supply

Current wastewater treatment systems are mainly based on
Activated Sludge Technology. This technology relies on the fact that the
microbial community in the reactors — activated sludge — uses organic
material from the influent for their growth and energy production. The
following assessment of the potential biodiesel production and potential
supply is based on this initial situation.

The potential supply of biodiesel from urban wastewater-derived
lipids was calculated based on these facts i) 30-40% of COD (120 g/d/
PE) in urban wastewater influent is FOG (Raunkjer et al., 1994), ii) the
population of the EU-28 in 2018 was estimated to be 512,710,966
(Eurostat, 2019a), iii) 80% of the population (EU-15) is connected to
WWTPs (Eurostat, 2019b), and iv) the average possible biodiesel pro-
duction at different stages of wastewater treatment (reviewed in
Chapter 3.1). A summary of the assessment data are given in Table 3.
Results on potential annual market supply indicated 3 — 414 10* tons
(minimum for activated and maximum for EWC sludge) of extractable
biodiesel from wastewater.

The potential demand for wastewater derived biodiesel can be es-
timated from the current biodiesel production statistics. With the pro-
spect to transform WWTPs into biorefineries and considering the ex-
pected biodiesel demand is 14.8 10° tons (Eurostat, 2019c), we may
cover on average up to 1.5, 2.9, 6.2, 6.7 and 24.4% from activated,
blended, primary, scum and EWC sludge, respectively, of the European
biodiesel market from wastewater-derived lipids. When implementing
an optimized selector in a conventional activated sludge plant which
fosters the utilization of oleaginous biomass, the overall biodiesel yield
may be even higher. Assuming a higher percentage of FOG is in-
corporated, thereby increasing the percentage of lipids being harvested.
Such an amount cannot be ignored, and if efficiently implemented, it
could represent an exploitable resource for biofuel production, an im-
portant and desired step towards a circular economy (EC, 2016, 2015).

5.2. Possible risks

The main possible risk for the wastewater treatment process with an
implemented biorefinery unit may be a decrease in the production of
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biogas. For the calculation, we have considered the overall sludge
production in the EU-28 to be 9.04 10° tons of dry matter/year
(Eurostat, 2018), constituting 70% volatile solids (Jenicek et al., 2012).
Of the sludge production, 50% accounts for primary and 50% for ac-
tivated sludge, of which 6% and 8% respectively, contribute to the FOG
content (Burton et al., 2013). Applying a theoretical model assuming
the maximum substrate degradation and complete conversion to biogas,
the potential biogas yield from lipids would be 1337 L/kg of volatile
solids (Liibken et al., 2010), meaning that just the FOG fraction gen-
erates 2.5 and 3.4 10'" L of biogas for primary and activated sludge,
respectively. While the total European biogas production from urban
sewage sludge is estimated to be 18-25 L/PE/d (Bolzonella et al., 2005;
Haberkern et al., 2008; Lindtner, 2008; VSA - Verband Schweizer
Abwasserund Gewisserschutzfachleute, 2010), the overall EU-28
biogas yield amounts to 3.4-4.7 10'2 L/year. Finally, the potential
biogas yield loss arising from the FOG fraction removed from the sludge
prior to the anaerobic digestion, would correspond to 13-18%.

Another potential risk may be the implementation of a selector for
the generation of a lipid rich sludge. If not operated anticipatorily, the
elimination of carbon and other nutrients in the bioreactor could lead to
substrate depletion, esp. for the denitrification step where a specific C/
N-ratio is necessary. Another possible (although improbable) risk is the
formation of floating sludge in the conventional part of the plant, which
has bad settling properties and therefore cannot be removed in the
settling tank. Additionally, a proper membrane or a detention me-
chanism is needed for selectors in order to avoid leakage or uninten-
tional inoculation of subsequent treatment steps with cultivated olea-
ginous microorganisms. The current status of the technique gaining
lipids from wastewater has Technology Readiness Level (TRL) of
around 5, and thus a risk analysis together with a mitigation plan can be
considered only indicative.

6. Towards an economy policy

The possible use of lipids from sewage sludge to produce a mar-
ketable product such as biodiesel has to be supported by solid legisla-
tion, which is not yet in place. Existing EU legislation does not en-
courage more efficient use of valuable products from wastewater as an
objective (Economical Water Upcycling), especially due to the lack of
market access information. Hence, further steps have to be taken to
foster resources management.

So far, the only specified objective is related to phosphorus and
nitrogen. It was forecast that the recovery of phosphorus from urban
wastewater could reach up to 15% of current demand (Kabbe, 2015).
This aim is even higher in Luxembourg, with 35% expected reuse by
2020 (Hansen et al., 2014), and up to 3% of mineral nitrogen fertilizer
inputs (Sutton et al., 2011). Legislation in general has been more re-
ceptive to similar changes in the last few decades, stimulated by social
discussions on sustainability. To this end, a policy on possible reuse of
lipids from sewage sludge is expected to be initiated through the ‘back
door’ rather than directly from water or waste management-based di-
rectives.

The importance of positive principles for circularity in legislation is
high. Resource scarcity, environmental limits as well as climate change
have in fact been pushing policymakers and corporations (e.g., EIB,
KPMG, CEC4Europe, McKinsey) for new economic concepts and new
production, distribution and recycling mechanisms, aimed at reducing
the environmental impact of human activity (Chambre de Commerce
Luxembourg, 2016; Nguyen Doan, 2019). Circularity is on the way to
becoming part of the European and national legislative frameworks
through a range of instruments/studies containing a set of information
on the legislative framework as well as recommendations on how to
improve it. Here we mention the pioneering ones: i) in March 2014, the
UK presented “Remanufacturing. Towards a Resource Efficient
Economy” as one of the elements of a circular economy and highlighted
widespread market and regulatory barriers which hamper its uptake
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Table 3
Summary of assessment data for market potential study.

Variable Value Units
Predicted biodiesel consumption in 2018 (EU-28) 148E + 6 t
Population number in 2018 (EU-28) 512.7E + 6 PE
FOG portion of COD 30 - 40 %
COD load in urban WWTP 120 g/PE/day
Corresponding load of FOG 36 — 48 g/PE/day
Population in EU-15 connected to sewerage system 80 %
EWC from oil-water separator 57.6 %

Total FAME yield Primary sludge 9-19 %
Scum 6-23 %
Activated sludge 05-6 %
Blended sludge 1.2-11 %
Stabilized sludge 1 %
Annual amount of FOG processed in WWTPs (EU-28) 539.0-718.6 E + 4 t/year

Potential biodiesel production EWC from oil-water separator 310.4-414.0E + 4 t/year
Primary sludge 48.5-136.5E + 4 t/year
Scum 32.3-1653E + 4 t/year
Activated sludge 2.7-43.1E + 4 t/year
Blended sludge 6.5-79.0E + 4 t/year
Stabilized sludge 54-72E + 4 t/year

Potential cover of biodiesel demand EWC from oil-water separator 20.9 - 27.9 %
Primary sludge 3.3-9.2 %
Scum 22-11.1 %
Activated sludge 0.2-29 %
Blended sludge 0.4-5.3 %
Stabilized sludge 0.4-0.5 %

(All Party Parliamentary Sustainable Resource Group, 2014), ii) in
June, the European Union introduced “Regulations” (EC, 2014a), a new
legislative approach for R&D, to encourage environmental protection
and rational use of resources, and requested member states to integrate
these into national legislation, iii) in July, the European Commission
issued a publication “Towards a circular economy: A zero waste pro-
gram for Europe” appealing to the member states that strong policy
signals are needed to create longer-term opportunities for recyclable
materials that could re-enter the economy at competitive prices con-
tributing to the development of markets for the supply of high quality
activated raw materials (EC, 2014b); and iv) in August, the European
Commission launched a “Scoping study to identify potential circular
economy actions, priority sectors, material flows and value chains” to
provide an initial assessment of potential priorities and policy options
to support the transition to circular economy in the EU (EC, 2014c). As
a follow up, the Luxembourg based company, KPMG, (KPMG, 2014)
recognized “internalization of externalities” having the most significant
impact on the legislative framework for companies and agencies in-
ternationally.

In 2015, during Luxembourg's EU presidency, particular focus was
placed on the circular economy and the financing of the transition to-
wards it (Grand Duchy of Luxembourg, 2015). The key European po-
licies comprised of four legislative proposals introducing new waste-
management targets regarding reuse, recycling and landfilling, the
Circular Economy Package, were presented by the European Commis-
sion in December 2015. So far, no concrete legislative barriers towards
lipids or other carbon-based raw materials derived from wastewater
were identified. Quality criteria as well as change of status (from waste)
still have to be defined. However, following the good example of de-
molition waste (Luxembourg, 2013) and how the legislation was
adapted in Luxembourg (SeRaMCo, 2019), it can be expected that si-
milar tendencies and changes in other sectors and countries will follow
if well stimulated.

7. Conclusion

In the near future, the world will face a series of major problems,
concerning resource scarcity, environmental limits as well as climate
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change and change in the job market. This study addresses challenges
and possibilities for transition in the urban water cycle, where lipids are
recovered from wastewater and used as a raw material for biodiesel
production. Wastewater sewage sludge has a high potential as a pos-
sible feedstock because of its disposal necessity, low cost and expected
constant increase in the future. For the biotechnological production of
lipids, selected oleaginous strains are able to grow on urban waste-
water. Optimizing growth conditions may lead to obtaining higher
biomass and lipid yields and productivity. The process of harvesting
sludge or cells and releasing lipids from biomass needs to be efficient
and economically viable. The circular use of raw materials from was-
tewater requires politicians to determine legislation in favor of value-
added products to promote sustainable development while lightening
the burden of production based on the use of limited resources. Also,
WWTP operators need to make certain changes in their way of thinking
and operating of facilities.
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