Biomass Conversion and Biorefinery (2023) 13:16421-16440
https://doi.org/10.1007/513399-023-03849-y

ORIGINAL ARTICLE q

Check for
updates

Innovative multiple resource recovery pathways from EBPR
wastewater treatment-derived sludge

Pablo M. Binder' - Nicola Frison? - Nagore Guerra-Gorostegi' - Ipan Hidayat' - Lidia Paredes’ - Laia Llenas’ -
Enric Blazquez' - Mabel Mora' - Matteo Ballottari? - Stefano Cazzaniga? - Francesco Fatone3 - Sergio Ponsa Salas’

Received: 2 November 2022 / Revised: 18 January 2023 / Accepted: 22 January 2023 / Published online: 15 February 2023
© The Author(s) 2023

Abstract

Wastewater treatment—derived sludge is a growing concern. Environmental issues, rising sludge production rates, and
stringent regulations create the necessity to seek for treatment and valorization alternatives. Sludge is a potential source of
high-value materials which can be recovered and transformed into new products such as animal feeds; bioplastics; biofuels,
biostimulants; or biobased fertilizers. Considering the current legal constraints hindering the use of certain waste streams, the
objective of this work is to show the technical viability for obtaining multiple valuable products from sludge. The emphasis
is placed on novel valorization pathways, such as microalgae and purple bacteria cultures growing over sludge. The obtained
products are benchmarked against traditional methods for resource recovery such as direct land application and P recovery
from ashes. Our results show, besides the nutrient (TKN 7.38, TP 4.41; K 0.47 g 100 g TS™!) and energy content (HHV
22.53 MJ Kg'! TS), that sludge could be employed to produce a suitable growing medium for microalgae and purple bacteria
cultures obtaining, in the latter, remarkable high contents of high-quality proteins (64.50 % dw) for potential valorization as
animal feed ingredient. We also obtained nutrient rich microalgae biomass (TKN 7.10, TP 8.10; K 0.40 g 100 g TS™") which
could be used as inputs for biobased fertilizers or biostimulants preliminarily complying with the nutrient requirements in
EU 2019/1009. Current global scenario, showing economic and supply risk uncertainties regarding food production inputs,
generates the urgent need to find feasible pathways for obtaining recovered products such as the ones presented in this study.
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TVAP  Total value of available phosphorus
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WRRF  Water resource recovery facilities
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1 Introduction

Every year, around 450 km? of domestic wastewaters is dis-
charged around the world [1]. As a result, and depending
on the country, wastewater source, and technology being
applied, the global annual sewage sludge generation was
estimated to have reached 45 million dry tons by the end of
the last decade [2]. Particularly for the EU, the urban sew-
age sludge production accounts for more than 10 million
dry tons [3] which represents 9% of the total organic wastes
generated, just behind animal and vegetable wastes, organic
fraction of municipal solid waste, and wood wastes [4]. In
addition to sewage sludge, there is also sludge generated
from agro-industrial wastewaters that is difficult to quantify.

Environmental concerns, rising sludge production rates, and
stringent regulations regarding sludge management and disposal
creates the necessity to seek for alternatives and feasible solu-
tions for its treatment and further valorization. Indeed, a change
of paradigm in sludge management becomes increasingly neces-
sary in the sight of the new European Green Deal, and particu-
larly with the Circular Economy approach. Thus, wastewater
treatment plants (WWTPs) play a crucial role within the neces-
sary shift towards resource recovery [5] for being considered as
water resource recovery facilities (WRRFs) or wastewater biore-
fineries (WWBRS) [6]. The recovered materials are aimed to be
reintroduced into different production processes to be ultimately
transformed into new products [7]. In terms of potential nutrient
recovery, it has been estimated that global phosphorus (P) and
potassium (K) demands could largely be serviced from waste
streams [8] while minimizing geological inputs. Additionally, up
to 50% of the global nitrogen (N) market could be supplied using
biorecovered products [9] reducing the N load of the highly
energy-demanding Haber Bosch process by around 50 Mt per
year [10]. Potential value-added products which can be obtained
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from wastewater-derived sludge include, among others, amino
acids and proteins for animal feed; polyhydroxyalkanoates
(PHAS); biofuels; and biostimulants [11] along with nutrient-
rich materials for biobased fertilizer (BBF) manufacturing.
Particularly addressing to macronutrients (specifically P) in
sludges and produce raw materials for BBF manufacturing, the
enhanced biological phosphorus removal (EBPR) appears as a
very interesting approach. EBPR is generally used to remove
pollutants from wastewater rather than to recover them despite
this potential application. Briefly, the EBPR process is achieved
by submitting wastewaters to alternating anaerobic and aerobic
conditions. In this sequence, phosphate-accumulating organisms
(PAOs) can take up volatile fatty acids (VFAs) from wastewater
under anaerobic conditions and store them as PHAs. Further-
more, in the aerobic stage, using the energy content of the PHAs,
PAOs grow and replicate. During this phase, P is uptaken and
stored as polyphosphate (poly-P) inside PAQO’s cells, resulting
in net P removal from wastewater [12]. The ability of PAOs to
store P is significantly higher than other heterotrophic organisms
(up to 0.15 mg P mg VS™! vs 0.023 mg P mg VS™!, respectively
[13]). Consequently, the sludge produced in an EBPR aerobic
phase presents significant higher P concentration than conven-
tional activated sludges. Alternatively, if the sludge is harvested
at the end of the anaerobic phase, the resulting EBPR material
shows high content of PHAs which creates the opportunity for
energy recovery (i.e., biofuels) and obtention of raw materials
for bioplastic manufacturing. Moreover, as a source of energy
and nutrients, sludge can be used as a suitable growing medium
for several microorganisms for valuable biomass production.
One of these emerging technologies involves the obten-
tion of valuable biomass by means of microalgae (MA) cul-
tures growing over different waste streams [14, 15]. This
approach shows a great potential since these organisms can
efficiently use nutrients present in these streams (N and P
removal reported efficiencies of up to 100%) [16]. Moreo-
ver, it has been claimed to be a cost-effective and feasible
method for bio-fixation of CO, [17] with high productivity
values ranging from 40 to 150 tons ha! year 1 (dw) [18, 19].
Furthermore, the harvested biomass can be applied to the soil
and act as a slow-release P fertilizer [20, 21] with very good,
reported plant production yields [22] or as a biostimulant to
enhance plant production [23]. The main advantages of using
waste streams for MA cultures is the significant reduction
in production expenses due to the avoidance of purchasing
a commercial growing medium (which can represent up to
25% of the total production costs) [24]. Among MA species,
members of the genus Chlorella were one of the first to be
cultured on large scale due to their fast growth rate, resist-
ance to biotic and abiotic stresses, and high nutrient, lipid,
protein, and carotenoid content [25, 26]. They gained impor-
tance as robust biomass-accumulating strains, allowing for
sustainable industrial productions of biomass and high-value
products. Coupling with either CO, abatement technologies
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or wastewater bioremediation could decrease production cost
as well as provide several environmental benefits.

Another valorization approach involves the recovery of
microbial proteins by means of purple phototrophic bacte-
ria (PPB) cultures (i.e., Rhodopseudomonas sp. or Rhodo-
bacter sp.). These organisms exhibit high biomass yields (1
g CODy,, .2 COD, s’} growing over waste streams
and contain up to 60% of crude protein concentrations
with additional potentially beneficial compounds such as
poly-P, polysaccharides, polyhydroxyalkanoates (PHAs),
VFAs, and 5-aminolevulinic acid [27, 28] depending on the
metabolic pathway undertaken during the wastewater treat-
ment. The potential obtention of these several value-added
products implies great prospects and economic impacts for
this technology. Also, PPB biomass is being tested as a raw
material in aquaculture feeding, and as a feed ingredient in
livestock production chains with promising growth yields
and feed conversion ratios [29]. Additionally, [10] reported
results on PPB application in agronomic tests showing a
significant increase in plant production, which were nearly
equal to mineral fertilizers, due to nutrient release and to the
biostimulant capacity for soil microorganisms which posi-
tively affected plant growth.

Notwithstanding the advantages of recovering resources
which are currently being wasted, and the legislation efforts
to broaden the materials that can be included for this pur-
pose, there are still normative constraints regarding the use
of sludge-derived materials. For any of these products, qual-
ity and safety attributes must be entitled according to the
specific legal framework. Regarding potential use of the pro-
posed recovered materials as raw materials for BBFs, the
European fertilizing product market regulation (Regulation
2019/1009) includes organic and waste-based fertilizers as
suitable materials but recognizes their potential content of
inorganic and organic pollutants as well as pathogens and
identifies the risk of spreading and reintroducing them in the
food chain [30, 31]. As such, and although the regulation
states that “promising technical progress is being made in
the field of recycling of waste, such as sewage sludge,” the
use of this material is currently excluded from the Compo-
nent Material Categories’ compositions. In the same regard,
although the Directive 86/278/EEC (and subsequent amend-
ments) encourages the use of sewage sludge in agriculture,
it stablishes limits for nuisance components to guarantee
their safe use.

Regarding animal feed application of recovered prod-
ucts, Regulation (EU) 767/2009, Directive 2002/32/EC, and
amendments ((EU) 2019/1869) sets up the permitted prod-
ucts and threshold values for nuisance compounds contained
in animal feeds, seeking to ensure a high level of feed safety
and of protection of public health as well as animal welfare.
Chapter 1 of this regulation prohibits materials obtained
from wastewater treatment process to be used directly as

ingredients. However, according to the council directive con-
cerning urban wastewater treatment 91/271/EEC, industrial
wastewater is defined as “wastewater which is discharged
from the premises” (European Council 1991). Thus, it is
prohibited to produce PPB as source of microbial protein on
sewage, yet it is permitted to produce microbial protein on
process water generated on the factory site [32].

Finally, and in the context of promoting the production of
renewable fuels (Directive 2018/2001) towards the mitiga-
tion of climate change, the European Commission encour-
ages the development and implementation of technologi-
cal solutions to produce energy from renewable sources in
which PHA rich EBPR sludges could perfectly fit.

Considering the identified legal constraints, the objec-
tive of the present work is to show the technical viability
for obtaining multiple valuable products from wastewater
treatment—derived sludge after an EBPR process at lab scale.
The emphasis is placed in novel valorization pathways, such
as MA and PPB cultures, for obtaining bioproducts to be
used either as biostimulants, BBFs, protein-rich biomass
for animal feeds, or biofuels. The results are compared and
benchmarked, in terms of costs and market prices, with more
traditional methods for resource recovery such as direct
application on farmland of sludge, sludge combustion, and
field application of the ashes, and also against P recovery
from sludge’s ashes. This work’s conclusions provide inputs
for a necessary decision-making tool aimed to select the
best available alternative for efficient resource recovery and
valorization of waste streams.

2 Materials and methods

2.1 EBPRWWTP

The EBPR sludge for all the tests performed during this work
was obtained from the side stream short-cut enhanced nutri-
ent abatement (SCENA) facility installed at the Carbonera
WWTP (Treviso, northern Italy). The full-scale (mainstream)
plant has a treatment capacity of 40,000 PE and treats around
15,000 m® day™! of municipal wastewater without any indus-
trial contribution. The water line is composed by prelimi-
nary treatments, primary sedimentation, biological reactor
(Schreiber process), secondary sedimentation, disinfection,
and final filtration. The sludge line is composed by a static
pre-thickener followed by dynamic thickening mixing primary
and secondary sludge, equalization tank for thickened sludge,
anaerobic digester, and a side stream SCENA-EBPR system
for the treatment of sludge reject water (Fig. 1) [33].

The EBPR plant treats up to 50 m? day™! of anaerobic reject
water produced in the sludge line of the main WWTP. The
plant consists in a concrete sequential batch reactor (SBR) with
a total volume of 70 m® seeded with conventional activated
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sludge taken from the biological reactor of the main waste-
water treatment line. The operating cycle (4 cycles per day) is
composed of six different phases: feeding, anaerobic, aerobic,
anoxic, settling, and discharge. The carbon source VFA-rich
provided during the anaerobic and anoxic phases is produced
by a controlled mesophilic (37 °C) acidogenic fermentation of
mixed sludge (primary and secondary) operating with a hydrau-
lic retention time (HRT) of 5 days. Before its use as carbon
source, the effluent from the acidogenic fermenter follows as
solid/liquid separation in a screw-press and is then stored in a
20-m? storage tank. The solid retention time (SRT) of the SBR
is maintained at 15-20 days and the HRT at 2 days. Oxygen is
provided during the aerobic conditions by a volumetric blower
(Robuschi, Italy) and ten ultrafine bubbles diffusers INVENT,
USA) placed in the bottom of the tank. Four probes (Hach-
Lange, Germany) are installed within the reactor for the moni-
toring of oxidation-reduction potential (ORP) and dissolved
oxygen (DO), pH, and conductivity. The blower is controlled
by a variable frequency drive to maintain a DO concentration
of 2 + 0.2 mg O, L™, resulting in a flowrate between 450 and
500 m® h'!. The bulk liquid is mixed through a horizontal mixer
(Flygt, USA). EBPR sludge was sampled after the aerobic
phase and used for the valorization trials without dewatering it.

2.2 Sludge samples
2.2.1 Nutrients
In all sludge samples, raw, dried, and combustion ashes, total

Kjeldahl nitrogen (TKN), TP, and K determinations were
performed, with the exception of TKN in combustion ashes.
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TKN was determined by titration of ammonium ions
with 0.1 N HCI, after the digestion of 2.5 g of the solid
matrix in 20 ml of concentrated H,SO, and in the pres-
ence of one Kjeldahl catalyst tablet (9 % CuSO,) as indi-
cated by standard methods 4500-Norg B [34].

For P and K determinations, initially 2.5 g of solid
samples was digested following the nitric acid-sulfuric
acid method in Section 4500-P.B [34]. Furthermore,
total P determination was conducted following the col-
orimetric ascorbic acid method (E) [34]. Separately, K
concentration was determined using a Varian AA240FS
Flame Atomic Absorption Spectrometer equipped with
a K lamp working with 5 mA and measuring at 766.5
nm. The equipment was pre-calibrated between 0.1 and
2 ppm K (KCI stock solution), and samples were diluted
accordingly with 2% HNO, prior to measurement.

Additionally, to determine the different phosphate
fractions in the raw sludge, the cold perchloric acid
(PCA) for sequential extraction was employed [35].
This method allows to determine individually the (a)
chemically bound P fraction; (b) non-orthoP which cor-
responds to biological origin stored in cells as poly-P;
and (c) “interstitial” loosely bound phosphate [36]. The
study of the different P fractions in the sludge permits
to infer about the bioavailability and mobility of this
nutrient.

Total and volatile solids (TS and VS) were deter-
mined following the methods in [34].The organic mat-
ter content (C,,,) was equated to the volatile portion of
the burned samples and converted to C using a factor
of 1.83 [37].
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2.2.2 Heavy metals and emerging contaminants

Metal contents (Cd, Pb, Zn, Cr(VI), Cu, Ni, As) were ana-
lyzed in sludge extracts by means of a VARIAN VISTA-
MPX, simultaneous inductively coupled plasma-optical
emission spectroscopy “ICP-OES.” The instrumental
quality control was carried out using Standard Refer-
ence Material 2782 (Industrial Sludge; USA). Emerging
contaminants were assessed by analyzing polycyclic aro-
matic hydrocarbons (PAHs) following the method fully
described in [38].

2.2.3 Polyhydroxyalkanoates (PHAs)

Raw sludge samples were dried at 60 °C for 24 h for PHA
extraction following a modified method from [39] as stated
in [40]. Two-milliliter vials were used to mix dried sludge
(1.0-1.5 g) with 1 mL chloroform, 0.8 mL methanol-sulfuric
solution, and benzoic acid as the internal standard. Sealed
vials were placed in a thermostatic bloc at 95 °C for 3.5 h.
After cooling, the vial content was transferred into 4-mL
vials and mixed with 0.5 mL of NaOH 0.05 M. Methyl-ester
monomer of PHA was determined from the organic fraction
after separation of the phases.

PHA content of the extracts was determined by gas chro-
matography (GC) with a flame ionization detector (FID).
The GC system (Agilent 7820A) consisted of a FID with
an HP-Innowax column (30 m X 0.53 mm X 1 pm) as fully
described in [40]. Finally, PHA accumulation was expressed
as the total PHA content in grams of polyhydroxybutyrate
(P3HB) + polyhydroxyvalerate (P3HV) + polyhydroxy-
2-methylvalerate (PH2MYV)) per gram of cell dried weight
(CDW) [g g~! CDW].

2.2.4 Calorific power

To assess the potential of the material as a biofuel, dried
sludge pellets (0.6-1 g) were electrically ignited using a
bomb calorimeter (1341 Plain Jacket Calorimeter with
the 1108 Oxygen Combustion Vessel, Parr). Higher heat-
ing value (HHV) was determined though the monitoring of
heat of combustion according to manufacturers’ instructions,
while lower heating value (LHV) can be further corrected
from HHV according to the moisture and hydrogen content
of original sludges as stated in [41].

2.2.5 Combustion and P extraction
Dry sludge solid samples (5 g) were subjected to a combus-

tion process at 850 °C in a muffle furnace (Carbolite Fur-
naces, UK) for 5 h until constant weight. The temperature

was selected after [42] who reported maximum content of
extractable TP in ashes at this temperature. Ash samples
were further submitted to an extraction procedure with
H,S0O, 0.5 M in an S:L ratio of 1:10 (3 g of sample and 30
mL of H,SO,) for 240 min, as stated in [43].

2.3 Preliminary MA and PPB growth tests

In order to test the ability of MA and PPB to grow over
EBPR sludge and to define the optimal operational param-
eters to maximize the biomass production, a preliminary
growth test was conducted. Both MA and PPB were grown
over a synthetic medium as a positive control (BG 11
(UTEX Culture Collection of Algae, United States) [44] and
DSMZ Medium 27 (Leibniz-Institute DSMZ, Germany),
respectively, a water extract of dry EBPR sludge and a water
extract of EBPR sludge ashes. A tap water negative control
was included.

Extracts of both dry sludge and sludge ashes were pre-
pared by putting the solids in contact with Milli-Q water
(5 g of solids per L of water) and shaken overnight. Dry
sludge was obtained by centrifuging the EBPR sludge and
then dried in an oven at 105 °C until constant weight. Sludge
ashes were obtained by burning dry sludge in a muffle at
850 °C until constant weight. Main characteristics of all the
growing mediums extracts are included in Table 1.

Algal growth tests were conducted with Chlorella soro-
kiniana strain with an average cell size of ~1.5-2 pm. This
strain was originally obtained from the UTEX Culture Col-
lection (University of Texas, Austin, TX) as strain UTEX
1230, and the seed culture was maintained on BG-11
medium in flasks at 25 °C, 70 pmol photons m™ s™!' at the
Laboratory of Biotechnology, University of Verona, Italy.

Preliminary algal growth tests were performed in dupli-
cates in a Multi-Cultivator MC 1000-OD (Photon System
Instruments, Czech Republic). The equipment provides
independent standard white LED illumination (up to 1000
umol photons m™ s°!), thermoregulation, aeration (3% CO,
supply), and optical density monitoring (720 nm with optical
path of 27 mm) for 8 independent round glass testing tubes
of up to 80 mL of cultivated suspension each. Test started

Table1 Main characteristics of standard growing mediums and
sludge extracts (5 g solids L™! of Milli-Q water)

Ash extract Dry sludge BG-11 DSMZ 27

extract

TP (ppm) 16.8 +04 193 +0.6 6.99 +0.2 4.01+0.1
TKN (ppm) <1 345+ 14.0 246 +50 247 +8.0
COD (ppm) 18+09 1354 +21.0 200 +£30 2019 +24.0
CODs (ppm) 10+0.1 1101 +12.0 174 +90 1754 +18.0

TP, total phosphorus; TKN, total Kjeldahl nitrogen; COD, chemical
oxygen demand; CODs, soluble chemical oxygen demand
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with an initial concentration of 5,000,000 cells mL!. Data
of the optical density at 720 nm was registered at 5-min
intervals and was used to estimate the biomass production.
The test was run for 3 days, until a steady growth curve was
achieved. Daily samples were collected from the tubes, and
the actual algal cellular concentration was determined by
means of a Countess II cell-counting instrument (Thermo
Fisher Scientific Inc., Waltham, MA, USA).

PPB growth tests were conducted with Rhodopseu-
domonas palustris. The strain was isolated at the Depart-
ment of Biotechnology, University of Verona, in a lab-scale
reactor (5 L) fed with hydrogen as electron donor, light as
source of energy, and CO, as the only carbon source.

Preliminary PPB growth tests were performed in tripli-
cate in sealed glass bottles with 200 mL of working volume
leaving an initial headspace of 120 mL. The bottles present a
serum stopper which can be surpasses by a syringe for sam-
pling. The mixtures were incubated anaerobically at 37 °C
with continuous lightning of ~ 800 pmol photons m? s™! for
5 days until a steady growth curve was achieved. Biomass
was sampled twice a day and optical density (OD) at 600
nm with optical path of 10 mm and measured in a visible
spectrophotometer. Test started with a 10% (v/v) of fresh
PPB inoculum over 70 mL of growing medium [45].

2.4 MA and PPB biomass production tests

Following the results obtained in the preliminary growth
tests, the optimal HRT and growing medium for maximiz-
ing the biomass production were selected and applied to
1-L photobioreactors. Reactors consisted in open (MA) and
closed vessels (PPB) with continuous mechanical stirring,
and constant white LED lighting of ~ 800 pmol photons m™
s (Fig. 2).

HRT was kept at 2 days by daily withdrawing 500 mL
of the mixed liquor. Growing medium consisted of dry
sludge-water extract (see Table 1). For MA, the initial
inoculum was 5,000,000 cells mL™' which was achieved
by mixing 100 mL of concentrated culture with 900 mL of
dry sludge extract. PPB initial conditions were achieved by
also mixing 100 mL of concentrated culture with 900 mL
of dry sludge extract. MA photobioreactor included a CO,
feed delivered by a gas line inserted into the reactor, while
PPB reactor was kept in anaerobic conditions by means of
stoppers and initial purge with N,. Optical density (720
nm for MA and 600 nm for PPB) was measured 3 times
per day in 1-mL mixed liquor samples in a visible spectro-
photometer. Harvesting of MA and PPB biomass occurred
once per day. After each harvesting event, the volume was
recovered by including dry sludge extract to each of the
reactors. Total length of the experiment was 4 days. MA
and PPB samples were centrifuged, freeze-dried, and kept
frozen until further analyses.
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Fig.2 Scheme of the 1 L of the experimental system setup growing
MA (left) and PB (right). Syringes were used for the mixed liquor
sampling

2.5 Biomass yield and nutrient removal

Biomass dry weight produced by MA and PPB was deter-
mined in a 50-mL aliquot of culture samples collected at
the end of the experiment by centrifugation and freeze-
drying the harvested samples. Biomass yield (g L™!) in
the different culture mediums was calculated as described
by [46] (Eq. 1):

(DW, - DW,)

Yield = (Eq. 1)

fr=1o
where DW, and DW,, are biomass dry weight (g L™!) at
time #; (final) and ¢ (initial), respectively.

Nutrient removal efficiency (RE %) of MA and PPB cul-
tivation was calculated according to Eq. 2

C-¢

RE(%) = (Eq.2)

i

where RE = removal efficiency; Ci = initial concentra-
tion, and Cf = final concentration.
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2.6 Biomass characterization

Freeze-dried samples were analyzed for NPK, using the
same method as for the sludge samples [34].

2.6.1 Total proteins and amino acid profile

Total protein content of MA and PPB cells was measured by
the Kjeldahl method via multiplication of total nitrogen by
6.35 for MA [47] and 5.94 for PPB [29].

Amino acid analysis of freeze-dried MA and PPB bio-
mass was carried out after hydrolysis with 6 N HCI at 110
°C for 24 h in a Biotronic LC-5001 Amino Acid Analyser
(Germany) according to the method of [48] in accordance
with EU Regulation (EC) No 152/2009.

2.7 Statistical analysis

For all the results, statistical differences of the assessed experi-
ments were analyzed using a one-way ANOVA (p < 0.05 confi-
dence level) with post hoc Tukey test after checking the assump-
tions of normality and equal variance. Assays used to monitor
the process have been conducted in triplicates, and the reported
values correspond to the mean value and its standard deviation.
Minitab 17 (Minitab Inc.) was used to analyze the data and Sig-
maPlot (Systat Software Inc.) 14.0 was used for data plotting.

3 Results and discussion

3.1 Sludge characterization and multiple
valorization alternatives

The quality of the EBPR sludge was addressed with the objec-
tive of determining the potential downstream valorization

pathways. Table 2 summarizes the global parameters of the
raw, dried sludge, and sludge’s ashes in terms of macronutri-
ents (NPK), PHA content, and calorific value (HHV).

In terms of nutrient (NP) content in sludge, our results
show interesting valorization opportunities as raw mate-
rial for biofertilizer manufacturing after a biologic post-
treatment resulting in these high nutrient concentrations.
As such, they are consistent or even higher than reference
concentrations in studies addressing resources recov-
ery. Regarding N, [49] reported 1-2.7 (g 100 g TS™!) in
anaerobically digested biowaste and in urban and agro-
industrial sludges after a composting process which were
then successfully tested in ryegrass pot trials. Moreover,
[50] informs 3.87 (g 100 g TS in composted urban
sewage sludge aimed for field application as a source of
nutrients and soil conditioner which was accepted after a
complete decision support framework application. Finally,
[51] showed results ranging between 4.9 and 6.7 (g 100
g TS™Y) for air-dried, heat-dried, and composted sludge
also in line with [52, 53] who concluded that the quality
of their obtained products were as efficient as commer-
cially available phosphate fertilizers. Hence, the 7.38 g P
100 g TS™! found in the dried sludge in our trials shows a
very interesting concentration of this nutrient. Regarding
P, reference values are around 1-2.3 (g 100 g TS™!) after
anaerobic digestion, and several thermal, crystallization,
and processes combination of sewage sludge aiming to
resource and energy recovery [53-55]. Our results, in line
with typical P content reported for full-scale EBPR (4-5
g 100 g TS™!) [52, 56, 57], roughly represent two times
the P content in conventional activated sludge. As such,
considering N and P contents, this nutrient-rich material is
a suitable candidate for valorization via BBFs manufactur-
ing for both N and P recoveries.

Table 2 Main characteristics of

Parameter Units Sludge fraction
the raw EBPR sludge sampled
at the end of the aerobic phase Raw Dried (105 °C) Ashes (850 °C)
and before dewatering, after
drying (105 °C), and after TS g Kg'! 7.47 +0.05 - -
combustion (850 °C) VS g Kg'! 5.78 +0.10 - -
PHA % CDW 4221 +0.01 - -
TP 2100 g TS 422 +0.13 4.14 + 0.61 17.41 + 0.66
Loosely bound P % of TP 5.45 7.97 -
Biological P (poly-P) % of TP 85.13 80.27 -
Chemically bound P % of TP 9.42 11.76 -
TKN 2100 g TS 7.68 +0.65 7.38+0.97 0.45 +0.03
K* 2100 g TS 0.37 + 0.06 0.47 +0.02 1.38 £ 0.07
HHV MJ Kg'!' TS - 22.53 +2.42 -
Co/N gCgN! 10.04

g 100 g TS-1 grams per 100 grams of total solids; TS total solids; VIS volatile solids; PHA polyhydroxy-
alkanoates; TP total phosphorus: TKN total Kjeldahl nitrogen; K* potassium; HHV higher heating value;
CDW cell dry weight; C,,, organic carbon
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Available inorganic fertilizers, particularly diammonium
phosphate [(NH,),HPO,], one of the most applied fertiliz-
ers, is recognized for its excellent source of P and N for
plant nutrition [58]. This mineral fertilizer has a standard
grade of 18-46-0 (18% N, 46% P,O5 (~ 20% TP), and 0%
K by weight). Our recovered products show approximately
half of these nutrient concentrations which shows a great
opportunity for nutrient rich recovered materials that would
otherwise have been wasted. Moreover, the fertilizing value
of any given product is not only related to its NP content, but
also organic matter and carbon, microelements, microorgan-
ism population, growth-regulating substances, and metabo-
lites which are present in the sludge and can potentially act
as a biostimulant enhancing plant growth as demonstrated
in several studies [52, 55, 59] and improve the overall health
of soils.

Interestingly, the P fractionation analysis showed that
around 80% of the TP included in the sludges (raw and
dried materials) are mainly poly-P, a polymer of orthophos-
phate (PO,*). Poly-P serves as a reservoir for inorganic
PO,* and an energy source for fueling cellular metabolism
[20]. According to the length of the polymer chain, the rate
at which the PO43 " is mobilized depends on the activity
of phosphorus-solubilizing organisms existing in the soil.
Hence, the obtained percentage of poly-p in our material
shows an interesting potential to act as a slow/moder-
ate release fertilizer favoring sustained plant growth with
reduced PO, runoff, thus reducing potential environmental
impact [60].

In order to address the suitability of the analyzed sludge
for fitting in a specific product function category (PFC)
within the European regulation (EU) 2019/1009, physico-
chemical characteristics in terms of nutrient (NPK) and total
solids (TS) were established. Regarding nutritional char-
acteristics, considering the produced sludge, the obtained

fertilizing product after a stabilization/sanitization process
would most likely meet the requirements on nutrient con-
tent of PFC 1(A)(I): SOLID ORGANIC FERTILISER and
PFC 3(A): ORGANIC SOIL IMPROVER. Moreover, heavy
metal content was analyzed against the legal threshold estab-
lished for those categories and against Spanish law regard-
ing the use of sludge as fertilizer. As it can be observed in
Table 3, heavy metal content complies with the EU ferti-
lizer regulation and also with the Spanish regulation which
legally authorizes sludge as raw material for fertilizer prod-
ucts, provided it complies with heavy metal maximum con-
centration values (Spain RD 506/2013 on Fertilizer Products
(BOE, 2017).

As it can be observed, it is remarkable to state that
metal contents of the studied EBPR sludge (mg Kg! dw)
were always below the limits established in the analyzed
regulations. Therefore, its characteristics make it suitable
for its use directly in agricultural field since it complies
with the Directive (86/278/EEC), and also with some of
the most stringent worldwide regulatory limits for agri-
cultural application of sludge, such as the national regula-
tions from Austria, the Netherlands, Denmark, Canada,
or Japan [61, 62]. Regarding other compounds of concern
such as PAHs of the sludge, every PAH family component
analyzed was below detection limit of 0.010 mg kg™! TS,
except for naphthalene (0.014 + 0.002) and phenanthrene
(0.020 + 0.003). And the overall PAH content of raw
sludge was in the low range of what was found in literature
for conventional sludges used to formulate organo-mineral
fertilizers [63]. Moreover, our material complies with the
EU legislation (EC, 2000 and EU 2019/1009) which pro-
pose that the “sum of PAHs,” should not exceed 6 mg kg!
TS! in sludge for land application. In addition, by the
application of a downstream biological process such as
biodrying or composting exhibiting a thermophilic phase,

Table 3 Heavy metal content in one sample of raw sludge and relevant European regulatory limits for different product function categories
(PFCs) within the EU fertilizing products and Spanish regulation establishing quality of raw materials for fertilizers

Metals (mg kg™ dw) CrVI Ni

Zn Cu Cd Pb Hg As

Average concentration in this study

REGULATION (EU) 2019/1009  PFC 1(A) 2 50
(I): SOLID
ORGANIC
FERTILISER

PFC 3(A): 2 50
ORGANIC
SOIL
IMPROVER

Compost Class A 70 25
Compost Class B 250 90
Compost Class C 300 100

Spain - RD 503/2013 on fertilizers
products (BOE, 2017)

<050 47.8+09 295+3 64+4 0.57+0.01 16.1 +04 <0.50 3.81 + 0.12

800 300 1.5 120 1 40
800 300 2 120 1 40
200 70 0.7 45 0.4 nd
500 300 2 150 1.5 nd
1000 400 3 200 2.5 nd

nd not determined
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these compounds along with other micropollutants will be
likely degraded resulting in even lower concentrations in
the final product as reported in [64].

Finally, regarding safety assessment, EU regulation estab-
lishes a limit of Absence of CFU in 25 g for Salmonella spp.,
and < 1.000 CFU in 1 g of sample for Escherichia coli or
Enterococcaceae. In this regard, the proposed methods for
drying the material before its field application or use as feed-
stock in fertilizing products manufacturing (thermal drying
or biodrying by the action of thermophilic micro-organisms)
will most likely grant the maintenance of the solid matrix
at a temperature of at least 70 °C for 1 h (such is the pro-
cess condition stablished in the EU Regulation 142/2011 for
animal by products and End of waste Criteria EUR 23990).
Within this high temperature, pathogenic micro-organisms
are killed, and the material could be considered hygieni-
cally safe.

This work exhibits that wastewater-derived sludges can
be considered to be equal to other authorized feedstocks for
fertilizing products manufacturing in terms of quality and
safety [65-69]. Nevertheless, sewage sludge is currently
not considered within the allowed 2019/1009 feedstocks to
produce component material categories (CMCs). Conse-
quently, we identify the necessity of deepening the discus-
sion regarding the inclusion of valuable raw materials such
as the sludge in this study in future versions of the regula-
tion. Considering the inclusion of this type of materials into
the regulation would help boosting the impacts of the current
circular economy and zero waste policies.

Another interesting characteristic of the produced EBPR
sludge is its high PHA content. It is noteworthy that the
EBPR reactor was fed with a short-chain VFA-rich solution
produced on-site in a pre-fermenter (See 2.1 EBPR WWTP).
As stated by [70], the PHA production is strongly related to
the short-chain VFA concentration being high when VFA
availability is elevated. As an energy-rich compound, PHA
can be derived for biofuel production and to be used as a raw
material for bioproducts such as bioplastics or other biopoly-
mers. Our results show a PHA accumulation of 42.21% +
1.29 (dw) close to some of the highest reported values. For
instance, [71] obtained PHA concentration of 57% (dw)
treating domestic wastewater, [72] reached 62% (dw) using
activated sludge acclimatized in a microaerophilic-aerobic
process, and [73] reported about 50% (dw) using activated
sludge as a feed for EBPR process.

Recently, [74] obtained 41% (dw) in a side-stream sys-
tem fed with fermented VFA liquors and remarked that a
minimum value of 40% (g PHA g~' VS) is necessary for
an economical down-stream recovery of the PHA polymer.
Hence, our produced sludge strikes as being potentially
promising for bioplastics production. Moreover, being PHAs
an energy-rich material, results also show that EBPR sludge
can be derived to biofuel manufacturing since it exhibits a

HHYV comparable with wood bark, olive husk, and walnut
shell [75] after drying it. These previous drying steps will
be accomplished by submitting the produced sludge to a
biodrying process which enables to reach a moisture content
below 40% which is the reported value for an effective and
sustained combustion process [76].

All in all, the sludge characteristics open a wide range of
potential valorization pathways to be used either as a raw
material for direct fertilizing, as an input material for BBFs
manufacturing, as biofuels, and alternatively for biopolymer
production.

3.2 Sludge valorization by means of MA and PPB
cultures

3.2.1 Preliminary growth test (MA and PPB)

The productivity of MA was investigated by following cell
number and optical density in batch photobioreactors with
4 growing mediums. Namely, BG-11 standard as a posi-
tive control, dry sludge extract, sludge ashes extract, and
deionized water as a negative control. Growth curves were
followed by measurements of OD at 720 nm (Fig. 3) and
showed that the BG-11 medium provided MA with the best
suitable growth medium, followed by dry ashes extract,
sludge ash extracts, and finally water (negative control). All
the curves were fitted with a logistic curve and the slope
(first derivative) of the point of maximum grow obtained
was used to estimate the productivity of the different con-
ditions. Maximal productivity was highest in the case of
BG-11 and dry extract sludge (0.0008 increase of OD per
minute for both treatments), 1.6 times higher than sludge
ashes, and 8 times higher than water treatment. In addi-
tion, maximum productivities were obtained at the different
mediums. BG-11 resulted in maximum biomass production
followed by dry sludge, sludge ash, and water. The biomass
(dw) recovered from each treatment cultures ranged from
1.85 (BG-11), 1.45 (dry sludge), 0.34 (sludge ashes) to 0.091
g L™! (water). Direct observation of cells counts starting
from an inoculum of 5.000.000 cells/mL showed at the end
of the experiment ~ 18,000,000 in BG-11, ~ 11,000,000 in
dry sludge, ~ 2,000,000 in sludge ash, and ~ 100,000 cells/
mL in the water treatment. Biomass production is in line
with reference studies of Chlorella sorokiniana growing
over several wastewater streams: Up to 0.6 g L™ growing
over cooking cocoon wastewater [77] 0.26 to 0.49 g L™! over
silk wastewater [78], and up to 5.45 g L when growing over
swine wastewater [79]

Likewise, PPB growth tests were performed to define
optimal operational parameters over each of the grow-
ing mediums (SMDZ-27 standard as a positive control,
dry sludge, sludge ashes extract, and water as a negative
control). Growth curves were followed by measurements
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Fig.3 Growth curves (upper panel) and biomass productivity (lower
panel) of MA growing over BG-11 standard (positive control), dry
sludge (DRY), sludge ashes (ASH) extract, and water (negative con-
trol) mediums. In the upper panel, each point reports the mean value
and standard deviation of 2 measurements (n=2). Lower panel shows
the first derivate of the logistic curves obtained by fitting the different
growth curves. Maximum values of the first derivate curves can be
used to approximate the highest productivity during the growth over
the different mediums and to define the maximum growth period

of OD at 600 nm (Fig. 4) and showed that the SMDZ-
27 medium provided PPB with the best suitable growth
medium, followed by dry ashes extract, sludge ash
extracts, and finally water. In this case, the curves fitted a
normal curve (Johnson Transformation 95% CI - p value
= 0.954) which was used to estimate the productivity of
the different conditions. Maximal productivity was high-
est in the case of SMDZ-27 (0.0008 increase of OD per
minute), followed by dry sludge extract (0.0005 increase
of OD per minute) almost 2 times higher than sludge ashes
and 20 times greater than the tap water treatment. In terms
of maximum biomass production, dry sludge treatment
showed the highest value, accomplishing final values of
2.74 (dry sludge), 1.98 (SMDZ-27), 0.54 (sludge ashes),
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Fig.4 Growth curves (upper panel) and biomass productivity (lower
panel) of PPB growing over SMDZ-27 standard (positive control),
dry sludge, sludge ashes extract, and water (negative control) medi-
ums. In the upper panel, each point reports the mean value and stand-
ard deviation of 3 measurements (n=3). Lower panel shows the first
derivate of the normal curves obtained by fitting the different growth
curves. Maximum values of the first derivate curves can be used to
approximate the highest productivity during the growth over the dif-
ferent mediums and to define the maximum growth period

to 0.011 g TS L~! (water). These results are higher than
recent reference studies aiming to define the optimal oper-
ational strategies to selectively produce PPB for protein
obtention, who reports biomass concentrations of 0.81 +
0.04 g TS L' [80].

These results allow us to consider the dry sludge extract
as a suitable medium for both MA and PPB growth, and
further biomass production. Results show that this medium
enables to obtain similar maximum productivities to com-
mercial standard and cost-intensive mediums and reaching
attractive final biomass production for further valorization
derived from a waste stream.

From the wastewater treatment point of view, Table 4
shows the COD, TP, and TKN removal efficiencies (RE) of
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Table 4 Initial and final COD, MA PPB

TP, and TKN contents (mg

L") for BG-11 (+), SMDZ BG-11 Dry sludge SMDZ-27 Dry sludge

(+), and dried sludge water

extract mediums and calculated Initial COD (mg Lfl) 200 + 3 1354 + 21 1754 + 18 1354 + 21

removal efficiencies at the end Final COD (mg L '1) 45+ 1.2 245 + 12.1 964 + 13 677 + 22

of the experiment for MA and COD RE (%) 77.5 81.91 45.55 49.85

PPB cultures . 1
Initial TP (mg L ™) 6.99 +0.2 193 +0.6 4.01 +0.15 19.3 + 0.60
Final TP (mg L ") 2.11 +0.28 4.05 £0.51 291 +0.12 15.4 +0.57
TP RE (%) 69.81 79.02 27.43 20.2
Initial TKN (mg L 1) 246 + 5 345+ 14 247 + 8 345 + 14
Final TKN (mg L ) 110 +£7.03 190 +9.15 15.41 +£0.33 19.11 £ 0.25
TKN RE (%) 55.28 44.93 93.76 94.46

TP total phosphorus; TKN total Kjeldahl nitrogen; COD chemical oxygen demand; RE removal efficiency

MA and PPB growing over standard mediums (BG-11 and
SMDZ-27, respectively) and over dry sludge extract

Regarding MA performance, the final RE shows good
performances but are somehow lower than recent reported
values (maximum RE: COD ~ 90%; TN ~ 87%; TP ~ 95%)
for the same strain growing over several wastewaters (i.e.,
coffee, dairy, and flour/starch industries) [81-83]. The lower
N RE obtained in this study could be explained following the
results of [84] who showed that N assimilation capacity was
significantly enhanced when using a BG-11 medium supple-
mented with NH,* as compared with the same medium used
in the present study (standard BG-11). By using ammonium,
the microalgae cells avoid energy needed for the nitrate/
nitrite reduction, as NH,* is directly incorporated into amino
acids [85]. Regarding P RE, our results are in accordance
with studies using the same strain for wastewater nutrient
removals [83, 86].

On the other hand, remarkably PPB were able to uptake
> 93% of the TKN contained in both of the tested grow-
ing mediums, showing promising potential N and protein
concentration in their biomass for further valorization.
These removal efficiencies results are higher than recent
reported values [80, 87]. However, for the same culture,
TP removals were lower when compared with the same
references. It has been previously suggested [88] that
higher P accumulation occurs mostly when there is lower
infrared (IR) energy available, then PPB biomass accumu-
late P as luxury poly-P. Our culture received a suboptimal
wavelength (white light), which may have contributed to
the low P accumulation. [87] reported that high P removals
(45-50%) only occurred in events when an increase in sus-
pended solids in the growing medium (wastewater) caused
shading and consequently a lower IR radiation. Hence, a
chance for enhancing the RE relies in the optimization of
the supplied light quality.

In terms of COD removal, a comparison to recent ref-
erences indicates lower efficiencies [78, 87-90]. None-
theless, these studies deeply addressed the operational

parameters optimization (i.e., reactor configurations, oper-
ation temperature, HRT, SRT, agitation speeds, light qual-
ity and intensities, and conditions for bacterial strains).
Regarding the latter, the origin of the strain can affect
some metabolic yields specially in short-term experiments
like the ones included in this research. In our case, the
strain of PPB that was isolated from a different source that
the one used in our process which could have affected the
overall performance. For instance, [89] also experienced
unsatisfactory nutrients removal and biomass assimilation
while working with Rhodobacter sphaeroides and con-
cluded that optimization of the process in needed regard-
ing different light intensities and agitation speeds for dif-
ferent waste stream treatments. For short-term experiments
like the ones presented in this paper, a pre-acclimatation
period should be included.

Overall, the fact that the biomass, both MA and PPB,
could grow adequately over the waste stream, but failed to
comply with the required discharge limits (COD, TKN, TP)
(EU Directive 91 /271 /EEC), allow us to consider both MA
and PPB treatments over waste streams as a potential side
stream unit to be used as a waste valorization step taking
advantage of a mainstream performance without jeopard-
izing the final effluent quality. Another alternative, to reduce
the high nutrient levels that may remain after harvesting MA
or PPB, is to add more growth cycles without adding waste-
water or to reuse the effluent solution in hydroponic crop
systems [81]. For example, the co-cultivation of tomatoes
with MA has been shown to be advantageous [90].

3.2.2 Scale up for biomass production (MA and PPB)

After defining the optimal experimental conditions in the
preliminary trials (i.e., HRT = 2 days), 1 L PBR was set for
biomass production and further valorization. Figure 5 shows
the evolution of the MA and PPB biomass and the OD for
both cultures through the whole experiment. Overall, dry
biomass yield of Chlorella sorokiniana resulted in 0.79 +
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0.04 g L' d!, while Rhodopseudomonas palustris yielded
0.75 +0.08 g L' d”!'. Arrows in the figure show the moments
in which the mixed liquor was extracted; immediately after
this withdrawa, the reactor was refilled with the same waste
stream. At the end of the first day of the trial, soluble COD
of the mixed liquor showed a reduction of 81% and 38% in
MA and PPB treatments, respectively. At that same moment,
a biomass of 0.89 g L' (MA) and 0.90 g L' (PPB) was
observed. Roughly, biomass production yielded 0.8 g MA
biomass L™! per g of COD removed, while for PPB, the result
was 0.60 g PPB biomass L™! per g of COD removed.
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Regarding biomass production, both MA and PPB
showed interesting results and in line with recent reported
results. Particularly, for MA [91] reported photoautotrophic
stable biomass production between 0.8 and 1.2 g L' d’!
in closed reactors operating during a longer period (14
d). Also, although using different species, [92] obtained
biomass concentrations of 1.98 +0.43, 3.58 +0.12, and
2.24+0.34 g L™! for Chlorella vulgaris mixotrophically
cultivated in inorganic media supplemented with cheese
whey (CW), hydrolyzed CW, and a mixture of glucose and
galactose, respectively. [88] obtained a maximum biomass
density of 2 g L™! (in 6 days) when Chlorella vulgaris grew
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TabIeIS Summary of total Tested material Total TKN (% dw) TP (% dw) K (% dw) Reference
protein, TKN, TP, and K fo.r protein (%
MA and PPB blOII'laSS in this dw)
study compared with reference
papers MA  Chlorella sorokiniana 45.3 7.1 8.1 0.4 This Study
45 - - [99]
77 - - [100]
34 7.33 - [101]
67 - - [102]
Chlorella vulgaris 17.8 99 4.6 [103]
P Rhodopseudomonas palustris  65.4 11.1 1.5 2.5 This Study
P 74 - - [104]
B 71 - - [105]
73 - - [106]
65 - - [107]
58 12.1 19 - [29]
45 - - [29, 108]

mixotrophically in urban wastewater with glucose, while
[93, 94] reported maximum biomass concentration of 1.24
gL~'and 1.30 g L™}, respectively. Hence, obtaining around
0.79 g L' d'! in a complex real medium represents a great
potential for growing MA over this waste stream for further
biomass valorization.

Regarding PPB, production results for synthetic sub-
strates containing VFAs, simple sugars, alcohols, and other
organic acids feeds are between 0.5 and 1.0 g COD g COD
removed! [80, 95-97]; thus, our results of 0.75 0.79 g L!
d”! can be considered as remarkably good production yields
for growth test over real waste streams.

Noteworthy that the used growing medium in this study
was produced by extracting soluble compounds from a
dried solid with no addition of complementary substrates.
Results demonstrate that most likely nutrients and carbon
sources were rapidly available for PPB and MA uptake,
hence explaining the elevated biomass production. Despite
the good results working with 1 L volume, it is necessary to
consider that scaling up photobioreactors embodies some
intrinsic challenges regarding mixing, light penetration, gas
exchange, and harvesting procedures which might hamper
the productivity and/or increase the capital and operating
costs [98] which must be studied thoroughly.

In order to assess the quality of the produced biomass
intended for further use as ingredients for biobased fertiliz-
ers or animal feed formulations, the MA and PPB biomass
obtained in this trial were tested for protein, TKN, K, TP
content, and amino acid profile. Table 5 summarizes the
MA and PPB biomass characterization and compares them
to reference studies.

Regarding our results, the potential valorization as inputs
for BBF manufacturing looks promising. In terms of pri-
mary nutrients, MA biomass exhibit concentrations of

7.1%, 8.1%, and 0.4% NPK, respectively, and PPB biomass
11.1%, 1.5%, and 2.5% NPK, respectively. In fact, the pro-
duced biomass betters some commercially available organic
products (biofertilizers and bioactivators) derived from algae
biomass exhibiting from 2% onwards of TN. Regarding TP
contents, our MA results are in line with reference values
for the same genus [103] and species [109]. Likewise, for
PPB biomass, TP concentration is in accordance with the
only found reference value of TP in PPB biomass [29] grow-
ing over synthetic, domestic, pork, and poultry wastewaters.
These figures are higher (except for K) than the minimum
content required by EU2019/1009 normative by single pri-
mary nutrient declaration or by declaring more than one
primary nutrient as a sum of % by mass. Moreover, for MA
biomass, the obtained concentrations in this study could be
enhanced by changing cultivation conditions since changes
in operational parameters can favor a specific metabolite
(i.e., protein, lipids, carbohydrates) accumulation [110, 111].
Similarly for PPB cultures, carbon and N sources as well as
operational parameters can enhance one preferred metabolic
pathway leading to specific product [95].

In terms of protein content with the intention to be used
as animal feed, MA biomass total protein content resulted
a bit lower than some of the reported values. This could be
explained by the use of a real growing medium as opposed to
synthetic and supplemented mediums included in these ref-
erences. On the other hand, protein content of the PPB bio-
mass was remarkably high (>65% (dw)) making it possible
to use it as substitute for protein source at quite high rates in
feeds for carnivorous fish where dietary protein requirement
may be between 40 and 55% [29]. Besides protein content,
ingredient quality is critical for commercial feed production
and is a common problem for formulation [112]. Amino acid
profiles for the MA and PPB microalgae biomass were quite
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Fig.6 Amino acid profile for
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similar, PPB exhibiting higher overall content of total amino
acids than MA (53.83 + 1.62 vs 45.23 + 1.42 g aa g protein™!
respectively). Furthermore, the content of essential amino
acids [113] as a measure of protein quality accounted for
53% and of the total amino acid concentration for both MA
and PPB biomass.

Quality assessment of the produced biomass and based on
the nutritional properties from the amino acid profile allow
us to consider these cultures as a good potential source of
multipurpose supplement for animal feedstuffs. Figure 6
shows the comparison between our MA and PPB biomass
against the amino acid composition within the formulation
of experimental diets in [29]. These authors encountered no
significant increase in mortality associated with the use of
microbial biomass as a feed ingredient compared to com-
mercially available diets and demonstrated that up to 66%
replacement of fish meal has no significant adverse effects
on fish performance (feed intake, daily gain, feed conver-
sion ratio, growth rate, and mortality) during a 47-day
experiment. Thus, our results present strong evidence on
the opportunity of obtention of high-quality biomass from
waste streams which meets quality requirements for protein
production by means of aquaculture.

3.3 Product benchmarking

Several value-added products have been obtained from
sludge at lab scale in this study such as nutrient-rich, PHA-
rich, energy-rich sludge, and nutrient- and protein-rich
biomass. However, to address the feasibility and the eco-
nomic potential of these products for reaching full-scale
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applications, a comparative analysis using commercially
available products, which our products intend to replace,
must be performed. Hence, a benchmark of alternative prod-
ucts in terms of costs and values is presented hereby. Note-
worthy that this preliminary analysis will not consider poten-
tial variations of the sludge nutrient composition, transport
and spreading costs which are crucial to provide real-time
assessment [114]. Also, the saved costs of sludge manage-
ment and treatment, which WWTP must currently take care
of, are not included. Hence, the values presented here could
certainly be more attractive when overall economic and
environmental saved costs are included.

Regarding the potential use as a BBF, the nutrient ferti-
lizer value of sludge and of the produced MA and PPB bio-
mass depends on the total major plant nutrient (NPK) com-
position [115] and the economic valuation of these materials
which is the total value of available nutrients (TVANS) cal-
culated using Eq. (3) [114]:

TVANS = TVAN + TVAP + TVAK 3)

where TVAN is the total value available nitrogen per ton
(€); TVARP is the total value of phosphorus available per ton
(€); and TVAK is the total value of available potassium per
ton (€). Net TVANS is calculated by subtracting the produc-
tion costs or the market price to the TVAN so to get the real
value of nutrient normalized by the cost of obtaining it. Net
TVANS of our products are compared with net TVANS of
commercially available fertilizer products in Table 6.

As it can be observed, with the current production costs
and market prices, the TVANS of our products are some-
what less economically profitable and still not convenient as
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Table 6 Nutrient availability and nutrient value of this study’s products compared against commercially available products

Product Type Available nutrient content (%) TVANS Net TVANS (TVANS Constraints Reference produc-  Reference

(€Kg!) - production costs or tion costs market
N P K market price) (€ Kg) process

Raw sludge Organic fertilizer ~ 7.68% 4.22% 0.37% 0.18 0.18 Transport/appli-  This study
cation/safety

Dry sludge Organic fertilizer ~ 7.38% 4.14% 0.47% 0.17 0.01 Available drying  This study/[116]
facilities

Sludge ashes Fertilizer 0.45% 17.41% 1.38% 0.24 -0.08 Auvailable incin- This study/[116]
eration facilities

MA biomass Organic fertilizer ~ 15.19%  8.10% 0.40% 0.35 -0.38 Scaling up pro- This study/[117] [118,119]
duction costs

PPB biomass Organic fertilizer  26.07% 1.50% 2.50% 0.45 -0.85 Scaling up pro- This study/ [121]
duction costs [95, 120]

Urea Inorganic fertilizer 46.00% 0.00% 0.00% 1.61 0.87 Scarce raw mate- [122]

Triple superphos- 0.00%  46.00% 0.00%  1.28 0.69 rials—environ-

phate mental concerns
Potassium chloride 0.00% 0.00% 50.00%  0.38 0.19
Phosphoric acid Liquid fertilizer 85.00% 0.00% 0.00% 0.00 0.13

(*) Market prices as for January 2022

Table 7 Protein availability and protein value of this study’s products compared against commercially available livestock feed formulations

Product Protein con- Essential aa  Total protein  Market price/  Net protein ~ Reference Reference Reference pro-
tent (% dw) (%) value (€ Kg'!) production value (€ protein market price  duction costs
costs (€ Kg'l) Kg'l) content
MA biomass  45.30% 53.00% 2.16 0.73 1.43 This study [118,119] This study/[117]
PPB biomass 65.40% 53.00% 2.16 1.30 0.86 This study [121] This study/[97]
Soybean meal 46.00% 45.00% 1.18 0.53 0.65 [124] [122]
Rape meal 36.00% 42.00% 1.11 0.47 0.64 [124]

(*) Market prices as for January 2022

opposed to traditional inorganic alternatives (TVANS 0.18
for raw sludge application vs. 0.58 for average NPK simul-
taneous application (€ Kg™)). Also, transport distance and
spreading costs need to be thoroughly evaluated to address
the economic feasibility of these novel products. Nonethe-
less, production costs tend to decrease as more research and
scaling up of the novel processes are developed. Also, cur-
rent global scenario reveals problems such as rising food,
fuel, and feedstocks prices together with input costs, high-
lighting the need for EU agriculture and food supply chains
to become more resilient and sustainable. As such, biobased
fertilizer production strikes as an attractive alternative to
avoid economic uncertainties and supply risks. At the same
time legal constraints are becoming stricter and EU’s envi-
ronmental strategy strongly points to zero waste and circular
economy strategies. All these combined elements will con-
tinue to generate a more favorable scenario for novel ferti-
lizer products derived from waste valorization approaches.

In terms of potential application as ingredients for live-
stock feeds, the nutritive quality of the product must be
checked against commercially available meals (i.e., soybean

meal) and the cost can be compared in terms total protein
content [123] in a similar way as it was proposed for the
fertilizer value (Table 7).

As can be observed, both the protein content and the
essential amino acids in MA and PPB biomass are in line
with commercially available meals, making our products
suitable for this purpose. Moreover, when considering the
market prices of available products, it turns out that MA
and PPB biomass are more convenient that traditional meals
with similar protein content and similar amino acid quality.
Hence, if installed as a side stream of a WWTP where a
drying facility already exists (i.e., thermal valorization of
the sludge), this technology’s production costs would drop
dramatically making this alternative even more economi-
cally attractive. Moreover, the reduction of the potential
sludge-related environmental impacts helps boost the sus-
tainability of the wastewater treatment sector. Nonetheless,
it is noteworthy that our results were obtained in lab-scale
trials, and the scaling up of this type of processes can make
the CAPEX and OPEX to increase leading to a less favora-
ble economic scenarios. Particularly, artificial illumination,
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centrifugal harvesting/dewatering, and drying are the crucial
operational parameter for MA and PPB cultures. These ele-
ments will need to be considered when scaling the process.

All in all, the studied sludge and the derived biomass pro-
duction included in this study meets the physicochemical
characteristics to be used as a BBF, as a biofuel, bioplastic
precursor, and/or as growing mediums to produce ingredients
for animal feed formulations as promising valorization routes.

4 Conclusion

This study provides technical evidence on the feasibility of
obtaining high value-added products departing from a waste
stream such as EBPR sludge by means of novel valorization
pathways. Physicochemical composition of the obtained prod-
ucts meets the quality requirements to be derived for several
applications such as BBFs, biofuel, bioplastic precursor, and/
or as ingredients for animal feed formulations appearing as
promising valorization routes. The results were particularly
remarkable in terms of protein content in PPB biomass for
further valorization as animal feed ingredient. In our study
case, the obtention of dry sludge as a raw material for prod-
uct manufacturing as well as a growing medium for MA and
PPB represents, on one hand an advantage, since such a ther-
mal process warrantee the sanitization of the product (End
of waste Criteria EUR 23990). On the other hand, the need
for sludge drying makes the process costly and dependent on
the existence of a drying facility. Moreover, the fact that the
final effluent’s concentrations exceeded some of the discharge
limits points out the necessity of optimizing the employed
operational parameters while scaling up the process. Notwith-
standing, the obtained results highlights the opportunity of
developing and applying these technologies as a side stream
in wastewater treatment facilities for valorizing the currently
produced sludge. This work presents different alternatives
for valorizing the inevitable produced sludge with the pros-
pect for obtaining different high value-added products. The
various downstream valorization processes presented in this
work open the opportunity to derive efforts to the most needed
resources for a market-driven decision-making system. Spe-
cial interest relies on the industrial symbiosis approach since
most of the alternatives presented here would be economically
enhanced operating as side-stream processes. The recovery of
resources from waste streams including domestic and agro-
industrial sludges can improve the overall EU sustainability
and provide feasible alternatives for inputs with high supply
risk and/or elevated costs.
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