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In this study, two different organic fractions of municipal solid waste (OFMSW) served as rawmaterial in a novel
treatment process that combines thermal hydrolysis (TH) pretreatment at different times, followed by anaerobic
digestion of the solid fraction and photo-fermentation of the liquid fraction. The results indicate that bothwastes
performed similarly, and no statistically relevant differences stand out on the overall performance regarding TH
times. The thermal pretreatment improves the biodegradability of the solid fraction during anaerobic digestion
compensating the loss of the organic matter in the liquid fraction. The produced biogas may feed a combined
heat and power (CHP) system, making the process energetically positive in all studied scenarios. In addition,
the combination of TH and anaerobic digestion decreased the volume of the waste to be disposed by 59–61%,
which is 5–11% higher than that obtained with the traditional treatment of anaerobic digestion process. Specific
phototrophic activity tests were performed on the liquid phase using amixed culture of purple phototrophic bac-
teria (PPB) that consumed up to 80% of the soluble organics. The assays yielded an average 52% efficiency on spe-
cific phototrophic activity (kM) and 62% on biomass yield (YX/S), compared to an optimized growthmedium. PPB
was also capable of producing polyhydroxyalkanoates, bioH2 and single-cell protein without optimization. Apart
frommethane, the overallmass balances showed yields up to 150 g of high added-value products per Kg of initial
total solids on this proof-of-concept platform.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Table 1
Average valueswith 95% confidence intervals for themacroscopic characteristics of the or-
ganic solid waste used in this study: selective organic fraction of themunicipal solid waste
and pre-sorted organic fraction of the municipal solid waste.

Pre-sorted Selective

TS (g Kg−1) 367 ± 51 343 ± 42
VS (g Kg−1) 298 ± 46 297 ± 19
Moisture (%) 63.3 65.7
TKN (gN KgTS−1) 3.7 ± 1.7 3.5 ± 0.8
TP (gP KgTS−1) 2.5 ± 1.2 2.2 ± 0.9
COD (g KgTS−1) 143.9 ± 12.5 135.5 ± 6.7

TS, VS: total and volatile solids; COD: chemical oxygen demand; TKN: total Kjeldahl nitro-
gen; TP: total phosphorus.
Biomass resources for energy and chemical products are limited by
constraints related to land use and associated environmental impacts.
The economy currently loses a significant amount of possible secondary
raw materials available in waste streams (Fruergaard et al., 2009). The
integrated valorization of organic waste streams, in particular urban
bio-waste, aiming to recover added-value products is a strategy for
both decreasing the disposal costs and tackling environmental and
socio-economic problems caused by the current fossil fuel-based econ-
omy (Tuck et al., 2012). This may be achieved by using innovative tech-
nologies focused on the circular economy, and re-introduce, re-think or
re-make the spent resources within the production system, while min-
imizing waste generation (Lieder and Rashid, 2016).

In 2018, the EU produced 486 Kg of municipal solid waste (MSW)
per capita and year (Eurostat, 2019), whereof 40–60% was organic
fraction (OFMSW) (Forster-Carneiro et al., 2008). Landfilling remains
the main strategy used in most countries of the world (Zaman, 2016).
The OFMSW is indeed a potential source to produce higher added-
value products such as biogas, organic fertilizers, bio‑hydrogen, single-
cell proteins (SCP) and bioplastics, in particular, the family of
polyhydroxyalkanoates (PHA) (Dong et al., 2009; Fava et al., 2015; Sze
et al., 2013). In recent years, many environment-friendly technologies
have appeared, where biochemical treatments such as anaerobic diges-
tion or composting, or thermochemical ones such as gasification or py-
rolysis are standing out at industrial scale (Tyagi et al., 2018).

The anaerobic digestion is an attractive and cost-effective process
with high-energy recovery potential and limited environmental impact
(Cao and Pawłowski, 2012; Fernández et al., 2008). This process trans-
forms theOFMSW into biogas and a nutrient-rich effluentwith high fer-
tilizing potential, with considerable mass and volume waste reduction
(Korres et al., 2013). The use of OFMSW as a feedstock in anaerobic di-
gestion has been rigorously studied and commercially proven approach
for treatment and recycling (Bolzonella et al., 2003; Hartmann and
Ahring, 2006). The degradation rate is limited by the hydrolysis step,
which is especially slow in solid substrates (Cesaro and Belgiorno,
2014). The thermal hydrolysis pretreatment can efficiently accelerate
the hydrolysis stage by breaking the cellular structure and releasing
the inner organic matter, thus improving the digestion performance
and leading to high solubilization and pathogen reduction (Neyens
and Baeyens, 2003). It also allows the separation of a liquid fraction
with a high carbon content that can be further processed in a biorefinery
platform (Suárez-Iglesias et al., 2017).

PHAs are polyesters of hydroxyalkanoates that accumulates as car-
bon/energy or reducing-power storage material in microbial cells, and
they are a potential product to be sourced from hydrolyzed OFMSW.
PHAs are synthesized and accumulated as intracellular granules when
nutrient limitation appears in excess of organic carbon source (Sudesh
et al., 2000). Among the PHA-producing microorganisms, purple
phototrophic bacteria (PPB) are highly metabolically diverse, allowing
the assimilation of several kinds of carbon sources including sugars
and organic acids in anaerobic conditions, which makes them perfect
candidates for the treatment of heterogeneous materials such as
OFMSW (Delamare-Deboutteville et al., 2019; García et al., 2019;
Hülsen et al., 2016a; Marín et al., 2019). PPBs have also recently been
studied as a possible low-cost source of SCP, and as an effective replace-
ment for fishmeal (Delamare-Deboutteville et al., 2019; Hülsen et al.,
2018a). Moreover, they can produce hydrogen through the nitrogenase
enzyme complex (Meher Kotay and Das, 2008). This fact acquires im-
portance because in order for PHA production to be more economically
viable, the co-production of other valuable compounds such as
biohydrogen and SCP has taken importance in recent years (Li et al.,
2017).

In this context, this work aims to check the energetic viability and
discusses the economic profitability of an alternative holistic approach
for the treatment of the OFMSW with concomitant production of high
added-value products through three unitary processes: thermal hydro-
lysis, anaerobic digestion and photo-fermentation through PPB mixed
cultures. Thermal hydrolysis hygienizes the feedstock, releasing soluble
organic matter and nutrients. Anaerobic digestion on the solid fraction
of the hydrolysate produces biogas to ensure the energetic autarchy of
the process and generates a compostable low-carbon digestate that
serves as fertilizer. During photo-fermentation, a mixed culture of PPB
culture transforms the soluble fraction of the hydrolysate into high
added-value products like bio-H2, PHA and SCP. This approach has
been tested at lab-scale and a preliminary mass and energy balances
are performed to serve as a proof-of-concept.

2. Materials and methods

2.1. Source of biowastes

Two different urban organic solid wastes were selected based on
their volumetric importance in real scale plants. Sampleswere collected
from an urban waste treatment facility located in Madrid (Spain), one
immediately after fresh dumping from vehicles coming from selective
organic fraction (Pre-Sorted by the citizens), and the other one previ-
ously sorted by the waste treatment plant (Selective). The samples
were blended and homogenized with an electric mixer grinder.
Table 1 shows their main macroscopic characteristics. Both bio wastes
have similar characteristics, with high percentage of organic matter,
chemical oxygen demand (COD) and low concentration of nitrogen
and phosphorus.

2.2. Thermal hydrolysis

Thermal pretreatment was performed in a 1 L autoclave fixing a 1:5
dried OFMSW to water mass ratio (Westerholm et al., 2019). The sam-
ples were hydrolyzed at 180 °C for 5, 15 and 30min, where the optimal
temperature selection was based on previous works (Bala et al., 2019;
Cano et al., 2014). Upon the reaction, the samples were cooled with
ice until room temperature, in order tominimize the volatilization of or-
ganic compounds. The samples were centrifuged at 6000 rpm for
10 min and then separated into two phases: solid and liquid. Both frac-
tions were stored at 4 °C until further use. Volatile Solids (VS) solid de-
struction in the thermal hydrolysis was expressed according to Eq. (1):

VS destruction% ¼ VSin−VSoutð Þ
VSin

� 100 ð1Þ

where VSin and VSout are the VS concentration before and after the ther-
mal hydrolysis in the solid respectively. The organic matter and nutri-
ents recovery in the liquid fraction (dewaterability of COD, N and
P) was calculated according to Eq. (2):

Dewaterability% ¼ CTo−CSolð Þ
CTo

� 100 ð2Þ

where CTo and CSol are the COD, N or P concentrations (dry basis) on the
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initial solid rawwaste and on the remaining solid fraction after centrifu-
gation, respectively.

2.3. Anaerobic digestion

Anaerobic digestion performance was analyzed through standard
biochemical methane potential (BMP) tests. The tests were performed
by triplicate, yielding mLCH4 gVS−1, in 100 mL serum bottles at
mesophilic conditions (37 ± 0.5 °C) following Angelidaki et al. (2009).
The inoculum came from a mesophilic anaerobic digester placed at a
WWTP located at Mostoles, Madrid, Spain. The organic substrate used
was the solid fraction after centrifugation of the hydrolysate. An inocu-
lum to substrate (I/S) ratio of 2:1 (as VS) and an initial concentration of
10 gVS L−1 were set up. A triplicate control of the inoculumwas used to
subtract the methane production coming from its endogenous diges-
tion. Kinetic parameters were obtained by fitting first order models to
the data following (Segura et al., 2016), thereby calculating the first-
order hydrolysis constant kH (d−1) and the biodegradability, BO
(mLCH4 gVS−1). Confidence regions (at 95%) for parameters' values
were calculated as described in Batstone et al. (2003) and confidence in-
tervals (at 95%) were also calculated based on two-tailed t-tests from
parameter standard error for statistical representative comparison. All
statistical analyses were performed using Matlab. The estimation of
the organic fertilizers was performed through the characterization of
the remaining digestate at the end of the BMP assays.

2.4. Photo-fermentation

The activity of the phototrophic biomasswas determined by Specific
Phototrophic Activity (SPA) batch tests following the indications in
(Puyol et al., 2017). Triplicate experiments were performed in 100 mL
anaerobic serum bottles in a temperature-controlled incubator (at
30 °C) with an initial pH of 6.5. The incubator was illuminated with IR
lamps (Philips, BR125 IR, España) at around 45 W m−2, and covered
with a UV/VIS filtering foil. Active phototrophic biomass was extracted
from an automatized photo-anaerobic membrane bioreactor, which de-
sign is based on (de Las Heras et al., 2019) and was used as inoculum at
10 mg volatile suspended solids (VSS) L−1. The organic substrate was
the liquid fraction of the hydrolysate that was diluted with milli-Q
water up to a concentration of 1 gCOD L−1 in the experimental tests. A
control test with an optimized Ormerod growth medium (Ormerod
et al., 1961), was used to compare with the experimental test. The spe-
cific substrate rate, kM (g soluble COD (SCOD) gVSS−1 h−1), and the bio-
mass yield, YX/S (gVSS gSCOD−1), were estimated dynamically by using
Aquasim 2.1d as specified in (Puyol et al., 2017). Confidence intervals
(at 95%) were calculated based on two-tailed t-test from parameter
standard error and used for statistical representative comparisons. SCP
estimation was calculated based on NH4-N and total Kjeldahl Nitrogen
(TKN) content (solid TKN x 6.25) following (Eding et al., 2006).

2.5. Analytical methods

Analytical determination of pH, total solids (TS) and volatile solids
(VS), total suspended solids (TSS) and volatile suspended solids (VSS),
TKN and COD were carried out following Standard Methods for the Ex-
amination of Water and Wastewater. NH4

+, PO4
3− and total phosphorus

(TP) were measured with Merck kits (Merck, Darmstadt, Germany).
Liquid samples were filtered through a cellulose-ester filter of 0.45 μm
of pore size (Advantech, Japan). Gas pressure in BMP and SPA tests
was measured using a Boyle-Mariotte apparatus, and CH4, CO2 and H2

from gas samples were quantified by gas chromatography coupled to
a thermal conductivity detector, as reported in (Segura et al., 2016),
thereby calculating the CH4 and CO2 production in BMP tests and the
H2 production in SPA tests.

Metal content in the digestate upon the BMP tests was determined
bymeans of inductively coupled plasma-optical emission spectrometry
ICP-OES (Varian Vista AX Pro, USA). First, 0.5 g of the sample is mea-
sured, and 10 mL of Nitric acid and 4 mL of Hydrochloric acid are
added. Then it is digested for 2 h at 175 °C and diluted 1:10 before
being measured. To determine the concentration of the metals, the cal-
ibration curves corresponding to eachmetal are performedwith six cal-
ibration points for eachmetal. The solutions are prepared from certified
standard solutions for atomic emission analysis of 1000mg L−1 in nitric
acid medium. The correlation coefficient r2 obtained for all cases was
0.999.

For thequantification of the PHAcontent, biomass sampleswere col-
lected at the end of every SPA assays, and formaldehyde was added to
stop the microbial activity. The methodology is based on a previous
work (Fra-Vázquez et al., 2019), and is described in SupplementaryMa-
terial. The PHA accumulated inside cells was determined, onmass basis,
as percentage (wt%) of the measured VSS, at the end of the SPA tests
(YPHA).

The coefficient of variation (CV) for all the replicated experimental
data was calculated by dividing the standard deviation by the mean
for each quantitative parameter, with a range result for experimental
measurements of 0.01–0.06 in all cases. The number of replicates is
three.

Statistical significance was analyzed by calculating the confidence
intervals (at 95%) (CI95) for all the experimental data and the estimated
parameters. Variation intervals in all tables and error bars in all figures
represent CI95.

2.6. Energy balance

All energy balances have been carried out simulating a commercial
Cambi process and following the scenarios and parameters of energy
balances proposed in previous works (Cano et al., 2014; Murphy and
McKeogh, 2004; Passos and Ferrer, 2015). Specifically, the energy inte-
gration chosen has been described in Scenario three in Cano et al.
(2014). Biogas generation was extrapolated from laboratory scale BMP
tests but steam consumption and equipment's characteristics have
been determined theoretically considering typical design value. The en-
ergy parameters used for the calculations are shown in Supplementary
Material.

3. Results and discussion

3.1. Thermal hydrolysis

Several technologies such as chemical, biological and physical pre-
treatments have been studied to improve OFMSW hydrolysis rate.
Chemical processes such acid or alkaline pre-treatment improve meth-
ane production, but pH correction in industrial applications can be a
costly process when treating large amounts of waste (Neves et al.,
2006). The major drawback of biological processes (e.g. fermentation)
is the low hydrolysis rate if compared to other technologies (Cesaro
and Belgiorno, 2014). Among physical pre-treatments, grinding or
pulping are the most reliable for OFMSW processing before anaerobic
digestion, prompting operational simplicity in the industry. We studied
thermal hydrolysis pretreatment as it can lead to high organic matter
solubilization allowing the exploitation of a liquid fraction with a high
carbon content.

The performance of the thermal hydrolysis wasmeasured by analyz-
ing dewaterability. The macroscopic characteristics of the liquid and
solid phases after thermal treatment are summarized in Tables 2 and
3, respectively. VS destruction efficiencies ranged from 27 to 30% and
37–38% for pre-sorted and selective biowaste, respectively. COD, N,
and P dewaterability averaged 40% and 38%, 11% and 12%, and 27%
and 25%, respectively, for pre-sorted and selective biowastes, respec-
tively. These values entailed very high COD/N/P mass ratios (100/0.62/
0.72 on average), with high organics concentration in the liquid phase,



Table 2
Average valueswith 95% confidence intervals of themacroscopic characteristics of the liquid fraction derived from the thermal hydrolysis of the organic substrates at 180 °C and different
reaction times.

Pre-sorted Selective

5′ 15′ 30′ 5′ 15′ 30′

TSS (mg L−1) 0.95 ± 0.21 1.10 ± 0.18 1.05 ± 0.11 1.21 ± 0.08 1.14 ± 0.11 1.16 ± 0.13
VSS (mg L−1) 0.94 ± 0.1 1.07 ± 0,12 1.02 ± 0,17 1.18 ± 0.05 1.11 ± 0.09 1.13 ± 0.08
TKN (mgN L−1) 446 ± 5 351 ± 2 423 ± 5 495 ± 4 483 ± 5 377 ± 3
TP (mgP L−1) 675 ± 40 684 ± 34 694 ± 41 545 ± 35 512 ± 21 578 ± 41
TCOD (g L−1) 54.2 ± 1.5 54.5 ± 3.2 61.4 ± 3.5 51.7 ± 1.5 51.6 ± 1.5 51.8 ± 1.3
SCOD (g L−1) 53.9 ± 0.4 53.3 ± 0.8 61.9 ± 0.8 50.2 ± 0.3 50.7 ± 0.4 51.9 ± 1.4
NH4

+ (mgN L−1) 269.4 ± 8.1 253.1 ± 9.6 227.5 ± 10.1 227.5 ± 6.1 280.9 ± 17.7 294.2 ± 36.2
PO4

+ (mgP L−1) 338 ± 178 514 ± 170 567 ± 214 365 ± 98 307 ± 73 373 ± 66

TCOD/SCOD: total/soluble; NH4
+: ammonium; PO4

+: phosphates.
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which theoretically benefits the accumulation of carbon in the form of
PHA by purple phototrophic bacteria (Fradinho et al., 2019).

No statistical differenceswere found in relation to the three different
hydrolysis reaction times. High COD and low nutrients release is
achieved irrespective of the reaction time. The small differences be-
tween the pre-sorted and the selective waste are noticeable, which
means that the mechanical separation carried out in the plant may not
be a factor for obtaining a better raw material. A more comprehensive
characterization of the hydrolysate, in terms of proteins, carbohydrates,
lipids, volatile fatty acids, sugars, etc. is necessary for a better under-
standing of the reaction mechanism. This subject is encouraged but is
out from the scope of this proof-of-concept study.

3.2. Anaerobic digestion

The potential for product recovery from the solid fraction upon ther-
mal hydrolysis is performed by analyzing their BMP and themetals and
nutrients composition of the digestate. Time course of the methane po-
tential is shown in Fig. 1, where the data are referenced to the initial
concentration of VS before the hydrolysis in the raw waste (VSo), thus
including into the story line the effect of the removal of the liquid frac-
tion. A maximum of 253 ± 11 and 246 ± 20 LCH4 gVSo−1 where ob-
tained for pre-sorted and selective biowastes respectively. The results
are comparedwith a control test where anaerobic digestionwas studied
without pretreatment and separation, where all themass of the residue
sum up for the methane production potential. As expected, methane
production values of the experimental tests are lower than those from
the control tests in all cases that yielded 320 ± 15 and 342 ± 22 LCH4

gVS−1 respectively. The removal of the liquid fraction upon hydrolysis
entailed between 30 and 45% of solids destruction, probably the most
biodegradable part, and consequently affecting the reduction of the
BMP. BMP results are anyway within the range of similar studies
found in the bibliography (180–570 LCH4 gVS−1, (Bala et al., 2019;
Cabbai et al., 2013; Campuzano and González-Martínez, 2016; Cano
et al., 2014; Girotto et al., 2015)), and therefore the effect of liquid re-
moval upon the hydrolysis did not imply a critical reduction of the
methane potential.

Although methane production is lower after pretreatment, kinetic
parameters of the anaerobic digestion (the hydrolysis constant, kH,
Table 3
Average values with 95% confidence intervals of themacroscopic characteristics of the solid fra
reaction times.

Pre-sorted

5′ 15′ 30′

TS (g Kg −1) 245 ± 26 243 ± 82 263
VS (g Kg −1) 214 ± 23 211 ± 83 218
Moisture (%) 75.5 75.7 73.7
COD (g KgTS −1) 89.2 ± 8.5 95.3 ± 3.5 94.1
TP (P g KgTS −1) 0.9 ± 0.5 1.0 ± 0.7 1.0
TKN (N g KgTS −1) 3.2 ± 0.1 3.4 ± 0.2 3.2
and the biodegradability extent, B0) are similar, as shown in Fig. 2,
where the 95% confidence regions for the parameters' values are
reported for the different assayed conditions. This demonstrates that
thermal hydrolysis pretreatment is increasing the anaerobic biodegrad-
ability of the less biodegradable fraction, thus it increases the total prof-
itability of the proposed treatment. Results show no statistically
relevant differences between thermal hydrolysis times for OFMSW ex-
cept for 30 min reaction on the selective OFMSW, which was slightly
improved probably due to a small difference in the homogeneity of
the raw samples. It must be stated that themain goal of the thermal hy-
drolysis is to obtain an organic liquid feedstockwith high COD/N/P ratio.
The benefit obtained with the treatment of the liquid fraction is key to
check on the viability of the proposed approach, as will be furtherly
discussed.

In addition to the energy potential of biogas, anaerobic digestion also
produces a digestate that must be studied for its possible applications.
The use of digestate from stabilized OFMSW has been shown to have
benefits to soil, crops and the environment (Prabpai et al., 2009) due
to the low organic content of the residual solid after digestion. In our re-
sults a minimum of 40% VS and 70% COD removal was achieved. How-
ever, the digestate must comply with some requirements before been
suitable as a marketable product. First, the digestate must be free of
pathogens before land application. Pathogen reduction has not been
checked in this work. However, it has been demonstrated that a
180 °C thermal hydrolysis is very effective for the pathogen reduction
(Ruiz-Espinoza et al., 2012). Second, urban waste may contain high
levels of heavy metals, which is of concern for a fertilizer due to poten-
tial soil fertility deterioration, ground-water quality damage, and food
chain contamination (McBride, 1995). Metal content in the solid
digestate was measured and the results were compared to the Spanish
law (Royal Decree 506/2013, of June 28) that regulates organic fertil-
izers (Table 4). Considering themetal composition of the final digestate,
it may be registered as a Class B fertilizer, which is not subject to limita-
tions on its use. It seems that the pre-sorted OFMSW have better prop-
erties than the selective OFMSW regarding metal composition and its
values are close to limit values to be considered as Class A fertilizer.
Thereby, an improvement of the pre-sorting efficiency (through e.g.
better awareness campaigns) can decrease the metal contamination of
the residue and may benefit the quality of the produced fertilizer.
ction derived from the thermal hydrolysis of the organic substrates at 180 °C and different

Selective

5′ 15′ 30′

± 62 201 ± 8 240 ± 24 207 ± 33
± 33 187 ± 28 182 ± 26 181 ± 22

79.9 76.0 79.3
± 3.3 85.7 ± 4.5 87.9 ± 2.5 89.1 ± 4.4

± 0.6 0.9 ± 0.5 1.0 ± 0.4 0.7 ± 0.4
± 0.1 3.2 ± 0.1 3.1 ± 0.1 3.0 ± 0.2



Fig. 1. Biochemical methane potential (BMP) (initial feedstockwithout thermal treatment
used as basis) during the anaerobic digestion of the solid fraction of Non-Selective (pre-
sorted) OFMSW (a) and Selective OFMSW (b) at 180 °C and 5 (circles), 15 (up-
triangles) and 30 (down-triangles) min of reaction time. Controls (squares) represent
the BMP of the raw substrates without thermal treatment. Error bars represent 95%
confidence intervals.

Fig. 2. Results from biochemical methane potential (BMP) tests (added feedstock basis).
95% confidence regions for the first order kinetic parameters during the BMP tests of the
solid fraction of Non-Selective (pre-sorted) OFMSW (a) and Selective OFMSW (b) upon
hydrolysis at 180 °C and 5 (circles), 15 (up-triangles) and 30 (down-triangles) min of
reaction time. Controls (squares) represent the results of the raw substrates without
thermal treatment. Error bars represent 95% confidence intervals.

Table 4
Metals and nutrient composition and CV (between brackets) of the digestate samples
upon hydrolysis and centrifugation compared to the Spanish legislative limits for organic
fertilizers.

Measured data (max)
(mg kg −1)

Limit values RD 506/2013
(mg kg −1)

Pre-sorted Selective Class A Class B Class C

Cd 0.9 (0.03) 1.6 (0.09) 0,7 2 3
Cu 134 (0.05) 277 (0.06) 70 300 400
Ni 20 (0.04) 21 (0.05) 25 90 100
Pb 58 (0.03) 39 (0.02) 45 150 200
Zn 104 (0.06) 466 (0.02) 200 500 1000
Hg 0.5 (0.05) 1.1 (0.06) 0.4 1.5 2.5
Total N (%, d.b.) 1.9 ± 0.5 2.4 ± 0.4
P2O5 (%, d.b.) 0.28 ± 0.02 0.27 ± 0.03
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Finally, selective OFMSW had a higher nitrogen content on dry mass,
just above the 2% necessary to be considered organic fertilizer type N,
as specified in the Spanish law aforementioned. Thereby, depending
on the initial composition of the OFMSW the digestate can be poten-
tially considered as an organic fertilizer or as an organic amendment,
closing the carbon and nutrient cycle.

3.3. Photo-fermentation

3.3.1. Growth process
Standard SPA tests were performed on the liquid fraction of the

biowaste samples upon thermal hydrolysis. In the SPA tests, initial and
final biomass samples showed prominent VIS/NIR absorption peaks at
590, 805 and 865 nm in all cases, corresponding to the typical absorp-
tion spectra of bacteriochlorophyll a, thus confirming the dominance
of the PPBs within the MMC culture under IR light, which concurs
with previous studies (Hülsen et al., 2014). Fig. 3 shows the results
about the COD consumption and the biomass growth. The control test
that used the same inoculumbut grown in theOrmerodmedium served
as a reference for the maximum theoretical specific growth rate. Active
biomass assimilated between 59 and 82% of the SCOD in the experimen-
tal tests. The experiments lasted 300 h for both sources of OFMSWwith
more than 80% of the consumed SCOD assimilated in the first 200 h and
a biomass growth up to ca. 400mg VSS L−1. Near to 100% ofmain nutri-
ents (N and P) were consumed, likely due to their low concentration
compared to the organic carbon concentration (Supplementary Infor-
mation). The low nutrients content is therefore limiting the biomass de-
velopment, especially ammonium. High P removal in controls and
experiments, even upon ammonium depletion, suggests the appearing



Fig. 3. Comparison of SCOD consumption and biomass growth in the SPA tests using the liquid fraction of the organic waste hydrolyzed at different reaction times. Results tests (closed
symbols) for pre-sorted OFMSW (a) and selective OFMSW (b) at 180 °C and 5 (circles), 15 (up-triangles) and 30 (down-triangles) min of hydrolysis time are compared with a control
experiment (open squares) with the same inoculum that was grown in an optimized growth media. Error bars represent 95% confidence intervals.
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of accumulative processes (e.g. polyphosphate accumulation), which
improves the potential of nutrients recovery and increases the quality
of the phototrophic biomass as a product (see Supplementary Informa-
tion). The pH at the end of all the assayswas on average 8.5. As the initial
pH was set at 6.5 the pH increase was likely due to consumption of vol-
atile fatty acids by PPB. The liquid fraction from the 5 min pretreatment
has proven to be the most biodegradable in all cases, whereas there
were no relevant statistical differences between 15- and 30-minute pre-
treatment. The release of poorly biodegradable organics due to long hy-
drolysis times may be themain reason for the lower biodegradability of
the soluble organics. This fact has been previously related with Maillard
reactions, which form recalcitrant melanoidins at temperatures higher
than 160 °C (Dwyer et al., 2008).

The quantification of the photoheterotrophic metabolism was
assessed by calculating the specific phototrophic activity (kM) and
the biomass yield (Yx/s), respectively (Fig. 4). The kM of control tests
yielded 0.035 ± 0.005 gSCOD gVSS−1 h−1, and the tests carried out
with the two types of OFMSW yielded on average 0.022 ± 0.003
gSCOD gVSS−1 h−1. These results are in line with previous studies
(Puyol et al., 2017) that reported a kM of 0.036 gSCOD gVSS−1 h−1 on
acetate for a PPB mixed culture. It is noteworthy than a non-adapted
PPB culture has on average a 63% efficiency compared to the control.
Besides, the Yx/s was 1.54 ± 0.07 and 0.76 ± 0.08 gVSS gSCOD−1for
the control tests and for both OFMSW assays, respectively. Although
the efficiency compared to the control is lower for the Yx/s (50%) than
for the kM (63%), the biomass yield obtained in these assays were
higher than the values reported in literature (up to 0.56 gVSS gCOD−1)
for the treatment of domestic wastewater (Dalaei et al., 2019) and
poultry processing wastewater (Hülsen et al., 2018b) with PPB. Bio-
mass yield values lower than the controls suggest the presence of
non-phototrophic organic transformations (e.g. fermentation or
anaerobic oxidation processes), as in essence photoheterotrophy im-
plies almost a complete conversion of organics into biomass (Hülsen
et al., 2016a). Moreover, the hydrolysis reaction times caused non-
significant differences over the two metabolic parameters, which
means that the lower biodegradability due to the extended hydrolysis
time did not cause toxicity over the PPB metabolism. In any case, it is
noteworthy that the inoculum was not adapted to the feedstock.
Thus, the ability of non-adapted PPB to grow on these organic sources
demonstrates the feasibility of the proposed concept.

3.3.2. Assays products
During SPA tests, PHA and biohydrogen productionsweremeasured

and SCP production was estimated based on biomass production. The
results of PHA production can be seen in Fig. 5. A maximum of 5.1 ±
0.3% (wt.) of PHA production yield (YPHA) was achieved for the pre-
sorted OFMSW upon 5 min of thermal hydrolysis and a minimum of
2.0 ± 0.1% (wt.) for the selective one upon 30 min thermal hydrolysis.
PHA production in control assays was slightly higher, averaging 5.8 ±
1.9% (wt.). Data shows that PHA production is not depending on the
thermal hydrolysis times, as there are no clear trends of statistical rele-
vance. Low PHA content (even in controls) is due to the sampling at the
end of each essay, instead of at the time of the peak of maximum PHA
production. In any case, the PHA yields obtained are considerable, stat-
ing that the inoculum is a PPB mixed microbial culture, and are within
the lower range found in literature (3 to 30%), even in works where
an adapted phototrophic consortium was used (Fradinho et al., 2016,
2019). Therefore, these results are promising and encourage future re-
search to maximize the production of PHA in a continuous process
using the OFMSW as an efficient and low-cost feedstock.

Currently, the industrial PHAproduction uses sterilized pure cultiva-
tion conditions with refined feedstock. This implies high-energy



Fig. 4. Comparison of biomass yield (YX/S) (a) and specific phototrophic activity (kM) (b) in
SPA tests using the liquid fraction of every waste upon the thermal hydrolysis at different
reaction times. Results tests (closed symbols) for Pre-Sorted OFMSW (squares) and
Selective OFMSW (circles) are compared with a control experiment (open symbols)
with the same inoculum that was grown in an optimized growth media. Error bars
represent 95% confidence intervals.

Fig. 5. Comparison of PHA production yield (YPHA) (a) and H2 production (b) in SPA tests
using the liquid fraction of every waste upon the thermal hydrolysis at different reaction
times. Results tests (closed symbols) for pre-sorted OFMSW (squares) and selective
OFMSW (circles) are compared with a control experiment (open symbols) with the
same inoculum that was grown in an optimized growth media. Error bars represent 95%
confidence intervals.
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requirements that strongly increases the PHA production cost
(Kourmentza et al., 2017). In order to reduce costs mixedmicrobial cul-
tures have been studied, as well as the use of bio wastes as feedstock,
preventing the need for sterile conditions. These technologies are cur-
rently at pilot scale (Chakravarty et al., 2010; Jia et al., 2014; Tamis
et al., 2014). The main operational strategy used in the mixed microbial
cultures processes is the fest and famine regime (FF), which consist on
culture exposition to alternating conditions of substrate availability, in
order to enrich a culture of microorganism with high and stable PHA
storage ability (Serafim et al., 2004). This process has major drawbacks,
such as the use of two reactors, usually in batchmodewith the expected
timeframes that derive from it and the use of aeration, which is widely
recognized as the most energy intensive requirement of mixed culture
bioreactors (Rosso et al., 2008). An alternative strategy to the fest and
famine regimewas recently proposed (Fradinho et al., 2016), usingpho-
tosynthetic mixed cultures based systems. Furthermore, a recent study
of PHA accumulation in a single reactor using fermented cheese way
as substrate has achieved a 20% PHA concentration (Fradinho et al.,
2019). The present study goes beyond and is the first to show PHA pro-
duction byusingunfermented organicwaste in a one-step process using
PPBs.

Fig. 5 shows the bio-H2 production along the experiment. The max-
imum production was achieved upon 5 min of thermal hydrolysis
(150 ± 15 mLH2 KgVS0−1), whereas the minimum production was
achieved upon 30 min of thermal hydrolysis (124 ± 10 mLH2

KgVS0−1). These data mean an average production of 0.071 LH2 L−1 on
the hydrolysate. The thermal hydrolysis times caused non-significant
differences. The controls had nohydrogen evolution due to thehigh am-
monium content, which inhibits the hydrogen production in the nitro-
genase complex (Sasikala et al., 1993). Bio-H2 production is lower
than recent published results, where values ranged from 0.4 to 8.6 L
H2 L−1 of waste have been reported (Ghosh et al., 2017). Low bio-H2

production responds to the presence of ammonia at the beginning of
the assay and the rise of pH above 8, which is also a key factor along
with temperature in bio-H2 production with phototrophic bacteria
(Bolatkhan et al., 2019). In any case, these results, although modest,
may open the opportunity for future research in the optimization of
bio-H2 production using this feedstock. A combination between dark
fermentation and photo-fermentation may be a promising option as it
has been described previously (Argun and Kargi, 2011). In addition,
bio-H2 is not generated directly as a result of a metabolic pathway, but
occurs as a mechanism for controlling the reducing power through the
nitrogenase enzyme complex (Meher Kotay and Das, 2008), and also
stimulates more conversion of pyruvate to acetyl-CoA (PHA precursor),
thus enhancing PHA accumulation (Wang et al., 2012).
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Finally, SCP estimation content was performed following the litera-
ture (Eding et al., 2006). PPB use IR light as catabolic driver and enables
a non-destructive, assimilative uptake of organics, nitrogen, and phos-
phorous (Hülsen et al., 2016b). Recent studies show that in a medium
with high salinity or high concentrations of ammonium, PPB develop
specific proteins as a method of defense against chemical stress
(Hülsen et al., 2019). On one hand, content in control assays were really
high, up to 777 ± 31mgSCP gVSS−1, likely due to excess of ammonium
in the media. These results are in line with a recent study in which a
maximumof 720mgSCP gVSS−1was obtained usingporkflush as a sub-
strate, which also has a high nitrogen content (Hülsen et al., 2018a,
2018b). The PPB mixed cultures from the OFMSW assays show a
lower protein content yield of up to 482 ± 21 and 421 ± 19 mgSCP
gVSS−1 for pre-sorted and selective OFMSW, respectively. These results
are in agreementwith the low biomass growth and ammonium content
of these tests. Nitrogen is a key factor in protein synthesis, and its defi-
ciency in the media causes a low protein content. However, a recent
study showed protein content in PPB averaging 45%, but a production
rate up to 1.7 g dry weight L−1 d−1 of SCP was possible by using a
wise combination of synthetic VFAs (Alloul et al., 2019). This makes
PPB an economically viable alternative source of microbial protein in
contrast with the current conventional agricultural-based supply route
for nutritive animal proteins which has a high environmental and
water impact. This alternative route is a more environmentally friendly
way of protein production that can be optimized using the OFMSW as a
feedstock.

3.4. Mass and energy balances

3.4.1. Energy balance
The energy balance of the thermal hydrolysis pretreatment was

assessed extrapolating the BMP results from laboratory tests. A thermal
hydrolysis requires a large amount of thermal energy to be carried out
and it is one of the fundamental limitations for the process to be eco-
nomically feasible (Passos and Ferrer, 2015). Hence, a simple energy
balance has been carried out by simulating a combined heat and
power (CHP) system following the scenarios of energetic integration
proposed in (Cano et al., 2014; Murphy and McKeogh, 2004). Results
from themass and energy balances are summarized in Table 5. Test con-
trols, which are the biowastes directly undergoing an anaerobic diges-
tion, yielded the highest results in thermal (341 and 367 kWh ton−1

for pre-sorted and selective OFMSW, respectively) and electrical bal-
ances (190 and 206 kWh ton−1 for pre-Sorted and selective OFMSW, re-
spectively). The value of electrical and thermal outputs for the assays
with pretreatment ranged from 128 to 103 kWh ton−1 and 70 to 23
kWh ton−1, respectively. These values are lower to that shown by the
control sample due to the thermal energy requirements necessary in
the hydrolysis step. But, all the scenarios independent of the rawmate-
rial and the hydrolysis time show a positive energetic balance. These
findings are analogous to the results reported in literature (Cano et al.,
2014; Dasgupta and Chandel, 2019; Mu et al., 2018). Further
Table 5
Energy integration balance. Results were simulated for a combined heat and power (CHP)
system for electricity and thermal energy production. The thermal integration results in
the recovery of heat from the exhaust gases from a CHP system (a waste stream) to pro-
duce the steam for thermal hydrolysis.

Substrate Electrical balance kWh t−1 Thermal energy balance kWh t−1

Pre-sorted AD 190 341
Pre-sorted 5′ 128 70
Pre-sorted 15′ 108 26
Pre-sorted 30′ 124 43
Selective AD 206 367
Selective 5′ 103 30
Selective 15′ 106 23
Selective 30′ 124 43
optimization of different pretreatment conditions with respect to en-
ergy integration (e.g. temperature, pressure, reaction time or moisture)
are mandatory in order to determine the scalability of hydrothermal
pretreatment of OFMSW prior to anaerobic digestion and photo-
fermentation.

3.4.2. Mass balance
This section shows the analysis of the globalmass balance of the pro-

cess in dried basis. Fig. 6 shows the total mass balance of the proposed
approach. As a general finding, a maximum of 15% of the initial TS be-
come PHA, bio-H2 and PPB biomass jointly to SCP upon thermal treat-
ment with a 59–61% volume reduction of the waste to be disposed
(5–11% more volume reduction as compared with the traditional treat-
ment of an anaerobic digestion process). Fig. 6 clearly shows the diver-
sity of possible products that can be derived from this new concept.
Complete and efficient utilization of resources is important for circular
economies as a zero-waste policy is the aim of bioprocesses.

In order to preliminary analyze the economic viability of this new
process,we have compared selling prices of each individual product. Ac-
tual benefits are not included and would require a complete social and
economic life cycle assessment, once the process is conveniently opti-
mized. The biogas produced has been partially used for the energy inte-
gration of the process, and only its excess in the production and sale of
electricity is considered in this analysis. The incomes expected from
electricity are on average 30 € ton−1 for the control tests, and 18 €
ton−1 for the assays undergoing the new process. Despite themass per-
centage of organic fertilizer is themost important (more than 40% in all
cases), its selling price is very low. An average selling price of 4 € ton−1

for certified (RAL) bio-waste fertilizer has been reported in the EU
(Meyer-Kohlstock et al., 2015). On the other hand, although PHA consti-
tutes an average of 5.1 g PHA KgTS0−1 based on the mass of the residue,
its market price is relatively high: 4.5–5.5 € Kg−1 (Castilho et al., 2009).
The final costs of PHAs mainly depend on the price of substrates added
as a carbon source formicrobial growth. Furthermore, the PHAs yield on
carbon source, PHAs productivity and downstream costs determine
their introduction into globalmarket. The cost of carbon sourceswas re-
ported to constitute about 50% of the final production cost (Choi and
Lee, 1999). Taking this into account, the process proposed uses a virtu-
ally cost zero carbon substrate, addingmore interest to the process. SCP
constitutes the largest fraction of possible income, due to the large
amount of biomass growth produced in photo-fermentation tests. Up
to 68 gSCP KgTS0−1 was produced. Microbial protein has a market price
of 1.1 € Kg−1 in (Matassa et al., 2016). Bio-H2 costs via PNS bacteria
Fig. 6.Mass balance of the overall process at different pretreatment times (5′, 15′ and 30′),
compared to the traditional direct anaerobic digestion of the wastes (AD).
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are considered 10 € GJ−1 (Basak and Das, 2007). The purification cost
exceeds this figure if we consider that the purity of bio-H2 issued in
these batch tests are very low (about 9%). Considering those, bio-H2 is
the least economically interesting product of this platform. In any
case, the reduction costs derived from the lowering of the waste to be
disposal in landfills, as well as the reduction of the C-footprint, should
be put front into an economic life cycle analysis once the concept is ver-
ified. Thereby, the proposed platform may potentially enlarge the eco-
nomic benefit by targeting PHA and SCP production, and future trends
should focus on process optimization with these targets in mind.

4. Conclusions

Thiswork is a proof of concept for the future optimization of an inte-
grated photo-biorefinery process using OFMSW as feedstock. Thermal
hydrolysis achieves up to 40% dewaterability of the COD depending on
the bio-waste used, where the reaction time (5 to 30 min) seems to
have low significance over the overall process. Photo-fermentation
using PPB mixed cultures has proven to be a resilient technology capa-
ble of assimilating organicmatter from theOFMSWafter a pretreatment
of thermal hydrolysis, yielding PHA, SCP and bioH2. Different metabolic
pathways can be favored to produce these products in specific cases, so
the proposed treatment concept is highly versatile depending on factors
such asmarket needs, feedstock composition and environmental condi-
tions. This new process also has interesting economic prospects based
on the expected income from the production of high added-value prod-
ucts. The anaerobic digestion process is a good ancillary technology to
close the carbon cycle, reduce the amount of waste and decrease the C
footprint, thus embracing this alternative concept within the circular
economy.
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