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a b s t r a c t

The present study focused on the integration of the non-sterile conversion of food waste (FW) into
hydrogen (H2) through dark fermentation with the subsequent electricity generation in a proton-
exchange membrane fuel cell (PEMFC), and the assessment of the global warming potential (GWP) of
the process. The acidogenic conversion of FW performed in continuous operation for 16 days produced
45.6 ± 0.1 L H2 at an average H2 productivity of 6.1 ± 1.3 L L�1 d�1. Butyric and acetic acid were
simultaneously produced at average concentrations of 3.6 ± 0.5 and 1.6 ± 0.3 g L �1, respectively. The
carbon dioxide (CO2) from biogas product was sequestered by reaction with sodium hydroxide and the
resulting H2-rich stream was fed to a PEMFC, producing 1.7 Wh L�1 H2. The process scale-up was
simulated based on the bench-scale conversion yields and was used to assess the GWP. Two of the
developed scenarios, which considered the reuse of the fermentation sludge as nitrogen source in the
acidogenic fermentation, diminished the GWP emissions by 63.8% and 64.3% when compared to the
default condition. In the best-case scenario, an annual average of 0.18 t of CO2 per t of FW separately
collected was generated.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Food waste (FW) is defined as food removed from the food
production supply chain by voluntary or involuntary decision,
without a defined purpose (European Parliament and Council,
2019). It is a direct result of human activity, being generated
independently from social, cultural and economic variables
(Lipinski et al., 2013). The analysis of FW generation patterns is
hampered by the lack of data on national waste quantification,
which does not allow identifying the critical loss or waste points in
the food production supply line. According to available data, the
results from quantitative studies vary greatly depending on
gueira), marta.pacheco@lneg.
oso), pedrofarrancha@gmail.
camsilva@fc.ul.pt (C. Silva),
selection factors such as: accounting for inedible food and liquid
waste, destination of the waste, and distinction betweenwaste/loss
and avoidable/unavoidable (Corrado and Sala, 2018). The FW gen-
eration in EU-28 was estimated to range between 158 and 298 kg
capita�1 y�1 (Stenmarck et al., 2016). According to current EU
legislation, the waste disposed of in landfills must be reduced to
maximum of 10% of the municipal waste generated by 2030, as
leachates and gaseous emissions produced in the disposal facilities
have severe harmful consequences for the environment (European
Parliament and Council, 2018). In its place a more circular approach
to the FW problem has been taken, in which there is a primary
focus on decreasing FW generation by increased social awareness
(i.e. reduction of avoidable waste) and recycling of unavoidably
generated waste fractions as potential substrate for the production
of energy, platform-chemicals, fertilisers, etc. (De Menna et al.,
2018). Anaerobic conversion, particularly dark fermentation (DF),
has been suggested as an appropriate bioconversion path for FW
(Ortigueira et al., 2019a) as it is able to convert carbohydrates into
hydrogen (H2 or, when produced through the DF process, bioH2),
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while achieving productivity values of more than 1 m3 h¡1 m�3

(Ren et al., 2011). Simultaneously, DF generates organic acids and
sludge for which valorisation solutions such as the conversion to
bioplastic precursors and the maturation to a nutrient-rich
compost, respectively, are well-established (Bazyar Lakeh et al.,
2019). Hydrogen is an energy carrier with a high energy content
(120 MJ kg�1), which can be efficiently converted into electricity
through the use of proton-exchange membrane fuel cells (PEMFC).
These cells consist of electrochemical devices typically composed
by two electrodes separated by an ion selective electrolyte mem-
brane (membrane-electrode assembly e MEA), which produce
electricity through the conversion of H2 and O2 into water. The
PEMFC can operate at relatively low temperatures (25e80 �C),
tolerate small amounts of carbon dioxide (CO2) in the fuel gas, and
do not generate carbon or sulphur emissions (Gharehpetian et al.,
2017). The conversion efficiency in regular PEMFC varies from 40
to 50% according to the operational temperature, and the H2
pressure (Lin et al., 2007), reaching 80% yield when considering
heat recovery (Kirubakaran et al., 2009). The ideal operational
settings for these cells require impurity free fuel, i.e., the absence of
carbon monoxide (CO), hydrogen sulphide (H2S), ammonia (NH3),
nitrogen oxides (NOx), among others, as these compounds can react
with the components of the MEA. This will lead to poisoning of the
electrode catalysts, thereby increasing the ionic resistance of the
solid electrolyte andweakening themass transfer due to alterations
on the catalyst structure and wettability conditions, leading to an
overall efficiency loss (Cheng et al., 2007). The listed impurities are
generally consequence of the conventional H2 production pro-
cesses, particularly by hydrocarbon reforming, but they are un-
common in H2-rich biogas produced through DF. Koroglu et al.
(2019) investigated the conversion of biogas with 33e60% vol. of
H2 into electricity by a PEMFC, and correlated the presence of
increasing amounts of CO2 with a decrease in power density, which
suggests that fermentation parameters should be optimised to-
wards H2 enrichment in the final biogas. The removal of CO2 in the
biogas before conversion through pressure swing adsorption or
liquid adsorption produced positive results in the efficiency of the
cell (Rahman et al., 2016).

There are several bench-scale biorefineries reported, focused on
the conversion of FW into products of interest, such as plasticizers,
lactic acid and animal feed (Kwan et al., 2015), surfactants
(Pleissner et al., 2015), microalgae (Pleissner et al., 2013), biodiesel
and bioethanol (Yang et al., 2014), lycopene and b-carotene (Kehili
et al., 2016), phenolic acids and glycoalkaloids (S�anchez Maldonado
et al., 2014) and H2 (Huang et al., 2020). Most of these bench-scale
biorefinery studies did not use real separately-collected FW, nor did
they focus on FW conversion to electricity, organic acids and sludge.
Furthermore, additional studies conducted by Falconer et al. (2020),
Panigrahi et al. (2020), Rico et al. (2020) and Cheng et al. (2020)
were mainly directed to the analysis of the FW pretreatment and
fermentation stages, rather than quantification and analysis of the
overall anaerobic production process. Therefore, the present study
explored the use of separately-collected FW for the fermentative
production of H2-rich biogas to operate a PEMFC, of organic acids
and sludge, the simulation of the process scale-up, and the
assessment of the global warming potential (GWP) of the global
integrated process through consequential analysis. The first part
dealt with the integration of a continuous acidogenic fermentation
system using catering industry waste (CIW) as feedstock and a
PEMFC for electricity production, with the full characterisation of
the process input and output streams (FW, sodium hydroxide
(NaOH), organic acids, sludge, H2 and CO2). The continuous stirred-
tank reactor (CSTR) operation was performed under non-sterile
conditions and incorporated a substrate pretreatment step for
microbial contamination control, the addition of Clostridium
butyricum, a good microbial H2 producer, as biocatalyst (Chen et al.,
2005) and a CO2 stripping stage for H2 enrichment of the produced
biogas. The H2-enriched biogas was fed to a PEMFC and the cell
performance was compared to its operation when supplied with
commercial H2 at 25 and 50 �C. The second part of the study sought
to set-up the basis for an industrial process structured after a bio-
refinery model, where the FW conversion to multiple valuable
products was modelled. For the stages of industrial mashing, mi-
crowave application, bioreactor operation and centrifugation, the
bench-scale data were used alongside data from the literature
concerning energy consumption values. The amount of 35000 t of
FW collected annually by a Portuguese waste management oper-
ator that receives separately collected waste from restaurants, food
markets, hotels and school canteens in the Lisbon metropolitan
area was used for reference. Six scenarios were developed for the
scaled-up biorefinery, which were compared with the direct energy
consumptions and carbon dioxide equivalent (CO2eq) emissions
generated by the conventional FW treatment to produce electricity
and compost by the waste management operator. The CO2eq
emissions of FW landfilling were also estimated.

2. Materials and methods

2.1. Food waste collection and conditioning

The FW used in this study was gathered from a local seafood
restaurant located in the metropolitan Lisbon area, from Trafaria,
Almada, on July 2018, and corresponded to the customary service
food scraps (meat, fish, rice, vegetables, etc.), and leftovers from
raw food preparation (vegetable peels, inedible parts of meat/fish
removed during food preparation, etc.), collectively designated as
CIW. This particular collection lasted approximately 8 h, which
corresponded to a regular day of activity that includes one lunch
and one dinner service. Materials that could not be mashed within
laboratorial setting such as fish bones and hard seeds were
removed from the mixture prior to biomass processing. The
remaining material was mashed thoroughly, homogenised until a
typical consistency was attained, and then stored at �20 �C until
further use.

2.2. Bioreactor operation under non-sterile conditions

The bioreactor apparatus consisted in a 1.65 L bench-scale
double jacketed glass reactor with a working volume of 0.5 L. The
air-tight reactor was equipped with a pH sensor (405-
DPASeSCeK8S/250, Mettler Toledo, USA) and controller (MOD 7F,
SGI, USA), and appropriate inlets/outlets for the following events:
removal of gaseous product, removal of liquid fermentate, addition
of fresh medium and carbon and energy source, pH control and
addition of inoculum. The bioreactor setup is illustrated below
(Fig. 1).

The operational settings were kept constant throughout the
experiment. The pH control setpoint was defined as 5.5 ± 0.1 and
controlled through the periodic addition of NaOH solution
(2 mol L�1). The temperature was maintained at 37 �C and stirring
was adjusted to 300 rpm to avoid biomass settling inside the vessel.

The process start-up was performed as follows: 60.75 g of hu-
mid CIW (correspondent to approximately 10 g of total sugars and a
final concentration of 20 g L�1 in the bioreactor) were subjected to
microwave (MW) pretreatment, as described elsewhere (Ortigueira
et al., 2019a). This mixture was suspended in minimum mineral
medium as already published (MMM) (per L of phosphate buffer
100 mM: 12 g ammonium chloride, 3.28 mg ferrous sulphate
heptahydrate, 0.56 g cysteine hydrochloride monohydrate), up to a
total volume of 500 mL and degassed with N2 for 1 h (Ortigueira



Fig. 1. Schematic representation of the continuous stirred-tank reactor (CSTR): a) catering industry waste (CIW) þminimummineral medium (MMM) feed; b) NaOH solution for pH
control; c) effluent; d) sampling port; e) NaOH scrubber for CO2 sequestration; f) Flowmeter; g) proton-exchange membrane fuel cell (PEMFC); h) Water bath for temperature
control; i) double jacketed glass bioreactor.
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et al., 2019a). Clostridium butyricum DSM 10702, from the German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunsch-
weig, Germany) was used to inoculate the non-sterile mixture at a
volumetric concentration of 5%. This inoculum was pre-cultured in
Reinforced Clostridial Medium (RCM) (Difco laboratories, France)
for 16 h prior to the fermentation start-up. After 24 h of operation,
the fermentation mode was shifted from batch to CSTR.

The CSTR operation was performed as follows: 516.4 g of humid
biomass was subjected to MW pretreatment as described previ-
ously (Ortigueira et al., 2019a). The resulting material was sus-
pended in MMM medium up to a total volume of 5 L, resulting in a
final concentration of total sugars of 17 g L�1. The referred solution,
hereby defined as feed solution, was used to fill the bioreactor
communicating vessel, degassed with N2 and then added to the
reactor through the appropriate inlet at a flow of 67.8 mL h�1. The
hydraulic flow was equivalent to a hydraulic retention time (HRT)
of 7.4 h and the addition of 1.15 g total sugars h�1. The fermentate was
removed from the bioreactor at the same flow, to avoid culture
volume variation. The liquid samples were collected through the
appropriate outlet every 24 h for characterisation and quantifica-
tion of total sugars and soluble metabolites by high performance
liquid chromatography (HPLC). The gaseous product generated in-
side the bioreactor, mainly composed by H2 and CO2, was contin-
uously conducted through a scrubber with NaOH solution
(2 mol L�1) for CO2 sequestration. The resulting gas was conducted
through a flowmeter (mflow, Bioprocess Control, Sweden) for data
collection at standard pressure and temperature conditions (STP).
The outlet of the apparatus was connected to appropriate air-tight
gas collecting bags (Flexfoil® sample bags, SKC, United Kingdom)
for the final collection of the H2-enriched biogas.
2.3. Fuel cell on-set and characterisation

A bench-scale PEMFC (Parker TekStak Fuel Cell, Parker Hannifin,
USA) was integrated with the CSTR bioreactor. The fuel cell was
composed by graphite gas distribution end plates, a Nafion elec-
trolyte membrane (10.89 cm2 of membrane area) covered with a
porous carbon layer with dispersed platinum (4 mg cm�2) and
platinum-ruthenium (4 mg cm�2) catalysts on the cathodic and
anodic sides of the cell, respectively. Prior to use, the PEMFC was
assembled according to the instructions provided alongside the
device and inserted into the experimental setup depicted in Fig. 2.



Fig. 2. Schematic representation of the fuel-cell apparatus: a) bioH2 sample; b) gas pump; c) gas washing bottles (bioH2; air); d) fuel cell; e) water bath for temperature control; f)
voltmeter; g) ammeter; h) potentiometer.

Table 1
Proximal composition of the processed catering industry
waste (CIW) used in the fermentation experiments, by
dry weight (d.w.).

Component % d.w.

Total sugars 62.1 ± 0.1
Crude protein 10.4 ± 0.2
Total fat 26.3 ± 2.2
Ash 1.2 ± 0.1
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The PEMFC was connected in series with an ammeter and a
potentiometer and in parallel with a voltmeter (Fig. 2). The biogas
sampling bag (a) was attached to a gas pump for flow regulation (b)
and forced through awater bath where the gas was humidified and
heated to an operational temperature (c) prior to insertion on the
anodic side of the cell. Atmospheric air was subjected to the same
conditions in order to feed the cathodic side of the cell. The PEMFC
was testedwith commercial H2 (approximately 100% H2 purity) and
bioH2 under two operational temperatures (25 and 50 �C). The
content of the later feed gas varied according to the fermentation
performance, and was composed mainly of H2 and vestigial traces
of N2. The bioH2 was kept humid and added sequentially for
improvement and characterisation of the fuel cell performance,
respectively. Polarisation and power density curves were drawn
with the obtained data, by modulating the load resistance with the
potentiometer, in order to attain the relation between bioH2 flow
( _mH2) and power (P). Power is measured by voltage (V) and current
(I),

P½W � ¼VI (1)

the H2 flow was obtained from Larminie and Lowry (2012).
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F is the Faraday’s constant (96485.3 Cmol�1), I is the current (A),
R is the universal gas constant (8.314 J mol�1 K�1), T is the trial
temperature (K) and P the ambient pressure (100 kPa). The effi-
ciency h of the PEMFC can be obtained through equation (4):
h¼ P
HHV _* nh2

(4)

where HHV represents the higher heating value of H2, assuming the
water is removed from the system in liquid form
(�285.83 kJ mol�1). The target ratio of P/ _mH2 can be derived by
using the equations above

P
_mH2

�
W=L=h

�
¼ h*HHV

RT
P *10

3*3600
(5)

For STP and h ¼ 0:5, this procedure retrieves 1.96. Rahman et al.
(2016) also considered a fuel utilisation coefficient, mf, of 0.95,

reducing the P
_mH2

�
W=L=h

�
to 1.86. This value was validated through

experimentation. A total of ten assays were performed with bioH2
and commercial H2 at the temperatures of 25 and 50 �C.
2.4. Analytical methods

2.4.1. Proximal characterisation of the food waste
The CIW samples were analysed according to standard methods

(Horwitz and Latimer, 2005) for total sugars and fat, crude protein,
moisture and ash. Total sugars were determined after acidic pre-
treatment with H2SO4 (720 g kg�1) according to standard methods
(Horwitz and Latimer, 2005) followed by quantification through an
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adapted anthrone method as already published (Ortigueira et al.,
2019a). The results are displayed in Table 1.
2.4.2. Characterisation of the fermentation products
The samples of the collection bags were analysed in a gas

chromatographer (GC) (Varian 430-GC, Agilent technologies, USA)
equipped with a thermal conductivity detector (TCD). The H2 and
CO2 quantification was performed using a fused silica column
(Select Permanent Gases/CO2-Molsieve 5A/Borabound Q Tandem
#CP 7430). The injector and oven were operated at 80 and 70 �C,
respectively and the detector at 120 �C. Argonwas the carrier gas at
a rate of 32.4 mL min�1. The TCD was kept at 220 �C.

The liquid samples were purged of solid residues by centrifu-
gation (15000 rpm) and vestigial oil/fat was subsequently removed
by hexane extraction (Ortigueira et al., 2019a). The resulting
aqueous phase was filtered (0.2 mm) and analysed in a HPLC system
(LaChrom, Merck, Germany) equipped with an Aminex HPX-87H
column (Bio-Rad Laboratories, USA) and a refraction index (RI)
detector (LaChrom L-7490, Merck, Germany). The temperature of
the column and the RI detector were kept constant at 50 �C and
45 �C, respectively, and samples were eluted using H2SO4 5 mM
(flow rate ¼ 0.5 mL min�1). Solutions of carboxylic acids were used
as external standards. The nitrogen and total sugar content of the
solid fraction (sludge) were quantified according to standard
methods (Horwitz and Latimer, 2005) and a modified anthrone
method as published elsewhere (Ortigueira et al., 2019a). Elemental
characterisation of the substrate feed and fermentation sludge
were performed according to standard methods (ISO, 18122:2015,
ISO 16948:2015, EN 15289:2011, ionic chromatography) as already
published (Ortigueira et al., 2019b). The characterisation results are
summarised in Table 2.
2.4.3. Growth and fermentation parameters
The lag phase of the fermentation assay corresponded to the

time required for the detection of biogas production. The total H2
production was calculated as being the sum of the volume of H2

collected in the collection bags during the course of the experi-
ment, herein expressed as cumulative H2 production, as well as the
volume of H2 that remained inside the bioreactor headspace at the
end of the fermentation assay. The molar quantification of H2 and
CO2 was calculated through the Peng-Robinson equation
(Ortigueira et al., 2015). Hydrogen productivity was estimated from
the graphical representation of the cumulative H2 production (L
L�1) versus time (hours), as the slope of the production tendency
obtained for each 24-h period. The H2 molar yield was defined as
the ratio between the total amount of H2 (mol) produced
throughout the experiment and the total sugars consumed (mol),
expressed as glucose equivalents. The volumetric H2 yield was
defined as being the ratio between the total H2 volume (L) pro-
duced and the mass of CIW (kg of volatile solids) supplied to the
culture medium. Both yields were calculated in 24-h intervals, and
gas volumes were determined at STP.
Table 2
Elemental characterisation of the feed supplied to the continuous stirred-tank
reactor (CSTR) and the produced sludge, by dry weight (% d.w.).

Elements Feed (CIW þ MMM)a Sludgea

Carbon 22.7 8.4
Hydrogen 5.5 3.6
Nitrogen 7.1 6.6
Chloride 3.2 0.6
Sulphur 0.065 0.05

a % d.w.; CIW, catering industry waste; MMM, minimum mineral medium.
2.5. Process scale-up

The integrated FW fermentation and PEMFC operation consid-
ered the following process stages: mashing, microwave pretreat-
ment, acidogenic fermentation, gas stripping, centrifugation,
electricity production from obtained bioH2, and recirculation of
fermentation sludge. The system to scale-up is depicted in Fig. 3.

The scale-up was performed based on the amount of organic
waste separately collected by one waste management system,
which was operating in the municipality of Lisbon in the year of
2018 (Valorsul, 2018). Considering that the waste was collected
mainly in food markets and canteens, green residues were
considered negligible, and the overall collectionwas equalled to FW
and assumed to be the available substrate for acidogenic conver-
sion. The amount of separately collected organic waste in 365 days
of operation, which totalised 35000 t, was defined as the functional
unit (FU). This value is equivalent to approximately 4 t per hour,
which corresponds to a total volumetric flow of feed (i.e., biomass
and fermentative medium) of 930.6 m3 h�1. The ratio between
volumetric feed flow and the reactor volume was kept from the
bench-scale to the scale-up (0.14). For this production to be viable,
two bioreactors would be required, equalling an overall volume of
200 m3 (useful volume of 143 m3, assuming a reactor occupation of
approximately 70%). All unitary operations were based on the value
of feed indicated, assuming bench-scale yields were kept constant.
The same factor was applied to the relation between the power and
H2 flow (Fig. 8, section 3.2.) which, according to lab data, indicates
that the conversion of 1 L of H2 will produce 1.7 Wh of electricity.
The industrial PEMFC dimensions were obtained by knowing the
maximum industrial H2 flow with h ¼ 50%, for maximum power.
Accordingly, for the 72.7 m3 H2 h�1 production predicted from the
scale-up, the stack maximum power should be 123.5 kW. An
inverter was introduced into the system after the PEMFC in order to
convert direct current (DC current), which was obtained through
the fuel cell operation, into alternate current (AC current). The ef-
ficiency of the inverter was defined as 94% (Nishikawa et al., 2008).
The energy consumption values used for scale-up calculations were
based on data from prior literature and were registered in Table 3.

2.6. Reference system for FW valorisation

The “Valorsul” company is responsible for the urban solid
wastes (USW) collection and treatment in 19 municipalities from
the Lisbon and West regions of Portugal, dealing with circa 20% of
the USW generated in Portugal (1.3 kg of urban waste capita�1 d�1

for the year of 2017). The waste treatment system is composed by,
among others, an organic anaerobic digestion unit (OADU) with an
installed capacity of 28 t h�1, i.e., capable of processing 60000 t of
waste into biogas per year (Valorsul, 2018). This particular stage
consumes between 4 and 6 GWh y�1 with a total yearly production
of 8e12 GWh of electricity, through biogas burning, and
9800e14700 t of compost. The biomass used in the process is
separately collected from restaurants, food markets, hotels and
school canteens. The OADU unit is, by definition, a biorefinery as
shown in a simplified scheme in Fig. 4, involving various stages of
pretreatment, drying, weighting, dehydration, etc. This installation
was compared to the integrated system proposed in this study,
based on the bench-scale results. The nitrogen content of the
“Valorsul” compost was obtained from commercial information
available online (2.3% w/w).

Reported only in support of the discussion is the case in which
FW was not valorised by enabling its complete decomposition
without human intervention. In order to calculate the input of
biogenic CO2 for the conversion process, the carbon content of 22.7
%d.w. determined in the elemental characterisation of the feed



Fig. 3. Flowchart of the process stages, substrate and electricity inputs, and product outputs considered in the integrated food waste (FW) fermentation and proton-exchange
membrane fuel cell (PEMFC) operation.

Table 3
Energy consumption of the industrial equipment considered for the scaled-up
model of the biorefinery.

Industrial equipment Energy consumption Reference

Industrial masher 1.1 kWh t�1 biomass De Marco et al. (2018)
Microwave 168 kWh t�1 biomass Olatunde et al. (2017)
Reactor 5.4 kWh m�3 feed Collet et al. (2011)
Centrifuge 5.5 kWh t�1 biomass Soda et al. (2010)

Fig. 4. Schematic representation of the organic anaerobic digestion unit (OADU) from
the “Valorsul” valorisation unit (Valorsul, 2018) that was considered as reference for
the biological treatment of food waste (FW).
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(Table 2, section 2.4.2.), was applied to the FU. According to this
calculation, a total of 2018 t of carbon were introduced into the
system for conversion. Without valorisation, the entirety of the
carbon present in the biomass would be converted into CO2, leading
to a maximumyield of 0.21 t of CO2 per t of waste biomass or 7350 t
of CO2 y�1. This was considered themost unfavourable condition, in
which no product nor energy recovery was derived from the pro-
cess, and the entirety of carbon content would be lost as biogenic
CO2 emission.
2.7. Design of scenarios and system comparison

The production data obtained in the experimental stage were
utilised as a basis for the projection of a possible scaled-up pro-
duction, and compared to the data obtained from the biological
conversion system used as reference (Fig. 4). To make the com-
parison in terms of direct energy consumption and global warming
potential (GWP100 years), a consequential approachwas followed, i.e,
marginal supply and demand on affected markets was taken into
consideration and allocation was avoided by system expansion. In
practice, the same input of FW was considered and its associated
outputs such as electricity (MWh y�1) and compost (t y�1). Excess
electricity, compost and additional byproducts were considered as
credits (�) or burdens (þ) in the alternative systems. The CO2eq
values for the consumables of the processes were taken from
Ecoinvent 3 and other sources of the literature in order to obtain a
range of emissions instead of a unique quantity (Table 4). Several
cases of study were considered for analysis: FW without valor-
isation, FW valorisation through anaerobic digestion (reference)
and the following scenarios with basis on the FW acidogenic
biorefinery:

� Scenario 1 or default scenario (Sc#1). The FW is processed into
H2, organic acids (butyrate, acetate, lactate and formate) and
sludge. Microwave pretreatment is performed in the waste
treatment facility. Biogenic CO2 sequestration takes place during
the gas stripping stage with associated production of sodium
hydrogen carbonate.

� Scenario 2 (Sc#2). The FW is processed into H2, organic acids
(butyrate, acetate, lactate and formate) and sludge. Microwave
pretreatment is performed at household level. Biogenic CO2
sequestration takes place during the gas stripping stage with
associated production of sodium hydrogen carbonate.

� Scenario 3 (Sc#3). The FW is processed into H2 and organic
acids (butyrate, acetate, lactate and formate). The fermentation
sludge is recirculated into the system as nitrogen source. Mi-
crowave pretreatment is performed at household level. Biogenic
CO2 sequestration takes place during the gas stripping stage
with associated production of sodium hydrogen carbonate.

� Scenario 4 (Sc#4). The FW is processed into electricity and
organic acids (butyrate, acetate, lactate and formate). The
fermentation sludge is recirculated into the system as nitrogen
source. Microwave pretreatment is performed at household
level. Biogenic CO2 sequestration takes place during the gas
stripping stage with associated production of sodium hydrogen
carbonate.

� Scenario 5 (Sc#5). The FW is processed into H2 and organic
acids (butyrate, acetate, lactate and formate). The fermentation
sludge is recirculated into the system as nitrogen source. Mi-
crowave pretreatment is performed at household level. Biogenic
CO2 is not sequestered.

� Scenario 6 (Sc#6). The FW is processed into electricity and
organic acids (butyrate, acetate, lactate and formate). The
fermentation sludge is recirculated into the system as nitrogen
source. Microwave pretreatment is performed at household
level. Biogenic CO2 is not sequestered.

The reference and alternative scenarios are depicted in Fig. 5,
including input and output information.

To account for uncertainty, calculations were performed based
on the average GWP values prior to a range evaluation. The elec-
tricity carbon intensity is highly dependent on the country and year



Table 4
Global warming potential (GWP) of the main consumables and products identified in the different processes.

Item GWP range (kg CO2eq kg�1) Average GWP (kg CO2eq kg�1) Reference

Acetic acid 1.11e1.57 1.34 ± 0.23 (Ecoinvent database, 2016)
Ammonium chloride 1.37e3.29 2.33 ± 0.96 (Ecoinvent database, 2016)
Butyric acid 3.31e3.46 3.38 ± 0.07 Own calculations
Disodium phosphate 1.58 1.58 ± 0.00 Hervy et al. (2015)
Electricity 296e524 377.5 ± 81.5 European Environmental Agency (2019)
Fertiliser (N) 4.62e5.88 5.25 ± 0.63 (Ecoinvent database, 2016)
Formic acid 1.43e2.91 2.17 ± 0.74 (European Commission Joint Research Centre et al., 2014)

Ecoinvent database (2016)
Commercial hydrogen 0.97e12.9 6.94 ± 5.97 Water Technology (2012)
Iron sulphate 0.17e0.23 0.20 ± 0.03 (Ecoinvent database, 2016)
Lactic acid 3.97e4.95 4.46 ± 0.49 (Ecoinvent database, 2016)
Monosodium phosphate 2.32e2.96 2.64 ± 0.32 (Ecoinvent database, 2016)
Sodium hydrogen carbonate 0.24e1.17 0.71 ± 0.47 (Ecoinvent database, 2016)

Water Technology (2012)
Sodium hydroxide 0.41e1.21 0.81 ± 0.40 (Ecoinvent database, 2016)

Cetinkaya et al. (2012)

Fig. 5. Schematic representation of the reference and alternative scaled-up valorisation systems and market influences considered for equivalency (credits (�) or burdens (þ) for
CO2eq).
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of electricity production. To capture this effect on the calculations,
results are depicted as a function of the electricity carbon intensity
(European Environmental Agency, 2019). The products of the
fermentation process were considered in the scenarios if they were
produced in significant concentrations (>1 g L�1 in the fermentate)
and if they were of broad commercial importance, particularly for
the chemical and pharmaceutical industry. The value of GWP for
butyric acid production was not available in literature nor in
correspondent databases. Therefore, it was estimated from the
biological process of the present study through an economic allo-
cation based on Sc#1 and Sc#2. Table 5 depicts the current com-
mercial prices for product and byproducts of the fermentative
process, and GWP were calculated according to the economic
allocation procedure.

The value for GWP of the L-cysteine hydrochloride was not
available in the literature and could not be estimated due to lack of
production data. Therefore, it was not considered. The compost and
sludge obtained from the reference and acidogenic systems,
respectively, were compared to fertiliser in accordance with their
nitrogen content (see section 2.6 and Table 2 in section 2.4.2.). The
range of GWP for electricity was imposed after analysis of the CO2
intensity data for the year of 2016 (European Environmental
Agency, 2019). The current electricity mix (CEM) corresponded to
the best possible scenario, in which a higher fraction of the elec-
tricity mix was from renewable energy sources (2016 data). A low-
renewable electricity mix (LREM) was also considered, corre-
sponding to the worst-case scenario in which a larger fraction of
the mix would come from non-renewable energy sources (1990
data).

3. Results and discussion

3.1. Stability of continuous bioH2 production from pretreated CIW,
with addition of C. butyricum, in a bench-scale setting

The continuous non-sterile H2 production from highly
contaminated substrates, such as FW, is influenced greatly by the
diversity and activity of the substrate native microorganisms that



Table 5
Input data for economic allocation and corresponding global warming potential (GWP) per considered product for scenarios Sc#1 and Sc#2.

Fermentation products Price (V kg�1)a Proceeds (MV y�1) GWP based on Sc#1 1 (kg CO2eq kg�1) GWP based on Sc#2 (kg CO2eq kg�1)

Hydrogen 12.5 0.7 0.7 0.7
Acetic acid 28.7 16.7 1.6 1.7
Butyric acid 58.9 79.0 3.3 3.5
Lactic acid 62.5 45.6 3.5 3.7
Formic acid 24.5 9.6 1.4 1.4
Sludge 5.3 52.1 0.3 0.3
Sodium hydrogen carbonate 53.9 290.7 3.0 3.2

a prices referenced from ChemicalBook (2016).
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enter into the bioconversion system. The coexistence of different
metabolic pathways may divert the conversion of sugars to unde-
sired final products and cause the decline of H2 production.
Promising results were obtained with the application of MW to
CIW as a means of reducing the initial contamination of the sub-
strate before starting the batch fermentation for H2 production
(Ortigueira et al., 2019a). However, it is important to accurately
assess the mid-term impact of such a MW pretreatment on the
stability and performance of non-sterile bioaugmented fermenta-
tions operated under continuous mode. With this purpose, a CSTR
bioreactor was operated for a total of 16 days for the non-sterile
acidogenic conversion of MW-pretreated CIW. The profiles of the
daily and cumulative biogas and H2 production in the bioreactor are
illustrated in Fig. 6.

The feed and HRT imposed upon the system were based on the
consumption rate of total sugars by C. butyricum which was
determined in a previous study (Ortigueira et al., 2019a). Accord-
ingly, the feed suspension was introduced into the reactor at a flow
rate of 1.15 g total sugars h�1 under a constant HRT of 7.4 h. This value
is consistent with the information reported by Sivagurunathan
et al. (2016), in which low values of HRT are conducive to more
efficient acidogenic fermentations. Theoretically, a low HRT main-
tains the acidogenic microorganisms in exponential growth and
minimises the proliferation of H2-consuming microorganisms
within themixed culture. The results obtained from day 1e5 (Fig. 6)
show that the bacterial community was still adapting to the new
hydraulic regimen, marked by the large increment in the volu-
metric biogas production from 4.0 up to 8.7 L L�1 d�1. At this point,
the concentration of H2 in the produced biogas achieved 98.2± 1.0%
vol. after CO2 stripping. Subsequently, the H2 production remained
consistent throughout the course of the experiment, steadying at
an average volumetric production of 6.1 ± 1.3 L H2 L�1 d�1 and a H2
concentration in the output biogas of 95.8 ± 1.0% vol. (Table 6). The
exception to the tendency displayed occurred in day 6 and 13,
wherein problems with the stirring of the feed stream were
Fig. 6. Daily biogas production (columns) and time-course of accumulated biogas and
H2 (biogas e C; H2 e ) in a continuous stirred-tank reactor (CSTR) fed with mi-
crowave (MW) pretreated catering industry waste (CIW), under non-sterile conditions
and with addition of C. butyricum as biocatalyst.
experienced; these were caused by an infrequent accumulation of
solid particulates. These results are dissimilar to those registered by
Kanchanasuta et al. (2017). The authors found that when the
C. butyricum strain TISTR 1032was used as biocatalyst in non-sterile
fed-batch FW fermentations, the registered total H2 productionwas
higher during the first substrate feed (24 h of operation). During the
second feed, a reduction of approximately 70% in total H2 produc-
tion was observed. In the present study, the H2 productivity and
production yield, while variable, were consistent throughout the
experiment. With exception of day 6 and 13 of operation (Fig. 6),
the system was constantly able to deliver, from day 5 to day 16 of
process time, a highly H2-enriched biogas in the range of
4.9e8.7 L L�1 d�1. This result supports the assumption stating that
the MW pretreatment, while not able to eliminate all the CIW
native microorganisms, is able to partially control the activity of
native microorganisms and maintain the H2 production by
C. butyricum within the microbial consortium. No methane (CH4)
was detected in the biogas produced, i.e., the methanogenic activity
was supressed or inexpressive due either to the application of the
MW pretreatment or the low HRT imposed upon the system
(Alexandropoulou et al., 2018).

Sugar consumption under CSTR operation increased visibly
throughout the fermentation cycles, up to a maximum of
94.1 ± 2.6% (w/w) by day 16 (Table 6). This was likely associated
with the adaptation of the microbial consortium to the substrate
and the accumulation of enzymatic compounds in the fermentation
medium, enabling the degradation of polymeric carbohydrates to a
greater extend compared to the initial fermentation time. This may
also be attributed to the persistence of native microorganisms of
the CIW-feed, which may play a role in cross-feeding or exhibiting
enzymatic traits complementarity to C. butyricum. An average H2
yield of 74.9 ± 15.8 L H2 kg�1

VS or 110.7 ± 22.5 L H2 kg�1
total sugars

was obtained during the steady-state phase of the CSTR operation,
between day 3 and day 16 (Table 6). These values represent a clear
decrease when compared to the yields obtained previously under
batch operation (Ortigueira et al., 2019a). They point to the pres-
ence of microbial populations that deviate carbohydrates to non-H2
producing metabolic pathways. To counteract this effect, several
authors suggested an increase of the fermentation temperature
such as, for example, Youn and Shin (2005) who obtained H2 yields
in the range of 125 L H2 kg�1

VS under thermophilic conditions. In
the present study this option was disregarded, as it would be
associated with higher energetic costs. A second option was sug-
gested within the same study, which consisted of using a microbial
consortium adapted to the substrate and imposing a low HRT or a
high operational temperature as selective pressure to supress the
activity of undesirable microorganisms. Qin et al. (2019), De
Gioannis et al. (2017) and Algapani et al. (2019) obtained H2
yields of 50.0, 56.5 and 135.0 L kg�1

VS, respectively, with the latter
strategy, the last value being considerably higher than that ob-
tained in the present study. However, the yield per unit of substrate
biomass is highly dependent on its chemical composition and it is



Table 6
Average production parameters obtained during the 16 days of operation of the continuous stirred-tank reactor (CSTR) for the conversion of catering industry waste (CIW).

Total sugars consumption (%) Total H2 production (L) Average H2 productivity (L L�1 h�1) Average H2 in the biogas (% vol) H2 yield (L kg�1
VS) Butyrate-to-acetate ratio

94.1 ± 2.6 45.6 ± 0.1 6.1 ± 1.3 95.8 ± 1.0 74.9 ± 15.8 1.9 ± 0.4

Fig. 8. Polarisation and power density curves for the lab-scale fuel cell operated with:
A) bioH2 produced during the operation of the continuous stirred-tank reactor (CSTR);
B) commercial H2.
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likely that an increase in carbohydrate concentration may impact
significantly the overall production yield. Conversely, the H2 pro-
ductivity registered in the present study reached 6.1 ± 1.3 L L�1 d�1,
which is considerably higher than 3 L L�1 d�1 obtained by Algapani
et al. (2019).

Previous studies on the fermentation of carbohydrate-
containing biomass by C. butyricum identified butyric and acetic
acid as the main byproducts of sugar conversion (Ortigueira et al.,
2019a). The concentration of organic acids throughout the opera-
tion of the CSTR averaged 5.2 ± 0.8 g L�1, being composedmainly by
acetate and butyrate, which corresponded to approximately 19 and
44% of the total acids produced, respectively. The average butyrate-
to-acetate ratio was 1.9 ± 0.4 (Table 6), indicating the slight shift
towards butyrate production, which is generally associated with
high H2 partial pressure (Ortigueira et al., 2019a). Lactate was also
produced , particularly after day 5 (Fig. 7). Unlike acetate and
butyrate, lactate is not linked with H2 production, and was asso-
ciated with the presence of microbial contaminants in the substrate
(Harzevili and Hiligsmann, 2017). The MW pretreatment was
originally introduced in order to control the substrate contamina-
tion, particularly by lactic acid bacteria, which caused the carbon
source to deviate into undesirable metabolic pathways. However,
this effect became less apparent after the first 5 days of fermen-
tation, resulting in a highly variable lactic acid concentration
(0.4e3.2 g L�1) up until the end of the process time. These results
led to the conclusion that lactic acid bacteria persisted in the sub-
strate after pretreatment and in the bioreactor during
fermentation.

In summary, the results of H2 production showed a stable per-
formance of the CSTR throughout the process runtime, although
some metabolic activity directed to the production of lactic acid
was noted.

3.2. Electricity generation from bioH2 in a bench-scale setting

The biogas produced during the operation of the CSTR was
composed of CO2 and H2, most likely in a humidified state due to
evaporation of the culture medium. The CO2 sequestering stage
caused all the produced CO2 to react with a supplied solution of
NaOH. This process was associated with the production of sodium
hydrogen carbonate and resulted in a H2-enriched biogas sample
Fig. 7. Time-course of total sugars consumption (black line) and organic acids pro-
duction (acetate e ; butyrate e; formate e ; lactate e ) in a continuous stirred-
tank reactor (CSTR) fed with microwave (MW) pretreated catering industry waste
(CIW), under non-sterile conditions and with the addition of C. butyricum as
biocatalyst.
(averaging 95.8% vol. purity). This sample was fed to a PEMFC at
two operational temperatures, 25 and 50 �C. For comparison pur-
poses, the same experimental setup was undertaken with com-
mercial H2 (>99% purity) in order to ascertain if biogas
characteristics would impact the PEMFC performance. The experi-
mental polarisation and efficiency curves are depicted in Figs. 8 and
9 for bioH2 and commercial H2.

Fig. 8A compared the information obtained through the opera-
tion of the PEMFC with the bioH2 at the two operational temper-
atures. Values of voltage measured for both systems registered a
slight increase with the increasing temperature but the variation
was not considered statistically significant. In fact, the same effect
was noted upon analysis of the power measurements for both
temperatures, which once again proved to be nearly indistin-
guishable. This result seems to contradict known literature which
states that temperature increase should impact positively on the
PEMFC performance (Lin et al., 2007). This deviation in behaviour
might be indicative of further increase in temperature (80e100 �C)
being required or is a result of the operational setting. The stage for
biogas/air temperature control should have, theoretically, increased
the overall temperature of the gas and of the PEMFC. However, the
PEMFC itself as well as connecting pathways were not subjected to



Fig. 9. Representation of the fuel cell efficiency data versus current and power for the
lab-scale fuel cell operated with: A) bioH2 produced during the operation of the
continuous stirred-tank reactor (CSTR); B) commercial H2.

Table 7
Direct energy consumption of the alternative valorisation system (Sce-
nario Sc#1 - default).

Stage Energy (MWh y�1)

1. Grinding/mashing 38.8
2. Microwaving 5880.0
3. Fermentation 1830.1
4. Gas stripping 0.0
5. Centrifugation 3642.5
Total 11391.5
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any type of temperature control, possibly counteracting the effect
of the higher gas temperature. Moreover, the PEMFC unit was
employed within the architecture of a single cell and not as a stack
of cells. With this design the heat generated in the device is not
enough to maintain a high temperature within the electrochemical
energy generator. As it is, the analysis of the results does not
indicate any advantage associated with the use of 50 �C as the
operational temperature. Comparisons between Fig. 8A and B
revealed no significant statistical difference between the type of
fuel, i.e., the performance of the PEMFC did not vary with the origin
of the gas. This result is indicative of the absence of serious con-
taminants in the bioH2, particularly of CO and H2S which are often
produced in other biological systems, such as, for example, biogas
production (Rahman et al., 2016). The removal of the CO2 seques-
tration stage, theoretically, should have no influence on the per-
formance of the described PEMFC as CO2 is not considered a
contaminant to themembrane, nor a serious poison to the catalysts.
Fig. 9A and B depict the variation of the fuel cell efficiency ac-
cording to the type of gas and operational temperature and, as
previously observed, there were no significant differences for the
considered variables. To avoid unnecessary energy expenditures
associated with the temperature increase, 25 �C was elected as the
appropriate operational temperature. In this condition, the effi-
ciency registered varied between 50 and 70%, attaining its mini-
mum value at maximum power (Fig. 9). The experimental data was
used to quantify the ratio between power and H2 input flow,
1.7 W L�1 h�1. This value is consistent with literature values such as
1.86 W L�1 h�1 obtained by Rahman et al. (2016).
3.3. Process scale-up and system comparison

The integrated conversion systems proposed were dimensioned
according to the specifications of the waste biomass feed, i.e., the
facility will need to process 35000 t of organic waste per year
(defined as FU, section 2.5.). The energy consumption pattern was
considered to be the same for all analysed scenarios for four of the
five unitary operations: grinding/mashing, fermentation, gas
stripping and centrifugation. Only Sc#1 analysed the impact of the
stage of contamination control (microwave) when performed at the
industrial level. Results of the energy consumption per process
stage analysis are depicted in Table 7.

The intensive energy stages are temperature related, such as the
microwave stage for contamination control and the fermentative
stage, which requires strict temperature control. In fact, the com-
parison between Sc#1 and Sc#2 indicated that the microwave
pretreatment stage was the critical main point of the overall pro-
cess. The energy consumption in Sc#1 reached a maximum of
11391.5 MWh y�1, which is approximately 3.2 times higher to that
used for reference (3594 MWh y�1 in Fig. 4, section 2.6.). This sit-
uation can potentially be avoided if the microwave pretreatment is
undertaken at household level as suggested in a previous iteration
of the system (Ortigueira et al., 2019a). When this change was
considered, there was a 53.3% increase in energy consumption
compared with the reference system. Table 8 registers the in-
ventory formulated for both the reference and alternative systems
in accordance to the defined FU.

The “Valorsul” biological treatment reference process is based
on the anaerobic digestion of the biomass into biogas and compost.
Biogas is burned within a combined heat and power unit (CHP) to
produce electricity and heat for the process. Therefore, the main
products considered were electricity and compost, and the only
input accounted for was electricity (Valorsul, 2018). Conversely, the
proposed alternative systems relied heavily upon different
byproducts to support the viability of the process, particularly the
organic acids obtained in the fermentation (butyric, acetic, formic
and lactic acid) which have considerable importance in both the
chemical and pharmaceutical industries. Through the quantifica-
tion of the CO2eq parameter, the contribution of each input and
output was associated with its GWP. The GWP data were calculated
according to emission factors obtained from the average minimum
and maximum emission factors available in literature and speci-
alised databases (Table 4, section 2.7.). Fig. 10 depicts the GWP
potential of the various scenarios considered as alternative valor-
isation processes, taking into consideration the various contribu-
tions per input and output (credits (�) or burdens (þ)). It serves the
purpose of identifying the stages of highest CO2eq contribution.
Fig. 11 compares the quantified GWP for the selected scenarios
according to the supplied electricity generation mix: current and
low-renewables contribution.Figure 11

The default condition (Sc#1) implied the use of the defined
media described in section 2.2, particularly the use of phosphates
as buffer and ammonium chloride as nitrogen source and both



Table 8
Inventory for the reference and alternative systems, per functional unit (FU): Sc#1. Default; Sc#2. Default without microwave pretreatment; Sc#3. Sludge recirculation to H2;
Sc#4. Sludge recirculation to electricity; Sc#5. Sludge recirculation to H2, without CO2 sequestration; Sc#6. Sludge recirculation to electricity, without CO2 sequestration.

Reference biological treatment Scenario

1 2 3 4 5 6

Inputs (t y�1) Biomass input (FU) 35000 35000 35000 35000 35000 35000 35000
Iron sulphate e 1114 1114 1114 1114 1114 1114
Sodium hydroxide e 4159 4159 4159 4159 1359 1359
Ammonium chloridea e 4076 4076 15 15 15 15
Cysteine-HCla e 190 190 190 190 190 190
Disodium phosphatea e 2962 2962 2962 2962 2962 2962
Monosodium phosphatea e 2391 2391 2391 2391 2391 2391

Inputs (MWh y�1) Electricity 3594 11392 5512 5512 5512 5512 5512
Outputs (t y�1) Hydrogen e 57 57 57 e 57 e

Acetic acid e 583 583 583 583 583 583
Butyric acid e 1340 1340 1340 1340 1340 1340
Lactic acid e 730 730 730 730 730 730
Formic acid e 393 393 393 393 393 393
Sodium hydrogen carbonate e 3710 3710 3710 3710 e e

Compost/sludge 669 9835 9835 e e e e

Carbon dioxide 6829 e 1540 e e e e

Outputs (MWh y�1) Electricity 9200 e e e 1078 e 1078

a Components of the minimum mineral medium (MMM).

Fig. 10. Global warming potential (GWP) of the alternative valorisation systems according to the described scenarios, per FU: Sc#1. Default; Sc#2. Default without microwave
pretreatment; Sc#3. Sludge recirculation to H2; Sc#4. Sludge recirculation to electricity; Sc#5. Sludge recirculation to H2, without CO2 sequestration; Sc#6. Sludge recirculation to
electricity, without CO2 sequestration.
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compounds have relatively high associated emissions. Nitrogen
cannot be removed completely as it is a vital compound for cellular
growth and this particular FW does not have enough nitrogen
content for the optimal development of C. butyricum (Ortigueira
et al., 2019a). It was postulated that the byproduct acidogenic
sludge could be recirculated into the bioreactor and used as source
of nitrogen (Ortigueira et al., 2019b). The application of this change
to fermentation parameters decreased the GWP emissions by 64.3
and 63.8% in Sc#3 and Sc#4, respectively, and was considered the
most advantageous condition. Conversely, the hypothesis of with-
drawing the buffer solution is not ideal as the fermentation is
highly dependent on pH for optimum results. The absence of a
buffer leads to high variations in the pH value of the culture, caused
by the fermentative acid production and the addition of NaOH
solution for pH control. These variations can influence negatively
the cellular viability. A previous study explored the effects of the
replacement of a buffer solution by tap water and the removal of
the nitrogen source on the fermentation of FW (Ortigueira et al.,
2019a). It was concluded that none of these modifications pre-
vented FW conversion, though the removal of both produced a
negative impact in the fermentation performance. Nevertheless,
further experiments must be undertaken to fully evaluate the need
for a buffer solution and its effects, as sodium hydroxide is generally
associated with high carbon emissions (Thannimalay et al., 2013).
In the present work, NaOH was used for both CO2 sequestration as
well as pH control. The removal of the CO2 capture step eliminates a
secondary product e sodium hydrogen carbonate e while
increasing the quantification of the biogenic CO2 produced during
fermentation. Overall, the impact of NaOH withdrawal considered
both in Sc#5 and Sc#6 was negative, increasing the GWP values by



Fig. 11. Global warming potential (GWP) calculated for the reference and alternative
scenarios considering the electricity mix: current electricity mix (CEM) and low-
renewable electricity mix (LREM).
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approximately 30%. The last analysis compared the effects caused
by the inclusion of a final conversion of H2 to electricity in a fuel cell
(Sc#3 vs Sc#4 and Sc#5 vs Sc#6). The comparison between Sc#3
and Sc#4 indicated a 2.3% increase in GWP when electricity was
considered the final product. When the emissions of the electricity
mix were not considered to be from renewable origin, i.e., 524 kg
CO2eq MWh�1, Sc#4 performed more favourably, reaching a
maximum GWP decrease of 1.9% compared to Sc#3.

The reference conversion system considered electricity as its
main product. Therefore, the increase of the non-renewable frac-
tion in the electricity mix resulted in a 25% reduction of the overall
GWP value. Conversely, the increase in emissions of the electricity
mix impacted negatively in all the scenarios considered for the
alternative systems due to the emission input increase. The analysis
led to the conclusion that the removal of NH4Cl from the fermen-
tation media (Sc#3) reduced greatly the GWP value of the system.
Taking into consideration the uncertainty of the GWP inputs, we
obtained a range of GWP values for Sc#3 of 4290e14983 t of CO2eq.
Addressing the uncertainty is required in order to evaluate with
precision whether the Sc#3 alternative would indeed generate a
positive impact when compared to the reference.
4. Conclusions

The fermentation of FW by C. butyricum was undertaken suc-
cessfully under non-sterile conditions in a CSTR. The predominance
of the biocatalyst was favoured by the application of a microwave
pretreatment to FW for substrate contamination control, and by
operational settings that favoured C. butyricum activity, such as low
HRT and adjustment of the optimum pH and temperature. During
the 16 days of process time the average H2 production remained
stable at 6.1 ± 1.3 L H2 L�1 d�1, with an average composition of
95.8 ± 1.0% vol. of H2 in the produced biogas and an average yield of
74.9 ± 15.8 L H2 kg�1

VS. The principal cometabolites produced were
butyric and acetic acid, totalising 5.2 ± 0.8 g L�1 in the fermentate.
The biogas produced in the CSTR was enriched in H2 by CO2
stripping, and fed to a PEMFC at two operational temperatures for
electricity generation. No significant differences in the cell perfor-
mance were recorded under all tested conditions, nor when
compared to commercial H2. The data obtained during the exper-
imental procedure were used to model a process scale-up for
electricity generation from biological H2 produced from 35000 t of
organic waste per year, and for the estimation of GWP values ac-
cording to six scenarios. The best scenario (Sc#3), i.e.with the lower
GWP value of 4290e14983 t of CO2eq, was the one in which the
fermentation nitrogen source was replaced by recycled DF-sludge.
Future studies should focus on the implementation of a pilot
scale reactor with possible suppression of the GWP-heavier inputs,
as well as refining the GWP analysis to reduce uncertainty.
Furthermore, analysis should be expanded to include additional
environmental impact categories, such as the water footprint based
on the ISO 14046:2014, among others.
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