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Abstract

This study presents an integrated feasibility asialgpproach to reduce the carbon footprint in the
largest Italian wastewater treatment plant (WWTH)stly, a model-based feasibility analysis was
carried out to assess the applicability of upgrgdscenarios, for an ongoing anaerobic sludge
digestion process. Application of dynamic sludgekéner, as well as hybrid thermo-alkali pre-
treatment of waste activated sludge, were asségssathance the biogas production in the WWTP.
Further, an implementation of the selective memésanas proposed and studies to upgrade the
produced biogas in sludge treatment units to bibaret with an average efficiency of 98.6%.
Model-based sludge pre-treatment and biogas upygyatrategies were developed and evaluated in
terms of mass, energy, and greenhouse gas emibasiance. The obtained results prove that
practicing the proposed upgrading scenario can teath 18% improvement in biogas production
and a significant reduction of thermal energy azdosumption and total greenhouse gas emissions.
In the second phase, the laboratory-based feagiaiialysis was performed about the integration of
microalgae technology into the current proces©iefWWTP. A planar photobioreactor was built to
estimate the volumetric mass transfer coefficigha] and CQ consumption of the reactor. By the
use of 44 and 76 pmolffs light intensities, the results show 80% and #@uctions in total
CO,, respectively. The tested configuration guaranteEld763 and 27.943 mg/llh GO
consumptions, as well as 0.5775 hnd 17.7 # K,a values. Overall, the results prove that
applications of the technologies proposed in thislys can significantly reduce the carbon footprint
of the WWTP.

Keywords. Anaerobic digestion; biomethane; carbon footprinicroalgae; sludge pre-treatment;

sustainable wastewater treatment.

1. Introduction
During the past few years, wastewater treatmemtpldWWTPS) have been adopting newly
developed technologies for increasing reclamatificiency, to comply with the discharge limits
imposed by law, which become more restrictive yaaryear. The main concern of the WWT
industry has always been to meet water qualitydstats to maintain public trust. Thus, WWTPs
are typically designed to meet specific effluerguieements, with no significant energy efficiency
considerations. As a result, few if any WWTPs wedesigned with energy-efficiency criteria in

mind. This attitude has been changing in recentsydaowever, mainly because of the general



126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

framework for the achievement of 2030-2050 goalfindd for Climate and Energy by the
European Union.

The most challenging aspect of WWTP energy optitiorais finding a viable, economically
feasible solution that can address several diftejectives (e.g., effluent quality, energy
consumption, and environmental aspects). In thignek the whole treatment process must be
considered and assessed under a multi-disciplipargpective. The wastewater treatment process
generates several energy and material flows that ha direct or indirect impact on the
environment. The analysis of energy optimizatioensecios must thus be supplemented with
information on the emission balances associated twém (Magaril et al., 2017).

Presently, energy recovery through anaerobic dmgesif sewage sludge represents a vital step
toward the reduction of energy consumption in WW.TPse biogas produced in the anaerobic
digestion (AD) process can be used either for vadtion in internal combustion engines, to
provide electric and thermal energy, or for upgngdbiogas to biomethane, for subsequent
injection into the gas grid. Biomethane productisncontinuously increasing in the EU and
worldwide, as it represents a more versatile enemptor than biogas. Biomethane can replace
natural gas and be sent into the national gasrriasgn grid. Besides, recent regulations have
introduced attractive economic subsidies for thedpction of biomethane (Paolini et al., 2018a).
The most frequently used technologies for biogagraging are: pressurized water scrubbing —
PWS, pressure swing absorption — PSA, chemical ratisn with amine solutions — MEA,
membrane permeation — MB and cryogenic separati@R¥ (Ravina and Genon, 2015). The
selection of the best technological solution inmgrof energy consumption and environmental
impacts requires a preliminary comparative analyailored to the case under study. The use of
dedicated modeling tools may support such a selecti

The management of the off-gas produced by the bioggrading process also represents an open
issue for plant operators. This off-gas mainly éstssof the CQ initially contained in the biogas
stream, with a minor amount of Gkhat has not been recovered in the process. Sddigoaal
minor components, such as,3 and siloxanes, may also be present (Paolini .et28{8b).
Presently, operators of a biomethane plant arellysalowed to discharge off-gas into the
atmosphere, up to the limits imposed by regulatidmghis regard, an increasing interest is being
shown in innovative technologies to recover the, €@ntained in the biomethane off-gas. Among
these, the use of microalgae as a biofilter for, @Omost promising. These microalgae organisms
can be used to trap G@oming from the exhaust gases, as they requitenadioxide to perform
the photosynthesis process. As a secondary benefitpalgae can be used for the production of

bioproducts. Although microalgae methods perforasomably well, they are usually considered
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expensive because they consume a relatively higintdgy of energy if an artificial primary light
source is used. Most of the other available teckesghowever, need complex operating systems
and produce unwanted end products that requirdiadal treatment processes or create secondary
pollution.

Furthermore, using these techniques, the @&Moved from the raw biogas is typically discharge
into the atmosphere as a greenhouse gas (GHG)nastof these methods need preliminapgH
removal. To overcome all these limitations, recstoidies (Nagarajan et al., 2019; Zabed et al.,
2020) have considered the use of microalgae toagiggbiogas, thanks to their photosynthetic, CO
reduction capacity. When microalgae are used fogds upgrading, photosynthesis can convert
CO, present in raw biogas into biomass and oxygenreitly, microalgae culturing for G{bio-
fixation has gained considerable momentum duestdigh photosynthetic rate that allows more
efficient CQ bio-fixation than terrestrial plants. Although tpetential of microalgae to contribute
to services and commodities demand across the vieithdgh, it is still necessary to eliminate a
large number of bottlenecks related to its biolagiengineering, and economic aspects (Richmond,
2000).

In our previous study (Borzooei et al., 2019), ahndology was proposed to improve the energy
balance of the largest WWTP in Italy, located astiggione Torinese. An integrated approach
consisting of modeling and experimental works wppliad to both water and sludge treatment
lines, to minimize energy consumption and maximizeewable energy production. For the
wastewater treatment line, a stepwise approachreyested that includes development, calibration,
and implementation of the model to find the non-dwted and optimized performances of the
WWTP. For the sludge line, a combination of thermatl chemical pre-treatments (hybrid pre-
treatments) was reported to improve the capacityvaste-activated sludge (WAS) to produce
methane and consequently enhance the energy rgaaiitie sludge line.

Optimization of the anaerobic digestion of sewal&lge is considered a worthwhile strategy
because its advantage lies not only in cost savngsalso in mitigating the environmental concerns
posed by GHG emissions (Kim et al., 2015). The tgstachallenge for the pre-treatment of biogas
substrates is combining the right substrate contiposwith the right pre-treatment technology to
increase the bioavailability of the substrate. altgh this represents an open and extended research
topic, few studies have focused on the comparawaduation of the possible alternatives in terms
of GHG emissions. Besides, considering the ger8HG reduction policies and guidelines, the
feasibility of optimization interventions must bevatuated together with GOsequestration

technologies.
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In this study, mass, energy, and GHG balanceseo$liidge treatment section of the WWTP were
analyzed, considering the energy optimization oytielaborated in the study of Borzooei et al.
(2019). The analysis started by focusing on therggnealorization of sewage sludge through
anaerobic digestion. In this first stage, biometh@noduction as an alternative to on-site biogas
combustion was evaluated, considering conventiapgkading technologies. In the second stage,
the potential reduction of the G@mitted via the off-gas was analyzed, considemingyoalgae bio-
fixation technology. An experimental planar photwbactor was used to evaluate the possibility of
using microalgae to absorb the £i@ the off-gas coming from a WWTP. The final gadlthe
study was to provide relevant information toware ftthefinition of the most environmentally

friendly and energy-efficient integrated managenseheme of WWTPs.

Greenhouse gas flow accounting of the entire sewhglge treatment line was performed with the
screening model MCBioCH4 (acronym of the bio-methaomputational model), developed by the
authors (Ravina et al., 2019). In the frameworleérgy recovery optimization of sewage sludge
management processes, the application of MCBioCir®s at a triple target: i) estimating the
productivity of biogas/biomethane in terms of avhide gas flow rates; ii) re-defining the
anaerobic digestion section of the plant givenstilected options; and iii) accounting for the whole
environmental impact of the system on a cradlertosg basis, considering biogas/biomethane as an
alternative energy source to fossil fuels. Alsangsa planar photobioreactor custom-made by the
research team specifically for this study allowasdi@ perform different experiments characterized
by measuring the mass transfer coefficient and, €@hsumption inside the reactor under two

different artificial-light scenarios.

2. Materialsand Methods

2.1 Case study definition

The case study involved a scenario of sludge damesbptimization at Castiglione Torinese
WWTP. This scenario was compared with the actuaratphg configuration, here referred to as
Scenario 0. Currently, the sludge pre-thickenireepss operating in the plant allows an increase of
the TS content up to values in the order of 3%d&uis pumped and transferred to the digesters
where anaerobic digestion takes place. Biogases thjected into two combined heat and power
(CHP) units having a nominal electric power of 1M¥ each. The thermal energy produced by
the CHP units is recovered through an internaleddsop water circuit that receives heat from the
CHP exhaust gases and transfers it to the digettelde that is then re-circulated to the digesters
inlet. The heat provided by the CHP units is ndfigent to increase the re-circulated sludge
temperature to 38°C (designed temperature: thesthige work in mesophilic conditions). The

sludge-drying line provides the required addition@at. The waste heat produced in this section is
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transferred to the digestion process to fill therthal energy gap. Thermal energy for the drying
line is provided by two boilers fueled by naturalsg It is estimated that 1 MW of heat can be
recovered from this section, with an exchange iefficy of around 85%. Electricity produced by
the CHP units is partly used to satisfy the condionpof the plant auxiliary systems, and the
remaining amount is sent into the national distidougrid. Internal electricity consumption of the
digestion and sludge treatment section was estartatbe around 8,000 MWh/y. Total biogas loss
from the process is estimated to be 2% (w/w) ofdhess biogas production. At the exit of the
digestion process, the sludge undergoes a posietiiny and centrifugation process, with TS
content increased up to 5% and 25%, respectivedyt &f the sludge (around 20,000 t/y) is
transferred to the drying line, while the remainipart is transferred outside the plant. For this
study, an average traveling distance outside thatpf 20 km was considered. This distance is
approximate, as the final destination of the diggéstludge can vary depending on regulation and
market constraints (Kiselev et al., 2019).

In the alternative scenario (Scenario 1), a sludigetreatment with biomethane production was
considered. In Scenario 1, two main innovationsia®duced in the sludge line of the WWTP.
The first is the installation of a dynamic sludgekener, with the capacity of increasing the skidg
TS content to a value of 6.5%. Secondly, a pretreat of WAS entering the digestion process is
carried out. The process proceeds through a hybeiano-alkali treatment, where WAS are put in
contact with NaOH (4% of the TS content) at a terapge of 90°C for 90 minutes. Primary sludge
and WAS are mixed after the pre-treatment, andriixéure of the substrates is introduced into the
digesters. The biogas produced is upgraded, andddi@ne is obtained. Scenario 1 simulates an
upgrading process with selective membranes thdtlsyian average efficiency of 98.6%. The
specific electricity consumption of the upgradimggess is estimated to be 0.3 kwh/of biogas
treated, according to Mufioz et al. (2015). It isumsed that the produced biomethane is injected
into the national gas distribution network, reptacan equivalent amount of natural gas. Under the
hypotheses of this scenario, a part of the theenaltgy needed by the pre-treatment and digestion
stages is still provided by the sludge-drying lifide residual amount is provided by an external
energy source, a back-up boiler fueled by natued. grhe main input parameters and their

corresponding values considered in the simulatawaseported in Table 1.

Table 1. Input values and parameters considered in thelations

Input parameter/value Scenario 0 Scenario 1
Primary sludge input flow (t/h) 66.1 30.5
Secondary sludge input flow (t/h) 35.6 16.4

TS input flow (t/h) 3.05 3.05
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Primary sludge SMP (Nffkg VS) 0.280 0.280

Secondary sludge SMP (Nfkg VS) 0.090 0.245
Primary sludge TS content after pre-thickening (%) 3 6.5
Secondary sludge TS content after pre-thickening (% 3 6.5
CH, content in biogas (%) 62 62
CH, loss from digestion and conversion processes (%) 2 1.33
Thermal energy auto-consumption (MWh/y) 35,650 20,610
Electricity auto-consumption (MWh/y) 8,000 11,770
CHP system efficiency (electric; thermal %) 42.0;43.0 -
Upgrading system efficiency (%) - 98.6
(I;rgai;)/nk{/?lﬁt)or for natural gas consumption/sulnstin 206 206
(Ergazglnk{zﬁt)or for electricity substitution (I&@fi national grid) 337 337

2.2 Computational model for evaluation of biogas and biomethane solutions

MCBioCH4 (acronym of the bio-methane computatiomabdel) is a standalone application
modeling mass, energy, and environmental balantésogas/biomethane production plants on a
cradle-to-grave basis, i.e., from substrates prboludo biogas/biomethane end-use. The design of
MCBIioCH4 was explicitly addressed to support theliprinary evaluation of alternative plant
configurations and technological options. In thiodel, default datasets and assisted input
definitions were implemented in such a way as tp ksers in the interpretation of mass, energy,
and environmental balances.

The code was developed as a standalone applicéiemed on the MATLAB® software
(Mathworks, n.d.), and is provided with a user#dly graphical users interface (GUI). Three
different modules were implemented in MCBioCH4 floe calculation of mass, energy, and GHG

balance, respectively. Users can simulate fouredfit options for biogas/biomethane energy

conversion:

. biogas combustion with cogeneration of electrazad thermal energy (option B-H);
. biogas combustion with the generation of elettyrionly (option B-NH);

. biomethane to be injected into the national ¢pistion M-G);

. biomethane to be used in transportation (optiem)M

If biogas combustion options are selected, theggneonversion by combustion in a commercial

cogeneration unit (endothermic engine) is simulafEde recovery of thermal energy can be
specified. Conversely, if biomethane scenarios salected, the user is allowed to choose the
upgrading technology, as well as the main featafélse upgrading system.

The following technologies are implemented: preiggdr water scrubbing (PWS), pressure swing
absorption (PSA), chemical absorption with aminkutstns (MEA) and membrane permeation
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(MB). These are considered to be the most commdnnaature upgrading technologies currently
available (Ullah Khan et al., 2017). Other upgradtechnologies, such as cryogenic separation
(CRY) or those based on carbon mineralization (ml&awith regeneration or bottom ash for biogas
upgrading), may be simulated by introducing cusimdivalues of electricity and thermal energy
specific consumption.

MCBIioCH4 is well structured with simple and cleaaldg boxes to facilitate interaction with low-
expertise users. As crucial information for stagtithe user is asked to input the daily mass flbw o
substrates to be inserted into the digester. Qtipart parameters can either be provided as default

values or be specified by the user. The followiets ®f output can be obtained from the model:

. the detailed mass and energy balance of thersyste
. the net mass flow and energy content of the lsfigamethane stream;
. the GHG balance of the system, including a comparwith an equivalent system powered

by traditional (fossil) fuels. For further explaioa about the developed model, Ravina et al. (2019

should be consulted.

2.3 Microalgae experimental setup

Since there is no available commercial applicatornindustrial standard for the technology for
upgrading biogas to biomethane production, thidystavestigated the application of an innovative
setup, in the following sections.

2.3.1 Microalgae preparation and culture medium

The strain used for this work w&senedesmus obliquus (SAG 276-3a), a green microalgae species
of the genusScenedesmus that lives in freshwater, notable for the genetimding of its
mitochondria. This strain has already been usememious studies, with different aims (De Morais
et al., 2007; Tang et al.,, 2011; Ho et al., 201Ha; et al.,, 2012b; Franchino et al., 2013).
Microalgae were grown with BG-11 medium realizesing distilled water for small volumes and

tap water for larger ones.

Table 2. BG-11 medium composition

BG-11 medium
COMPOUND MOLECULAR FORMULA CONCENTRATION [g/]
Sodium Nitrate NaN@ 1,5
Dipotassium Hydrogen Phosphate HRO, 0,04
Magnesium Sulfate Heptahydrate MgSTH,O 0,075
Calcium Chloride CaGl 0,036
Citric Acid CsHsOy 0,006

Ferric Ammonium Citrate §H..FeNG, 0,006
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Na,EDTA CioH14NoNa,Og - 2H,0O 0,001

Sodium carbonate NGO, 0,02
Boric Acid H:BO; 2,86- 10°
Manganese Chloride Tetrahydrate MaCGAH,O 1,81-10°
Zinc Sulfate Heptahydrate Zn$O7H,0 0,222 10°
Molibdenum Sodium Oxide MoN@, - 4H,0 0,39- 10°
Copper Sulfate Pentahydrate CuS@H,0 0,079 103
Cobalt Nitrate Hexahydrate Co(NO3)8H,O 0,049 10°

Strain banks usually send slant cultures. It igyssted to let the cultures grow in light conditi@hs
20 - 25°C until micro-organisms cover the entirelimed surface of the agar. This process can take
several weeks. Subsequently, microalgae are scfapadthe surface of the agar and inoculated in
a 400-ml glass bottle containing 100 ml of BG-11ugon. This bottle is placed on an orbital
shaker to prevent sedimentation, and fluorescenpgailluminate it. After two weeks, the strain
volume is doubled, and an air sparging systemstailed, modifying the bottle’s plug. This system
consists of a small air compressor connected thrauglastic tube and a filter to an immersed
micro-bubble diffuser that is placed inside thetleothe plug has two holes: one for the inlet tube,
one for the gas exit tube. A week later, algae Ispent almost all nutrients present in the solytion
so the culture volume is doubled again, reachirgytfaximum available capacity of the bottle.
After this growth period, algae are centrifugeddQ® rpm for 5 minutes) and re-suspended in 6
bottles containing 400 ml of BG-11 solution eacheTotal volume of culture is now equal to 2.4 |,
enough to proceed, after the required growth petimdthe column inoculum. The column consists
of a vertical polycarbonate tube measuring 20 cndiameter, 120 cm in height, with a total
capacity of 28 I. This reactor is illuminated byfovertical fluorescent lamps radially disposed of.
CO, can be supplied in the form of air by a compressdn pure form by a gas cylinder. Carbon
dioxide flowrate is manually regulated accordingpptimal pH levels, with a maximum value of 2
I/min. To enhance gas diffusion in the liquid phasés sparged through 4 micro-bubble diffusers
fixed on the bottom of the column. Two plastic ahels are disposed above the diffusers to
enhance convective motions and thus mixing. Thithoweforces gas bubbles to mix with liquid
and go up inside the channels placed in the cerftére column while the rest of the culture turns
back down externally. Five of six bottles with aefug volume of 400 ml are used to inoculate the
column, and the remaining one is centrifuged anduspended in 6 new bottles of the same
capacity (400 ml). After a couple of weeks, then&ss concentration of the culture inside the
column is sufficient to permit the inoculum insittee planar photobioreactor to be used for this

study, in an initial configuration having a capgaf 100 .
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2.3.2. Experimental setup
The presence of On the mixture can be hazardous due to flammaHdihtits: in the case of CH
DIPPR tables report concentration values betweént®.15.0 vol % determined at 298 K and
101,325 Pa. Higher temperatures and/or pressuleseduce the lower limit and raise the upper
limit. However, the experiments (for safety reagos® conducted using a pure source 0hL.CO
Closed photobioreactors are designed to have laqgeral cross-sectional areas to receive natural
or artificial light (Lee et al., 1995; Morita et.aR000). Microalgae strains can be cultivated year
round in continuous or semi-continuous culture maxé can obtain high cell density per unit area
or volume as well as high GQixation rate by using PBRs (Giordano et al., 2008ng et al.,
2012). Closed PBRs have many advantages over opedsp including 1) easier control of
parameters that affect algae growth; 2) relatiwble culture conditions; 3) aseptic operation; 4)
capability of high-density cultivation; 5) high afgolume ratio to increase mass transfer efficiency
with less space occupation, which significantly royes CQ fixation efficiency; 6) ability for the
natural (or artificial) light source to be colledtand distributed to the interior of the bioreactor
using a collector and optical fiber, to obtain miagher light utilization; and 7) avoided or reddce
water evaporation (Chisti, 2007; Wang et al., 20CBeng et al., 2013). To this end, a custom
photobioreactor (PBR) was constructed and impleatkeim this study. This microalgae growing
system is subdivided into two main parts: a phtége loop and a mixing tank (Fig. 1). The first
one exploits the photosynthetic efficiency of madgae to maximize C{absorption from the inlet
gas; the second one ensures culture mixing andegesation.
The photo stage loop is composed of up to 5 naopdaof 58 W each, interposed between two 1.5-
m’ parallel alveolar flat panels. These panels arétipmed into a series of internal rectangular
channels in which, thanks to a 45 W high-efficiepaynp, culture flows from the bottom to the top.
After that, the culture enters the mixing tank. &, enters the system just before the pump, using
a solenoid valve managed by electronic control. @aéomatic control is linked with pH or
dissolved CQ values. This C@diffusion system should assure a high gas-liquaksntransfer
coefficient, and thus a better absorption of,@@m microalgae. The compact design of the pilot
PBR guarantees optimal light utilization permittihggh K values while taking up little volume,
also allowing the scaling-up of the plant merely ibgreasing the number of these modules in
parallel. Oxygen, dissolved GCand pH probes are fixed on the plug of the famk and connected
to a Mettler-Toledo® multi-parameter transmittehis device controls the solenoid valve for LO
injection, maintaining a pH level between 6.7 ar®l @he upper part of the tank is sealed, and the
gas released over time from the liquid surfacedsesl inside a 5L Tedlar bag. This bag is changed

every day, and the stored gas analyzed with a QX Sfas analyzer to determine £@esence.
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Biomass can be extracted from the bottom of thk velmle nutrients are inserted from the top. The
fed-batch regime is manually achieved by substiguti6.6 | of algal medium with the same

qguantity of fresh nutrients three times a weekthis way, the culture medium is replaced after six
interventions (i.e., two weeks). This substitutimume is calculated considering a growth rate of
0.06 1/day obtained during a batch-growing curvd amaluated according to Shuler & Kargi

(2002), to maintain biomass concentration stability

PHOTOBIOREACTOR LAYOUT

PANEL 2

FLUORESCENT
LIGHT SOURCE

PANEL 1

PUMP

Fig. 1. Photobioreactor layout with the indication of maomponents

2.3.3. Dataprocessing
Measurements of biomass growth are taken both éefiod after the medium substitution through
two procedures: absorbance and dry weight. Thedie is obtained using a UNICAM® Helios-
spectrometer on three samples: pure, 50%, and 2H%idn with distilled water). Dry weight
concentrations are the result of a 378 K evapargtimcess in a fan-assisted oven for 48 h. Three
crucibles containing microalgal broth are utiliZed this process, then samples are weighed using
an analytical balance; mean value and standarct@viare obtained.
The global gas-liquid mass transfer coefficient t@rbon dioxide Ki(CO,) is measured by
adjusting the unsteady-state method for aerobitu@d of microorganisms proposed by Genon
(1993). This modified method can be applied to teac containing living cultures of
photosynthetic organisms and permit the measurinth® K, value as well as culture GO
consumption. The last value is significant: it r@¢ethe real performances and efficiencies of the
system. It depends on irradiance (and consequeorly emission spectrum) and biomass

concentration inside the culture g/l. Volumetric 8©nsumption can be defined as:
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Ggas,in Xcoz2,in— Ggas,out XC02,0ut
r= [1]

v
wherer is the volumetric C@consumption [mg/l/s], Gsinand Gasourare the gas flowrates at the

inlet and the outlet [mg/s], respectively;o%in and xo2,outare the mass fractions of inlet and outlet
gas flows [-], respectively, and V is the illumiadtvolume of culture [l].

Starting from the regime conditions of g@oncentration in the liquid phase, the carbon ®ur

obtained by C@ injection is interrupted. In this way, the cultuseconstrained to consume the

carbon dioxide dissolved in liquid. The followingueation can describe this process

r+ 8= 2]
wherer is the volumetric C@consumption [mg/l/s]¢, (t) is the CQ concentration in the liquid
phase [mg/l], and is time [s].
This shows a linear decrease of dissolved €ddcentration in the culture medium. After thisti
step, when the linear trend stabilizes, @@ection starts again until regime conditions egached.

The equation below can describe this situation:

ka(ch — () =7+ £ 3]
wherek,, is the global gas-liquid mass transfer coefficign], cZ, is the CQ concentration in the
liquid phaseat t=o [mg/l], ¢, is the CQ concentration in the liquid phase at time t [mg/ljs the
volumetric CQ consumption [mg/l/s], antlis time [s].
Concentration values are calculated by an InPro@®bCQQ0;, probe connected to a Mettler Toledo®
M-800 multi-parameter transmitter and recorded b¥abold® electronic multi-channel data
logger. The probe is placed both in the collectiontainer of the tank’s plug (only one tank will be
used for these first experiments) and in the lopaat of the tank, near the pump’s inlet tube. is th
way, different values of CQOconcentrations in the liquid between these twaoepermit us to

evaluate run-off system efficiency.

3. Resultsand discussion
3.1 Application of the MCBioCH4 model
The results obtained by simulating the two scesawih the MCBioCH4 model are reported in
Tables 3-4 and Figures 2-3. These results takeaiotount the outcomes of the pre-treatment tests
reported in Borzooei et al. (2019). The innovatiomsoduced by Scenario 1 trigger two critical
positive impacts on the overall energy and masangal of the sludge line of the WWTP. First, the
installation of an effective thickener allows auetion of the sludge volume entering the digestion
process. The simulation shows that, in Scenaribelpnumber of digesters can be reduced from 6 to

4. This reduction in volume brings three main pesitonsequences to the system (Table 3):
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e The thermal energy spent for pre-heating of sutestres 41% lower than in the present
system;
e Heat dispersion from the digesters is 21% lowen ihahe present system;
e A lower amount of energy (-20%) is needed to haadia transfer the digested sludge to
final disposal and use.
The other positive impact brought by Scenario hes increased specific methane production
(SMP) provided by the application of the pre-treaitn Table 3 shows that net biogas production in
Scenario 1 is around 18% higher than in the presgstem. An amount of 5,000 t/y of biomethane
is produced and injected into the natural gasidigion grid. Assuming a conversion efficiency of
90%, this corresponds to replacing 63,740 MWh/ynatural gas with biomethane (Table 3). In
Scenario 1, the methane released in the upgradotggs causes an increase in total methane losses
from the overall process (+59%). Electricity congtion is also higher in Scenario 1, because of
the energy needed to upgrade biogas to biometheié4). The upgrading process consumes
3,604 MWhly of electricity. Electricity consumptiaf other types of equipment of the digestion
process amounts to an additional 8,162 MWhl/y. E@tt consumption of the advanced post-
thickener is not significant, though, being arour@® MWh/y. The results confrim that the heat
recovered from the sludge drying process is ndtcsemt to cover the internal demand for thermal
energy. For this reason, an external source ofikesteded. This external source is represented by
a boiler fueled by natural gas, which is expectedaver the remaining 28% of the demand.

Table 3. Mass and energy balance of sludge digestion siosnsimulated with the MCBioCH4 model

Input parameter/value Scenario 0 Scenario 1 Difference
Biogas production (t/y) 11,456 13,539 +18%
Gross biogas energy content (MWh/y) 60,773 71,828 +18%
Thermal energy internal demand for pre-heating 33 728 20,236 -41%
of substrates
Thermal energy internal demand for 1,928 1,542 21%
compensation of digesters dispersion
Internal electricity demand, total 8,000 11,768 +47%
Net thermal energy production (MWh/y) 26,514 63,740 +140%
Net electricity production (MWh/y) 25,454 } -100%
Thermal energy auto-consumption covered by 59 - -59%
biogas/biomethane (%)
Thermal energy auto-consumption covered by 41 72 +31%
drying line (%)
Electricity auto-consumption covered by 100 0 -100%
biogas/biomethane (%)
Thermal energy auto-consumption covered by 0 28 +28%
external source (%)
Electricity auto-consumption covered by 0 100 +100%
external source (%)
Energy consumption for digestate 371.7 206.6 -20%

handling/transfer (MWh/y)




446
447

448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466

467

Total CH, loss from the process (t/y) 87.0 138.7 +59%

T Considering a grid-to-final use efficiency of 0.9

The total greenhouse gas balance provided by thieoemental module of the MCBioCH4 model
is reported in Table 4. This table compares theisitad scenarios in terms of GHG emissions. The
results show that both the present and the alieena@onfigurations have favorable balances,
meaning that avoided emissions for the substitutiomatural gas and electricity are higher than the
emissions produced for process maintenance. Thedunttion of sludge pre-treatment and the
advanced thickening stage (Scenario 1) are expé¢atedprove the general environmental balance
of the plant. Specific Equivalent G@mission is expected to decrease from -0.278 4 fiMiogas

to -0.394 t CQ.{t biogas (from -3,182 t C£L{y to -5,333 t CQ{y, -41%). Scenario 1 thus results
in a lower GHG impact. Among previous studies, Rezhwl., (2013) calculated the GHG balance
of different options of a sludge treatment process large WWTP in Berlin (1.5 million of
population equivalents, PE, assuming a mean CO®d6d20 g PE* - d). Overall, the existing
sludge treatment line has a carbon footprint of.6kg CQeq- PECOD-1- y-1), corresponding to
-17,400 tCQeqgl/y. However, unlike in the present study, thalfisludge disposal options were
considered. Without considering sludge disposalsyflye GHG balance yields a value of -6,900
tCOsedy. Another study by Houillon and Jolliet (2005)nstdered six wastewater sludge treatment
scenarios applied to a 300,000 PE WWTP. The reshttsved that, depending on the process and
sludge management, the GHG balance could shift #00 kgCQe{t of dry matter (DM) to 500
kgCOueft DM. If represented in the same unit, this ststipws a range of -84 -140 kgCQc(t
DM.

Table 4. Environmental balance of sludge digestion scesaiimulated with the MCBioCH4 model

Input parameter/value Scenario 0 Scenario 1 Difference
t CO2/r° t CO2&/m?°
t COZly biogasy t COZly biogasy
Total CH, loss from the process 2,437 0.213 3,883 0.287 +34%
Total CG loss from the process 147 0.013 115 0.008 -39%
Net electricity production 883 -0.514 ; ; -
Biomethane replacing natural gas } - -14,594 -1.078 }
Thermal energy auto-consumption . - 1,203 0.089 +100%
covered by external source
Electricity auto-consumption - , 3,967 0.293 +100%
covered by external source
Energy consumption for digestate 117 0.010 93 0.007 -30%
handling/transfer
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The results reported herein also show that theymtomh of biomethane would allow optimum
exploitation of the energy contained in the sludggeit would be directly introduced into the natura
gas distribution grid. However, energy would not greduced onsite; thus, external sources of
electricity and heat would be needed to satisfypitoeess of auto-consumption. On the one hand,
this represents a limitation of the biomethaneamptOn the other hand, it is expected that indirect
emissions due to electricity consumption will camsly be decreasing shortly, due to the higher
share of renewable sources (ltalian Ministry of imoic Development, 2017). Considering the
subsidies recently introduced by Italian regulatiahis configuration is also the most economically
feasible solution. Nevertheless, the economic lwalaf the proposed solutions should be evaluated
in future studies. To achieve the common generalG@Eduction objectives, a higher level of
process integration must be met. Sludge optiminatmd digestion scenarios must thus be

evaluated together with the feasibility of micraadgcarbon sequestration interventions proposed in

the following.
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Fig. 2. Mass balances of Scenario 0 (a) and Scenario 1 (b)
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Fig. 3. Energy balances of Scenario 0 (a) and Scenati) 1 (

3.2 Application of microalgae CO; fixation

Microalgae growth was tested using the already rdest PBR system with a total volume
maintained at 100 L. During the growth stage; bissneoncentration is measured. The illumination
system is composed of 5 equally spaced fluoredasmis placed between the two panels. This light
source can supply around @ol/n’s. Growth curves of this first phase show incregsialues for

a period lasting about 30 days, after which, withibhe addition of nutrients, the strain reaches its
concentration asymptote. This value can vary deipgndn growing conditions like illuminance,
pH, temperature, COand nutrient concentrations. If a shortage of ianots persists, biomass
concentration starts to decrease rapidly, as stekat of the curve shows. As previously noted, th
mean biomass productivity calculated is equal @& @/ day.

Continuous operation is achieved, as describedhenntaterials and methods section (Figure 4).
During this phase, illumination is provided by otityee of five fluorescent lamps providing around
44 ymol/mPs. Growth curves of continuous operation look sigpped due to medium substitution
in the fed-batch method that occurs every Mondagdiésday, and Friday; in this way, the time
distance between two replacements may be eithe3lays. This interval difference can be noted
in the graph below: over the weekend, the cultuosvg more consistently. Biomass concentration
remains quite constant during continuous operatibis possible to detect 4 g/l concentration

asymptote in these conditions of illumination (Boflescent lamps).

Data obtained from growth rate of 0.05 gr.(ll.b)

~ 4 . : - : :
> & : APre-harvesting e Post-harvesting
£39+4 e e . . . .
c | | | | | | | | | |
S ]
s | | | | ! | | | | A
2379 e e b o G SRR e e R SRR
] | | ' | | | | | | !
T e e T S S S R S
© | | | | ! | | | | |
B e e Y S R
S34 e
m | | | | | | | | | |

3.3 : a . a a : a : a a

0 1 2 3 4 5 6 7 8 9 10 11

Fig. 4. Growth trends during continuous operation in fetchdeeding mode
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As for CQ, regulation, two approaches have been used: indiegmilation of the pH level and
direct control of the C@concentration. Both showed high stability, but theect method permits

the maintenance of desired concentration valueg mocurately.

420 6.45
L
£ 400 6.4
c
S 3901
s
£ 3807 L 6355
g
(@) 370 T
(&)
Q' 360 t 63
O

350

340 6.25

0 12

Time (hr.)

Fig. 5. CO, and pH trends with regulation based on the digsb®Q values coming from the G&ensors placed
inside the microalgae culture

Fig. 5 shows C@ and pH trends with this type of regulatiohhe data collected from the
respirometry tests are visible in Fig. 6, and tipegsent two trends: the first one, a descending
phase, indicates the respirometry of the system;sdtond one, showing an ascending pattern, is
strictly related to the evaluation of Kas described in the materials and methods pardagide
angular coefficient obtained from the descendingsplof the graph is the value of r, which is equal
to the volumetric consumption of G@aused by the microalgae. The data collected guhe
ascending phase were used to evaluate theiding Equation 3. The trend of this curve is disect
related to the C@input flow rate and the ability of the system tantsfer the gas phase into a liquid
one. Trials conducted forld and CQ consumption were performed as previously explaumsadg

two illumination configurations: 3 and 5 fluorestésmps. The first test (3 fluorescent lamps and
biomass concentration around 3.93 g/l) reporteddhawing values: a C@consumption of 11.763
mg/l/lh and a Ka value of 0.5775 h The first, considering a light-exposed volume 56 |,
corresponds to 7.72dJday under normal conditions. The fixation rate naégo give information
about the microalgae’s growth, knowing their apjprate molecular formula. K, tested by
injecting 0.5 lco/m, returned lower values than expected: this tesul be interpreted as a prompt
response of the system to variations in the liqu@G concentration due to an essential presence of
microorganisms. This means high carbon dioxideization and hence low dispersion in the



540 environment. Ka depends on the quantity of gas injected intosystem per time unit; for this
541 reason, the second experiment is conducted wiigleehCQ flowrate since higher illumination is
542 planned, and therefore higher biomass concentratierpected.

543 The second test (5 fluorescent lamps and biomasseatration of around 4.5 g/l) reported a CO
544  consumption of 27.943 mg/l/h and a&Kvalue of 17.7 i The first one corresponds, considering a
545 light-exposed volume of 50 [, to 18.3%¥day under normal conditions. The second one,ddsye
546 injecting 2 koJdmin, shows the strong dependence of this coeffican the inlet gas flowrate.
547 These data demonstrate the ability to performrigtilation in the system’s G@oncentration and
548 guarantee optimal carbon-feed to the culture. Apr@riate Ka value can be decisive in the

549  optimization of gas and liquid flow rates, and #fere of energy consumption.
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553 Fig. 6. Dissolved C@ trends inside the PBR during the 3 (A) and 5 (Bdfescent lamps tests. The inlet £O
554  flows were set equal to 0.5:4/min in case A and 2dg,/min in case B.
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Furthermore, to determine the €@duction efficiency of the PBR system, the gasest in the
Tedlar bags was analyzed with a gas analyzer. dia decrease of CCexiting the system was
recorded as around 80% in the first case and aki#%tin the second one, starting from a source of
CQO,. The only comparison that can be made betweenlitened data and other studies is with the
work of Meier et al. (2017), as very few experinanivorks have been performed using an
experimental setup similar to the one proposecdhis article. In that work the authors obtained
identical outcomes, although with significant difaces, like the layout of the system was not quite
the same: light saturation was achieved with a @hdliux equal to 50Qumol/n?s, and the C®
mass coefficient was not directly measured but etdained through an analytical relationship with
an oxygen coefficient. One of the most significdifterences of the proposed experimental setup
compared to reported methodologies is the way Bgi€fed and controlled in the system, which
allows an exact gas dosage. Impressive results alsceobtained by using a single-stage closed
PBR with a biomass concentration around two diffephotoperiods: one equal to 24 h of light and
the other with alternating light/dark periods of:12, using an autotrophifcenedesmus culture.
With these experimental setups, Prandini et all§2@btained a reduction of G@qual to 99% ca.
and 70% ca. respectively, but the concentratiooxyfen inside the microalgae substrate was so
high as to be considered a limiting growth faciidre other two experimental studies are presented
in the literature by Basu et al. (2015) and Thigmsat al. (2015), using small-scale PBRs. Both
studies were performed usiggenedesmus obliquus under autotrophic conditions; in the first case,
the strain was grown inside an open cylindricakgltube PBR with alternating light/dark periods
of 14:10 and the second one used a 5.3L translucditdrical plastic tank and alternating
light/dark periods of 16:8. The carbon uptake bgroalgae was reported, based on the hours of
continuous C@supply, in a range from 10.23% (12 hr) to 2.54% i) in the first experiment. In
contrast, in the work of Thiansathit et al. (201thle carbon uptake was recorded at a value of
around 7%. Several un-controlled growing factorgatieely influenced the experiments. In a
recent study (Rodero et al., 2019) with considerafor industrial upscaling. In their work, the
authors elaborated and tested a hybrid system csgdpof an open pond growing stage and a
washing column dedicated to biogas upgrading wiitrealgae. The system used a mixed culture
of microalgae and bacteria, allowing a £@duction in the inlet biogas ranging from 60 mast
100%. This result, on the one hand, allows thesirtal implementation of this technology, and on
the other hand, sacrifices the biomass quality itinaét be considered a by-product in the best case
or waste in the worst one. With the reported diatig, becoming evident that the results of biogas
purification via microalgae are close to those bérmical absorption processes, although biogas

purification yield does need to be enhanced thropggfimization strategy. Some balances can be
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evaluated by considering that microalgae biomasmasle up of about 55% carbon, that the
estimated growth rate is 0.06 g/l, and the cardzsoiption rate of 0.037 g/l d. Consequently, the
CO, removal rate can be evaluated as equal to 0.138. gdased on the obtained results, it is
expected that the integration of microalgae teabgies would bring additional advantages to
WWTP energy optimization and reduction of GHG emiss, as for 1 ton of biomass produced,
about 2 tons of Cowill get fixed.

Conclusion

This study offers an integrated experimental andleting feasibility analysis assessing possible
opportunities to minimize the carbon footprint dfetlargest Italian WWTP. The proposed
methodology includes a scenario analysis for imp@ythe biogas production in sludge treatment
units by the use of special pre-treatment techrs@sewell as upgrading biogas to biomethane. The
implementation of a sludge thickener to increasetttal solids (TS) content of the sludge was
considered. The production of biomethane wouldvalloptimum exploitation of the energy
contained in the sludge, as it would be directtyaduced into the natural gas distribution grideTh
calculation of the environmental balance showedl tth& innovations presented in this study would
reduce the GHG emissions of the sludge treatmeatdf the plant by around 40%. In the second
part of the study, the investigation of using ateomsmade planar photobioreactor, measuring the
mass transfer coefficient and €@onsumption under two different artificial lightenarios, was
reported. Regarding the test conducted with migaa| the system achieved optimal conditions for
microalgae growth and reached high values of bignaacentration in the culture, competing with
the best technologies in this industrial sectoresehtests demonstrated the possibility of rapid
intervention in carbon dioxide regulation and tlapability to maintain optimal carbon-feed to the
culture. A further study about the energy costjotar illumination sources, and compatibility in
terms of mass balance with sludge treatment usigiggested for scaling up the proposed setup
into industrial application. This study demonstsab®w increasing the level of integration among

processes is one key factor toward energy savimgisoaver environmental impacts in WWTPs.
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M odel-based sludge pre-treatment and biogas upgrading scenarios are evaluated inaWWTP
Various upgrading scenarios are studied and compared in terms of mass, energy, and GHG
balance

Application of dynamic sludge thickener, hybrid thermo-alkali sludge pre-treatment and
biomethane production are proposed

Use of an experimental microal gae technology is considered for CO, fixation

Experimental setup is proposed to evaluate the K 4 of CO; in the microal gae system
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