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Abstract: In this study, the feasibility of integrating microalgae cultivation in a biogas production
process that treats the organic fraction of municipal solid waste (OFMSW) was investigated.
In particular, the biomass growth performances in the liquid fraction of the digestate, characterized by
high ammonia concentrations and turbidity, were assessed together with the nutrient removal
efficiency. Preliminary laboratory-scale experiments were first carried out in photobioreactors
operating in a continuous mode (Continuous-flow Stirred-Tank Reactor, CSTR), to gain preliminary
data aimed at aiding the subsequent scaling up to a pilot scale facility. An outdoor experimental
campaign, operated from July to October 2019, was then performed in a pilot scale raceway pond
(4.5 m2), located in Arzignano (VI), Italy, to assess the performances under real environmental
conditions. The results show that microalgae could grow well in this complex substrate, although
dilution was necessary to enhance light penetration in the culture. In outdoor conditions, nitrification
by autotrophic bacteria appeared to be significant, while the photosynthetic nitrogen removal was
around 12% with respect to the inlet. On the other hand, phosphorus was almost completely removed
from the medium under all the conditions tested, and a biomass production between 2–7 g m−2 d−1

was obtained.
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1. Introduction

In relation to the increasing world population, the generation of municipal solid waste (MSW) is
also expected to increase, with a foreseen production of 2.2 billion tons at a global level by 2025 [1].
A large portion (40–70% [2,3]) of MSW is represented by the organic fraction (organic fraction of
municipal solid waste, OFMSW). If not properly managed, the OFMSW can cause severe harm to the
environment, through the emission of greenhouse gases (GHG) and/or contamination of soils and
water due to uncontrolled decomposition [4]. Therefore, it is clear that a correct waste management is
crucial to prevent such damage.

In this context, anaerobic digestion (AD) has emerged as a very attractive treatment. AD allows
for the valorization of the OFMSW through the production of biogas, which could be exploited for the
production of power and thermal energy in a combined heat and power (CHP) engine [5], or upgraded
to biomethane to be used as a vehicle fuel or injected into the natural gas grid [6,7]. Hence, following
this approach, waste is converted into a renewable energy resource.

However, one of the bottlenecks that limits the deployment of AD plants treating OFMSW is
related to digestate management. Roughly 700–950 kg of digestate are produced as a by-product for
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every ton of organic waste fed to the digester [8–10]. Current practices involve the use of digestate for
land applications, as fertilizer or for soil amendment. However, this possibility strictly depends on
specific national regulations and, especially concerning digestate obtained from OFMSW, is not always
allowed without proper pre-treatment and stabilization. Usually, the digestate undergoes solid–liquid
separation to be divided into the two main fractions: the liquid typically accounts for 80–90 wt %,
while the solid fraction is about 10–20% by mass [1,11]. The solid fraction can be either composted or
dried, and used directly as organic fertilizer. On the other hand, liquid digestate management poses
more issues, as it cannot be directly discharged into the water body due to the high nutrient load.
Among the technologies employed to treat the liquid fraction, there are membrane technologies [12],
stripping [13], chemical [14] and biological (e.g., ANAMMOX) [15] treatments. However, they are
associated with high operation costs.

One recently emerging possibility is to couple microalgae cultivation to the anaerobic digestion
process [16]. Microalgae are being widely investigated in wastewater treatment applications, owing
to their remarkable capability to grow in complex media and to efficiently uptake nutrients such as
nitrogen and phosphorus from these streams [17]. Thus, growing microalgae in the liquid fraction of
digestate appears as a promising strategy to recover nutrients from this waste stream while producing
valuable biomass, in agreement with a circular economy perspective. The produced biomass could be
exploited in different ways, e.g., in agriculture as a slow-release fertilizer, or recycled to the digester to
enhance the biogas production [18].

Several works can be found in literature that cultivate microalgae, either as pure species or in consortia,
in the liquid digestate obtained from different organic feedstocks, ranging from municipal wastewater
sludge [19,20], to dairy manure [21] and piggery effluent [22,23], among others. Moreover, these studies
span from small-scale cultivation experiments carried out in flasks [24] to lab-scale bioreactors [25], to
reach pilot-scale raceway ponds [22]. On the other hand, the possibility of growing microalgae in the
liquid digestate obtained from OFMSW is still poorly investigated. The physio-chemical properties of this
digestate, which is characterized by generally higher turbidity and ammonia nitrogen (up to 6000 mg L−1)
compared to other digestate sources [9], as well as by the possible presence of heavy metals and other
toxic compounds [1], necessitate a proper investigation to evaluate the possibility of using it to grow
microalgae. Bona et al. [26] conducted a study on microalgae cultivation in the digestate produced from
a dry AD pilot plant treating OFMSW, adopting a dilution of 1:70 to lower the ammonia concentration
and turbidity of the medium. The experiments carried out by the authors in batch conditions at lab-scale
highlight a potential growth and nutrient removal by microalgae even in this type of medium.

This work aims at further investigating the growth and nutrient removal performances of
microalgae cultivated in the liquid digestate from OFMSW, with an industrial-scale application
perspective. First, lab-scale experiments were performed in photobioreactors operated in continuous
mode, in order to retrieve some preliminary data on the performances of the system, especially
concerning the effect of the hydraulic residence time (HRT) as operating variable. Subsequently, a
pilot-scale raceway system, operated in a semi-continuous mode, was used to carry out an outdoor
experimental campaign, aimed at assessing the performances under real environmental conditions.

2. Materials and Methods

2.1. Microalgae Species

To allow a higher versatility of the system, a consortium comprising different microalgal
and cyanobacterial species was used to inoculate both the laboratory and pilot-scale cultivation
systems. The species selected for the consortium include Chlorella protothecoides, Chlorella vulgaris,
Scenedesmus obliquus, Synechococcus sp. and Synechocystis sp., which are among those commonly
reported in wastewater treatment applications, thanks to their resilience and capability of growing
well in complex media [27–30]. Prior to inoculation, the consortium was maintained in liquid digestate
diluted 1:10, so to acclimate to this type of substrate.
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2.2. Laboratory-Scale Experimental Setup

An initial set of experiments was carried out in controlled laboratory conditions to assess the
feasibility of the cultivation of microalgae in such a liquid. The laboratory-scale cultivation experiments
were carried out in a flat-plate photobioreactor (PBR) operated in continuous mode. The PBR had a 2 L
working volume, VR (30 cm height × 17 cm length × 4 cm depth). The culture was mixed by means
of a magnetic stirrer so that the system can be considered a CSTR. After a batch start-up phase, the
reactor was operated in continuous mode. The inlet digestate was fed by means of a peristaltic pump
(Watson-Marlow 120 U) that regulated the volumetric flow rate Q (mL d−1). The reactor volume was
kept constant by means of an overflow tube, from which the outlet was withdrawn at the same flow rate.
The hydraulic retention time (HRT) was set by regulating the inlet volumetric flow rate, according to:

HRT =
VR

Q
(1)

A mixture of air-CO2 (5% v/v) was bubbled at a flow rate of 1 L h−1 by means of a sieved silicon
tube placed at the reactor bottom. Light was provided by means of a LED lamp (Photon System
Instruments, SN-SL 3500-22), connected to a digital controller. In order to replicate real conditions
as much as possible, the lamp was set to reproduce the average light intensity profile of a typical
summer day in Arzignano, Italy, close to the area where the subsequent pilot scale facility was located.
Irradiance data were retrieved from the PVGIS database [31], taking the month of July as representative
for the summer season. Accordingly, the light profile was characterized by 15 h of light followed by
9 h of dark. The peak irradiance achieved at 12:00 was equal to 1400 µmol m−2 s−1 (772 W m−2) of
Photosynthetically Active Radiation (PAR, 400–700 nm), while the average daily intensity was equal to
about 559 µmol m−2 s−1 (288 W m−2).

Finally, the temperature and pH of the culture was monitored daily, but not controlled. Their
values were in the range of 25–28 ◦C and 7–8, respectively.

The liquid digestate used for lab experiments was provided by Berica Impianti s.r.l., and was
sampled from an anaerobic digestion plant treating OFMSW, located in Asigliano Veneto (VI), Italy.
In particular, two types of digestate samples were collected: a centrifuged one (CD), i.e., the liquid
obtained after a gross solid–liquid separation of the digestate, followed by a centrifugation step; and a
filtered one (FD), which, after the first solid–liquid separation, underwent a gross filtration by means
of a bag filter. The latter was considered as, despite a lower solid removal efficiency, it requires lower
energy duties. The composition of the two digestates is reported in Table 1. As can be observed, the
samples have a similar nutrient composition, while the solids content is higher in the filtered sample,
owing to the lower separation efficiency.

Table 1. Composition of the digestate samples used in this study.

Analysis Centrifuged Digestate (CF) Filtered Digestate (FD)

Ammonium, N-NH3 (mg L−1) 2933 ± 141 3195 ± 140
Nitrates, N-NO3 (mg L−1) 200 ± 8 15 ± 2
Nitrites, N-NO2 (mg L−1) 2.5 ± 0.24 n.d.

Phosphates, P-PO4 (mg L−1) 51 ± 2 85 ± 1.5
COD (mg L−1) 11,947 ± 1312 12,383 ± 1528

Total suspended solids (g L−1) 4.2 ± 2.3 9.05

n.d. = not detected.

Due to the high ammonium N concentration (about 3 g L−1 of N at pH = 8.3) and turbidity
(Figure 1), the digestate was diluted at different ratios (see following sections) to enhance the light
penetration. Clearly, although in this study dilutions were made using tap water, it is envisioned that
in real facilities other waste streams would be used for this purpose, such as urban wastewaters.
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(VI) Veneto, Italy (45°31′01.0″ N 11°22′32.2″ E). The operation was developed during Italy summer 
and early autumn seasons, namely in the period July–October of 2019. The research aimed to 
investigate the microalgae growth on OFMSW anaerobic digestate. The hydraulic retention time used 
in the experimentation was of 10 days. The raceway reactor was composed by two rectangular 
channels connected with semi-circular end-walls made of PVC. A motor coupled with a PVC six-
blade paddle wheel provided the water mixing, with a water integral velocity of 0.2 m s−1. In order to 
avoid dead zones, one flow rectifier was fixed in each loop. One single sump (0.95 m of depth and 
0.3 m diameter) was located before the paddle wheel to increase the gas diffusion. Continuous mixing 
ensured uniform microalgae concentration in the reactor, and a proper contact with sunlight and 
nutrients. By means of a tracing experiment, it was verified that the system behaved as a CSTR 
reactor. 

The raceway was firstly operated in batch condition for six days to allow an acclimation phase 
(from July 16th to 23rd, Figure 2). After this period, the reactor was operated in semi-continuous 
mode during 91 days, with an HRT of 10 days (from July 24th to October 22nd). The culture depth 
was set to 7.5 cm (from day 0 to 76, July 16th–October 7th), and was then lowered to 5 cm to facilitate 
light penetration when external solar radiation decreased in early autumn conditions (from days 77–
91, October 8th–October 25th). The corresponding working volume was 430 L and 308 L, respectively. 
Water evaporation from the pond was compensated daily with tap water, keeping the desired water 
depth, i.e., 7.5 or 5.0 cm depending on the operational period.  

Figure 1. Liquid fraction of digestate from anaerobic digestion of the organic fraction of municipal
solid waste (OFMSW): (A) as such; (B) diluted 1:5.

2.3. Pilot-Scale Experimental Setup

Outdoor experimentation was carried out in a 4.5 m2 raceway reactor with a usable volume
of 0.9 m3 (Aqualgae, Spain). The reactor was located at the site of Agno Chiampo Ambiente S.r.l.,
Arzignano (VI) Veneto, Italy (45◦31′01.0′′ N 11◦22′32.2′′ E). The operation was developed during Italy
summer and early autumn seasons, namely in the period July–October of 2019. The research aimed to
investigate the microalgae growth on OFMSW anaerobic digestate. The hydraulic retention time used
in the experimentation was of 10 days. The raceway reactor was composed by two rectangular channels
connected with semi-circular end-walls made of PVC. A motor coupled with a PVC six-blade paddle
wheel provided the water mixing, with a water integral velocity of 0.2 m s−1. In order to avoid dead
zones, one flow rectifier was fixed in each loop. One single sump (0.95 m of depth and 0.3 m diameter)
was located before the paddle wheel to increase the gas diffusion. Continuous mixing ensured uniform
microalgae concentration in the reactor, and a proper contact with sunlight and nutrients. By means of
a tracing experiment, it was verified that the system behaved as a CSTR reactor.

The raceway was firstly operated in batch condition for six days to allow an acclimation phase
(from July 16th to 23rd, Figure 2). After this period, the reactor was operated in semi-continuous mode
during 91 days, with an HRT of 10 days (from July 24th to October 22nd). The culture depth was set
to 7.5 cm (from day 0 to 76, July 16th–October 7th), and was then lowered to 5 cm to facilitate light
penetration when external solar radiation decreased in early autumn conditions (from days 77–91,
October 8th–October 25th). The corresponding working volume was 430 L and 308 L, respectively.
Water evaporation from the pond was compensated daily with tap water, keeping the desired water
depth, i.e., 7.5 or 5.0 cm depending on the operational period.
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was not carried out, in contrast to the lab experiments, due to technical and economic unfeasibility of 
employing this type of separation unit at large scale. From day 52 to 55, the influent was composed 
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Digestates were diluted with tap water in a ratio 1:20 during the acclimation phase (batch operation) 
and 1:10 during the semi-continuous operation. These different feed dilutions resulted in different 
inlet nutrients concentration, as reported in the corresponding figures of results section.  

The influent feeding was performed manually in a first period, and automatically afterwards. 
Manual feeding mode was performed from day 0 to 38 (July 16th–August 30th, Figure 2). In that 
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The substrate used was OFMSW anaerobic digestate provided by Berica Impianti S.r.l. As the
high content of suspended solids (SS) in the digestate may hamper the light diffusion, two different
filtration methods were used in the operation. During the first phase of semi-continuous operation
(Stage 1) it was filtered using an ultrafiltration unit (UFD) with tubular polymeric (PVDF) membranes,
provided by Sepra S.r.l. In the second stage (Stage 2), the digestate was filtered with bag filter only (FD),
as carried out for lab experiments (see Section 2.2) to evaluate the capability of microalgae consortia to
grow in a culture with higher concentration of SS (Table 1). Centrifugation was not carried out, in
contrast to the lab experiments, due to technical and economic unfeasibility of employing this type
of separation unit at large scale. From day 52 to 55, the influent was composed by mixing of UFD
and FD in ratio 1:1 (transition stage, September 13th–September 16th, Figure 2). Digestates were
diluted with tap water in a ratio 1:20 during the acclimation phase (batch operation) and 1:10 during
the semi-continuous operation. These different feed dilutions resulted in different inlet nutrients
concentration, as reported in the corresponding figures of results section.

The influent feeding was performed manually in a first period, and automatically afterwards.
Manual feeding mode was performed from day 0 to 38 (July 16th–August 30th, Figure 2). In that period,
harvest and sampling took place once a day between 11:15–11:45, and the fresh influent was added all
at once at 11:45–12:15. From day 39 (August 31st–October 22nd, Figure 2), the influent was introduced
automatically ten times a day, once per hour between 07:00 and 16:13 with pulses of the duration of
13 min each (Figure S1). Sampling was carried out between 11:45 and 11:55 as before. The effluent was
withdrawn by means of an overflow syphon, fixing the water column to 7.5 or 5 cm, respectively.

2.3.1. Inoculum

The consortium used as inoculum (see Section 2.1) was grown at room temperature in two 5 L
glass columns (0.1 m diameter) with constant illumination of 150 µmol m−2 s−1. Magnetic stirring
provided continuous mixing and air bubbling was supplied at a continuous flow of 1 L min−1 to avoid
dissolved oxygen (DO) accumulation. Once a week, 0.5 L of each bottle were harvested and collected in
a 25 L plastic bottle, kept under light irradiation. The cultures were fed with 1 L of OFMSW anaerobic
digestate diluted 1:10 with BG11 culture media.
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2.3.2. CO2 Injection

The pH was controlled based on on-demand injection of pure CO2, with a set point of 8.5.
This allowed a reduction of ammonia stripping and phosphorous precipitation that may occur at
alkaline pH around 9. The pH control system consisted in a CO2 gas cylinder, a gas regulator, a gas
flow meter (0–5 L min−1) and a diaphragm solenoid valve. CO2 was supplied by means of a gas
diffusor placed at the bottom of the sump. Water pH was measured every five seconds. When the pH
overcame the 8.5 set point value, the controller (Hatch sc200, Germany) opened the valve to allow CO2

bubbling (1 L min−1). Additionally, air bubbling was provided continuously from the bottom of the
sump with an air blower, to avoid microalgae settling.

2.4. Monitoring and Analytical Techniques

Physical–chemical parameters of the raceway systems, such as Dissolved Oxygen (DO),
temperature and pH were measured continuously with probes (Hatch Lange). Data were recorded
every 15 min with a data logger (Hatch sc200, Germany). In lab-scale experiments, temperature and
pH were measured manually once a day.

Samples of 15 mL (lab-scale) and 50 mL (pilot-scale) were periodically taken from the corresponding
effluents, and then analyzed in order to characterize the microalgae growth and nutrients removal.
Biomass evolution was followed in terms of Total Suspended Solids (TSS, g L−1) and Chlorophyll A
concentration. TSS were measured according to Standard Methods (APHA 2000). Pigment extraction
was carried out by N,N-dimethylformamide (DMF): samples were centrifuged at 13,000 rpm for 10 min.
After the supernatant was removed, 1 mL of solvent was added in dark conditions. Samples were then
stored at −20 ◦C for at least 48 h to ensure complete pigments extraction. After further centrifugation,
the absorption spectrum of the extract was measured by a double-beam spectrophotometer (UV-1900,
Schimadzu Corporation, USA) using DMF as reference. The final concentration of Chlorophyll A was
determined according to specific extinction coefficients [32].

Nutrients removal was assessed measuring their concentration in the inlet and outlet streams,
and calculated according to:

∆i =
ci,in − ci,out

ci,in
% (2)

where i is the specific nutrient, and ci,in and ci,out indicate the inlet and outlet concentration, respectively.
Soluble ammonia, nitrite and nitrate were measured by spectrophotometric analytical kits (Hydrocheck
Spectratest). Phosphates concentration was measured by means of a colorimetric reaction based on the
formation of a blue phosphomolybdic complex of the molybdenum blue group, whose concentration
is measured by spectrophotometer. Organic matter removal was analyzed as soluble chemical oxygen
demand (sCOD), and total COD fraction was also measured to characterize the influents composition.

For the pilot-scale experimental activity, nitrogen mass balance was evaluated, assuming the
inorganic nitrogen in the inlet (mostly in the form of ammonium N) could leave the raceway in four
ways: soluble N-NH3, transformed into N-NO2 or N-NO3, in form of microalgae biomass and stripped.
Nitrogen content in the biomass was estimated in 5% of the total TSS, based on literature [33]. Total
inorganic nitrogen was calculated as the sum of N-NH3, N-NO2 and N-NO3. The balance was obtained
according to the following equations:

Nin = (Qin·[N−NH3]) + (Qin·[N−NO2]) + (Qin·[N−NO3]) (3)

Nbiomass = Qout·TSS·%N (4)

NNO = (Qout·[N−NO2]) + (Qout·[N−NO3]) (5)

NNH3 = Qout·[N−NH3] (6)

Nstripped = Nin − (NNH3 + NNO + Nbiomass) (7)
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Nlost = Nstripped + Nbiomass (8)

In Equations (3)–(8), Qin and Qout are the volumetric flowrate of the influent and effluent,
respectively, of the reactor (L d−1). TSS is the concentration of biomass in the effluents (g L−1). N-NH3,
N-NO2 and N-NO3 are the average concentrations of the compounds in the effluents (g L−1).

3. Results and Discussion

First, the results related to the biomass growth and nutrients removal performances obtained
at the laboratory scale are presented. These were used as a first indication to plan and perform the
scale-up to the outdoor pilot plant, whose performances are presented hereafter.

3.1. Laboratory-Scale Experiments

In these preliminary experiments, the effect of the HRT on the process performances was
investigated, together with the extent of dilution and the type of digestate used as substrate for growth.

The first type of digestate used was the centrifuged digestate (CD). Initially, to reduce both
turbidity and ammonia concentration in the medium, a 1:5 dilution factor was applied to the inlet
stream. It is, in fact, widely acknowledged that high levels of ammonia can be toxic for algal cells,
even though the tolerance is species-dependent [34]. The values of HRT investigated were equal to 9,
6.5 and 5.5 days, respectively. Each time the HRT was changed, a transient phase of 8–10 days was
observed, after which the performances achieved steady-state. The corresponding performances are
summarized in Table 2. As also shown in Figure 3A, the steady-state biomass concentration increased
with the residence time, from 0.68 g L−1 at 5.5 d to 1.92 g L−1 at day nine. Interestingly, the volumetric
productivity (Px = cx/HRT) also increased along with the residence time, from 0.123 g L−1 d−1 to
0.213 g L−1 d−1. This indicates that the optimal operating residence time under these environmental
conditions would be higher than those investigated, according to the typical behavior of a chemostat
photobioreactor [35,36]. However, reaching a steady state in such wastewater suggests that industrial
application at large scale may be feasible, as microalgae were found able to continuously grow in
the digestate.
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Table 2. Steady-state results of continuous lab-scale experiments.

Experimental Conditions HRT (d) pH T (◦C) cx (g L−1) Px (g L−1 d−1) ∆N (%) ∆P (%)

Centrifuged digestate 1:5
5.5 7.9 ± 0.2 25.0 ± 1.0 0.68 ± 0.07 0.123 ± 0.013 2.8% 52.6%
6.5 7.5 ± 0.2 25.6 ± 1.2 1.02 ± 0.12 0.156 ± 0.018 12.4% 94.7%
9 7.7 ± 0.1 24.3 ± 0.6 1.92 ± 0.23 0.213 ± 0.026 12.6% 96.7%

Centrifuged digestate 1:2 6 7.9 ± 0.1 27.2 ± 1.5 - - - -
8.5 7.6 ± 0.1 26.2 ± 1.0 1.63 ± 0.31 0.191 ± 0.034 12.3% 59.6%

Filtered digestate 1:2 6.5 7.7 ± 0.1 25.0 ± 1.6 0.92 ± 0.08 0.142 ± 0.012 3.96% 84.1%

In terms of nutrient removal, phosphorus was almost completely consumed at the higher residence
times (∆P ≥ 95% at HRT = nine days and 6.5 days) reaching concentrations lower than 1 mg L−1 in
the effluent. The nitrogen removal was instead around 12% in the same conditions, highlighting an
unbalanced ratio of the two nutrients in the medium (about 35:1 N:P w/w) with respect to the average
elemental composition of microalgal biomass (about 8:1 N:P w/w), according to the Redfield ratio [37],
with P being the limiting nutrient. When decreasing the HRT to 5.5 d, the N and P removals decreased
to 3% and 52% respectively, suggesting that this value of HRT may be close to the wash-out condition.

To verify whether a lower dilution, i.e., lower water consumption, could be applied, a second set
of experiments was carried out with a 1:2 digestate dilution. The HRT was initially set to six days.
Despite starting from a high biomass concentration (about 1.5 g L−1), under these conditions the culture
was entirely washed out of the system, indicating that the higher turbidity of the medium, possibly
combined with an ammonia inhibition effect, strongly reduced the microalgal growth rate so that
higher residence times are required under these conditions. The HRT was, hence, increased to 8.5 days.
Following inoculation, after about 12 days of transient phase a steady-state was reached, characterized
by a constant biomass concentration of 1.63 ± 0.31 g L−1 (i.e., a productivity of 0.191 ± 0.034 g L−1 d−1)
(Table 2). Under these conditions, the N and P removal was equal to 60% and 12%, respectively, which
are slightly lower compared to the performances achieved under a 1:5 dilution.

Finally, the possibility of growing microalgae using a filtered digestate (FD) was investigated.
This would, in fact, allow lower energy consumption in the overall process, but results in a higher
solids content and turbidity of the substrate. Considering the previous results, a 1:5 dilution was
applied, with an HRT of 6.5 days. As shown in Figure 3, with respect to the corresponding experimental
condition carried out with centrifuged digestate, the biomass productivity was reduced by about 10%
(0.142 g L−1 d−1 compared to 0.156 g L−1 d−1), although this reduction was not statistically significant.
The N and P removal were also significantly reduced compared to those obtained with the centrifuged
sample, highlighting the negative effect of turbidity on the biomass performances.

Overall, lab-scale experiments allowed us to verify that microalgae cultivation in the liquid fraction
of anaerobic digestate from OFMSW appears promising, although aspects related to the medium
turbidity require operation at high values of HRT compared to cultivation in synthetic media or urban
wastewaters [38], with the need of dilution. Moreover, due to the unbalanced nutrient concentration in
the medium, it would be preferable to perform the dilution with other types of wastewater with a
richer P content.

3.2. Pilot-Scale Experiments

3.2.1. TSS Concentration and Chlorophyll Content

Based on the results obtained in the lab, the pilot plant was operated with a digestate dilution
of 1:10 and at a precautionary hydraulic residence time of 10 days. Details of the operation mode
are reported in Figure 2. The TSS were measured during all the stages of operation, and results are
reported in Figure 4. The biomass concentration, measured in terms of TSS, and corresponding areal
productivity (g TSS m−2 d−1) suffered changes related to the operational conditions and the seasonal
variations. From day 0 to 35 (Stage 1) the concentration and productivity increased until a maximum
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value of 0.74 ± 0.04 g TSS L−1 and 6.9 ± 0.4 g TSS m−2 d−1 (days 21–35, Figure 4). The comparison of
the biomass productivity obtained in our study with other pilot plants is difficult due to the different
types of feed used for cultivation and geographical area. Other papers reported concentrations of
0.98 g TSS L−1 and productivities of 10–30 g TSS m−2 d−1 with other types of digestates [39–41], or
2.1–2.2 g TSS m−2 d−1 for indoor cultivation in high rate algal ponds (HRAP) [20,42]. Besides the value
of productivity, it was here demonstrated that the cultivation in a real outdoor operating pilot plant
fed with OFMSW digestate is feasible. The difference in concentration and productivities with other
plants is easily justifiable by the type of inlet medium, which represents the novelty of this work.
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After day 35, the concentration of TSS started to decrease until minimum values close to 0.13–0.31 g
TSS L−1 corresponding to productivity values of 1.2–2.9 g TSS m−2 d−1 (Figure 4). This point will be
specifically discussed in Section 3.2.4. During Stage 2, the TSS concentration reached a mean value
of 0.81 ± 0.11 g L−1. This concentration was similar to that obtained in the period from days 21–35
(Stage 1, 0.74 ± 0.05 g L−1).

On the other hand, TSS measures do not fully represent the trend of algal concentration, due to
the presence of suspended solids in the medium and other bacterial populations. To better understand
the photosynthetic microorganism evolution, the Chlorophyll A concentration was analyzed and
reported in Figure 4C. During Stage 1, the Chlorophyll A concentration had the same trend of the
TSS, while a different behavior was observed in Stage 2: Chlorophyll A decreased progressively until
reaching minimum values of 4.8–6.5 mg L−1 in days 88–91. This drop in chlorophyll concentration was
attributed to the low temperatures and solar irradiances of autumn season. In addition, the higher
concentration of suspended solids of the FD compared to the UFD hampered the light penetration.
Those facts hindered the growth of photosynthetic microorganisms, eventually leading to the collapse
of the microalgal culture, reduced DO concentration (maximum values below 12 mg O2 L−1, see
Section 3.2.4) and low pH values (below the pH set point control, pH 8.5, Figure S2).

3.2.2. COD and P Removal

The COD (soluble Chemical Oxygen Demand, sCOD) concentration in the effluent in the period
13–77 days had an average value of 299.1 ± 108.2 mg sCOD L−1. From day 0 to 12 the sCOD
concentration raised, probably due to the acclimation to semi-continuous operation (Stage 1, manual
feeding, Figure 5A). Between days 13 and 38, (Stage 1, manual feeding) the concentration in the outlet
was higher than that in the inlet (367.5 ± 71.5 vs. 239.5 ± 59.0 mg sCOD L−1, respectively). This can be
explained considering the low concentration of organic components of the UFD and the microorganism
activity. Firstly, the ultrafiltration removed most of the organic compounds of the digestate, and worked
as a pretreatment for COD removal. In addition, anaerobic digestion consumes most of the organic
biodegradable fraction of the OFMSW, resulting in anaerobic digestates with low biodegradable COD
concentration [43]. Furthermore, microalgae-bacteria consortia could contribute to the increase in
effluent organic load by secretion of organic compounds (extracellular polymeric substances) [41,44,45].
From days 39 to 51 (Stage 1, automatic feeding), the concentration in the effluent was 159.5 ± 50.5 mg
sCOD L−1, lower than the previous period (367.5 ± 71.5 mg sCOD L−1). The lower concentration in the
effluent and the higher one in the influent resulted in an overall removal percentage of 35.7 ± 1.3%.
The decrease in the sCOD concentration could be attributed to a decrease in the secretion of organic
compounds by the microalgae-bacteria consortia, and will be discussed more in details in Section 3.2.4.

The sCOD concentration in the effluent during the first period of Stage 2 (days 56–77) was higher
than the last days of Stage 1 (days 56–77, 335.7 ± 8.0 vs. 159.5 ± 50.5 mg sCOD L−1, respectively)
because of the higher sCOD concentration of the FD. At the end of Stage 2 (days 83 to 91 the), sCOD
concentration in the effluent was similar to the influent, as a result of the reduced photosynthetic
growth caused by the low solar irradiances (October 14th to October 22nd, 8.0 ± 2.5 MJ m−2). The effect
of reducing the culture depth from 7.5 to 5.0 cm was not enough to sustain the photosynthetic growth
to remove the sCOD. It should be mentioned that the overall concentration of effluents in Stage 1
(days 13–51) was statistically similar to that of days 56–77 of Stage 2 (335.7± 62.7 vs. 280 ± 123.3 mg
sCOD L−1, respectively). As previously discussed, the comparison of the results with other authors is
difficult because of the novelty of the use OFMSW digestate as the influent, the filtration method and
the intrinsic conditions of the raceway operation. However, Morales-Amaral et al. [41] found a similar
trend in COD removal in their work. When the authors used Arnon culture media as the influent,
with a low sCOD concentration, the effluent had a higher concentration than the influent due to the
organic secretions of microalgae. Nevertheless, when they employed an anaerobic digestate with a
higher sCOD concentration (dilution 3:10), the effluent remained with a similar concentration than the
previous period.
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The results showed that the use of raw digestate as the influent does not compromise COD removal
during end summer conditions (days 56–77, September 17th to October 8th, 11.7 ± 4.0 MJ m−2). It is
important to highlight that, even in end summer conditions and employing FD, the sCOD concentration
in the effluent remained similar in comparison with the middle summer conditions (Stage 1).

The phosphorous concentration in the effluent during the first 51 days of semi-continuous
operation was always below 1.0 mg P-PO4

3−, with a mean value of 0.1 ± 0.2 mg P-PO4
3− (Stage 1,

Figure 5B). During this period, the phosphorous removal achieved a mean value of 97.4± 3.5%. The low
concentration of phosphorous was due to biological consumption and chemical precipitation at alkaline
pH (8.5). Increasing the P concentration in the influent did not have effects on the removal efficiency,
highlighting that it is the limiting nutrient in this kind of digestate. Phosphorous concentration
after day 56 began to increase until the end of the operation, reaching a mean value of 1.4 ± 1.0 mg
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P-PO4
3− (Stage 2), with a removal percentage decreasing to 79.9 ± 14.5%. The differences between the

previous operation phase are justified by the reduction of solar radiances (10.6 ± 3.8 vs. 19.4 ± 4.7 MJ
m−2, respectively) and the higher composition in suspended solids of FD in comparison with UFD
(587.5 ± 17.7 vs. 20.7 ± 9.9 mg TSS L−1, respectively). These factors had a high impact on photosynthetic
activity, involving the reduction on biological uptake and chemical precipitation due to pH (Figure 5B).

3.2.3. Nitrogen Removal

The main nitrogen compounds in effluents were ammonia (NH3), nitrites (NO2
−) and nitrates

(NO3
−). The concentration of these compounds changed during the pond operation due to the

environmental conditions, the influent composition and the biologic activity of photosynthetic and
nitrifying microorganisms (Figure 6). In the beginning, the N-NH3 concentration in the effluent
decreased during the batch phase until 4.1 ± 0.1 mg N-NH3 L−1. After this acclimation period, the
concentration in effluents reached a mean value of 10.3 ± 5.9 mg NH3 L−1 during Stage 1. In contrast,
the N-NH3 concentration in the effluent during Stage 2 increased, reaching 43.9 ± 24.8 mg NH3 L−1.
This increase was due to a higher inlet concentration (Figure 6A), owing to the fact that the ultrafiltration
step caused a significant ammonia evaporation from the UFD, together with the decrease in solar
radiances and temperatures that led to a reduction of photosynthetic uptake and ammonia volatilization.
The nitrogen oxides, NO2 and NO3, were not present in the reactor during the batch phase. On the
other hand, during semi-continuous operation, N-NO2

− increased its concentration, which, however,
showed no significant differences between Stage 1 and 2 (42.0 ± 20.3 and 40.7 ± 26.0 mg N-NO2

− L−1,
respectively). In contrast, the concentration of N-NO3

− had significant changes between the two
stages. During Stage 1, the average concentration in the effluent reached 31.8 ± 16.8 mg N-NO3

− L−1 in
opposition with 138.0 ± 35.8 mg N-NO3

− L−1 measured during Stage 2. These N-NOx concentrations,
found during the pond operation, are in accordance with the even higher values reported by Posadas et al.
of 148–293 N-NO3

− L−1 in the treatment of anaerobic digestate centrate [46]. The N-NOx concentration
achieved in this study, and in the mentioned work herein, demonstrate the ability of the photosynthetic
system to promote nitrification during the growth of microalgae in anaerobic digestates [46]. Ultimately,
the activity of nitrifying bacteria as Nitrosomonas and Nitrobacter explains this increase of NOx

concentration [47–49].
To gain a better understanding of the total nitrogen removal process, the nitrogen mass balance

was analyzed. For this calculation, it was assumed that the nitrogen in the inlet (composed mainly
as N-NH3, while N-NOx concentration was negligible) could leave the reactor in the form of
microalgae-bacteria biomass, converted into N-NOx, kept as soluble N-NH3, or lost to the atmosphere
due to stripping. The raceway operation demonstrated to be highly efficient on N-NH3 removal from
the OFMSW digestate, with an average reduction of 92.1%. However, total nitrogen removal during
the semi-continuous operation was characterized by significant changes, ranging from 97.5% at the
beginning of Stage 1, down to 15.4% on day 73, Stage 2 (Figure S3). Consequently, nitrogen was not
completely removed from the effluent, achieving an overall removal capacity of 1.3 ± 0.8 g m−2 d−1,
corresponding to an average removal efficiency of 49.4%, (Table S1 of Supplementary Material). These
differences between NH3 and total N removal were due to the conversion of ammonia into NOx by the
nitrifying microorganisms. In fact, 42.7% of the inlet N-NH3 was converted into N-NOx in the reactor
effluent. Partial nitrogen removal due to nitrification is often found in photosynthetic wastewater
treatments, and can achieve values between 11–47% [20,41].
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However, the main nitrogen removal mechanisms in open systems are the biomass uptake and
the ammonia volatilization. These mechanisms together entailed the average removal of 49.4%, with
ammonia stripping being the main removal mechanism, accounting for the 37.6% with respect to the
nitrogen inlet. The pH set point control (pH = 8.5) contributed to minimize the ammonia release to the
air. However, despite the operational design, open raceways entail a considerable ammonia stripping
that cannot be avoided.

The stripping removal values found in our work are in accordance with others, with reported
values between 21–73% [40,41]. The last nitrogen removal mechanism, i.e., biomass uptake, accounted
for 11.8% of the inlet nitrogen, which is similar to the value of 14% found by Alcántara et al. [20].
This low value in comparison with ammonia stripping was justified by the relatively low microalgae
productivity achieved during the pond operation. The low availability of ammonium and the high
nitrifying competition could have hampered the microalgae growth, since NOx uptake requires more
metabolic energy than NH4

+ [50]. It should be mentioned that, although oxidized N species do not
account for actual nitrogen removal from the digestate, the proposed system allows a partial ammonia
removal and promotes nitrification without the need of external oxygenation, i.e., exploiting the
photosynthetic oxygen production.

3.2.4. Dissolved Oxygen

Dissolved Oxygen (DO) was measured over all the duration of the experimental campaign, and
it allowed for a deeper comprehension of the growth performances of microalgae and consortia.
The growth of microalgae lead to high variation in daily and seasonal DO concentration (from almost
0 until 25 mg O2 L−1, Figure 7), in agreement with literature values [39,51]. DO showed a clear
dependence on solar radiances and weather conditions, affected by rainy days (maximum values
13–16 mg O2 L−1), with consequences also on the TSS and Chlorophyll A concentrations (day 17,
Figure 4). At the end of the operation period (October) the lower irradiances caused a general decrease
of DO, as expected.
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More interestingly, it was found that the operative conditions strongly influenced the DO profiles.
During manual feeding, just after the addition of fresh medium, the DO profile showed a sharp fall,
reaching minimum values near 0–1 mg O2 L−1, and the DO values did not recover the previous
concentration until the following day (Figure 8A). There are two possible explanations of such a
phenomenon: one can be related to the addition of fresh organic matter and ammonium at one single
time (midday), which caused the oxygen consumption by an increased heterotrophic metabolism of
bacteria. On the other hand, it is well known that DO values close to 20–25 mg O2 L−1 can induce
photorespiration pathways in microalgae and inhibition phenomena [51–53]. Thus, the photosynthesis
may be affected by these high values reached before the feeding event. Interestingly, when the feeding
mode was changed, with more frequent additions of fresh digestate, the DO profile showed a more
stable trend, without sharp reductions. This is confirmed also by looking at the results of other
variables. In Figure 4A, the different feeding mode caused a decrease of the TSS, while it affected less
the chlorophyll content, thus suggesting that heterotrophic bacteria growth is less favorable in this
operative condition. A lower COD content may also be explained by a lower stress of microalgae due
to oxygen inhibition, leading to a lower secretion of exopolysaccharides (EPS). In summary, the feeding
mode had an overall effect of stabilizing the reactor performances, as can be also observed in the case
of nitrogen removal and speciation.
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Graphic (B) the orange line (–) represents the start feeding time and the green one (–) the end feeding.
The violet dotted line (•••) represents the sampling time.
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4. Conclusions

In this work, the liquid fraction of OFMSW digestate was used to cultivate microalgae, both in
preliminary lab-scale experiments and in an outdoor pilot plant. The cultivation of a microalagae
consortium was found to be feasible, with biomass productivity comparable to literature values. On the
other hand, the dark color of the digestate, as well as the high content of suspended solids, required
pre-treatment of the liquid, and dilution on the field. The pretreatment method played a key role on
the reactor performances, affecting the light penetrability and the nutrient availability. The control
of operating conditions also strongly affected the reactor performances. Based on a semi-continuous
operation of the plant, the frequency of the feed had a strong impact on microalgal growth and oxygen
concentration, leading to a more stable operation of the plant. Finally, due to the high turbidity of
the medium, the reactor was found to be very susceptible to the seasonal changes of light, reducing
the potential applicability of such a system at middle latitudes. Concerning nutrient removal, strong
competition with nitrifiers affected the efficiency of nitrogen removal. This point should be specifically
addressed in further work, aiming at reducing the nitrification process and boosting the microalgal
exploitation of nitrogen.
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