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Abstract

In this paper, a new regional methodological approach for determining direct and indirect emissions
from wastewater treatment plants (WWTPs) is proposed. Additionally, an entire territorial
wastewater treatment service located in the northern Italy and serving 411484 PE was assessed. The
most accurate emission factor identification is presented using appropriate on-site measurements,
monitoring different aerated operational units, and sampling several streams in 12 relevant WWTPs
of different treatment capacities, ranging from 3000 to 73000 PE. Dissolved greenhouse gas (GHG)
concentrations from 0.2 to 24 mgN2O/L, 0.1 to 1 mgCHuJ/L, and 1.8 to 52 mgCO2/L in effluent flows
were detected. Specific carbon footprints resulted in the emissions of 0.04-0.20 tonCOzeq/PEly,
varying as per the size of the plant. The most impactful categories were identified for indirect

emissions associated with dissolved GHGs discharged in the surface water body and due to energy
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consumption, which accounted for 13-70% and 10-40%, respectively. The overall territorial carbon

footprint of the wastewater treatment service was also quantified to provide evidence-based decision

support system (DSS) and prepare systemic mitigation strategies.

Keywords: carbon footprint, greenhouse gas, wastewater, emission factor, decarbonisation

Nomenclature

AD: Activity Data

ASMN: Activated Sludge Models for Nitrogen

BSM2-e: Benchmark Simulation Model No 2 Emission
BSM2G: Benchmark Simulation Model No 2 Greenhouse Gas
C: Carbon

CF: Carbon Footprint

CFCT: Carbon Footprint Calculation Tool

CF-TOOL CTRL.: Carbon Footprint Control

CHEApet: Carbon Heat Energy Assessment Plant Evaluation Tool
CO2¢q: Equivalent CO;

COD: Chemical Oxygen Demand

CODes: Effluent Chemical Oxygen Demand

CODin: Influent Chemical Oxygen Demand

CODrem: Removed Chemical Oxygen Demand

DEEM: Diffusive Emissions Estimation Model

DSS: Decision Support System

ECAM: Energy Performance and Carbon Emissions Assessment and Monitoring

GHG: Greenhouse gas
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GWP: Global Warming Potential

IA: Intermittent Aeration

K: Potassium

MLE: Modified Ludzack—Ettinger

PE: Population Equivalent

SCENA: Short Cut Enhanced Nutrients Abatement
SCF: Specific Carbon Footprint

EF: Emission Factor

TN: Total Nitrogen

TNes: Effluent Total Nitrogen

TNrem: Removed Total Nitrogen

TP: Total Phosphorus

TS: Total Solids

TSS: Total Suspended Solids

WESTWeb: Water Energy Sustainability Tool
WWEECarb: Water and Waste Environmental Engineering Carbon Footprint

WWTP: WasteWater Treatment Plant

1. Introduction
Several regions are working towards low carbon and circular economy (Low-carbon economy -
Regional Policy, 2014) and actions to decarbonise urban water management can have a relevant
impact (Climatesmartwater.org, 2018) especially when territorial pathways are developed.
In recent years, environmental legislations such as the Urban Wastewater Treatment Directive
(UWWTD) (DIRECTIVE 91/271/EC), currently under revision, introduced more stringent quality

standards for the effluents of the wastewater treatment plants (WWTPs) that led to increase in energy
3
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consumption and greenhouse gas (GHG) emissions (Gu et al., 2016). In many European countries,
urban water cycle accounts for 1-3% of the total electric energy consumption (Longo et al., 2016)
and 3-10% of the global warming potential (GWP) by contributing towards GHG emissions into the
atmosphere, both as direct and indirect footprints (Samuelsson et al., 2018). As per the U.S.
Environmental Protection Agency (EPA), the emissions of CO2, CHa, and N20O constitute the largest
part of CF of WWTPs, and global GHG emissions of the wastewater sector are predicted to increase
by up to 27% by 2030 (Caniani et al., 2019; Huang et al., 2020).

In this context, several national and international initiatives and activities have been started to support
the transition to low-carbon regions and urban water utility (WacClim, 2020; Crippa et al., 2019). In
Italy, the National Regulatory Authority for Energy, Networks, and Environment (ARERA)
introduced in 2017 the ‘Carbon Footprint of the wastewater treatment service’ as one of the key
performance indicators to analyse and assess the technical quality standard of the activities carried
out by water utilities. On one hand this regulatory driver can make a substantial shift towards the low-
carbon water utilities, on the other hand the Authority could only guide the operators by indicating
the adoption of the general ISO 14064-1:2019. In fact, while for energy audits, a standardised
European methodology was developed in the H2020 project ENERWATER to assess the energy
footprint of WWTPs (Longo et al., 2019), for CF, same standard approach is missing. Today several
tools and software have been developed in recent years to quantify CF although they do not follow
any specific normalised or standard methodologies (Mannina et al., 2016). Moreover, one of the most
critical aspects is the appropriate identification of representative and validated emission factors (EFs).
In fact, some referenced databases were developed to collect and update the EFs, mainly at the
international or national level, such as emission factor database (EFDB) by Intergovernmental Panel
on Climate Change (IPCC). Nevertheless, the wastewater sector is typically characterised by wide
local variations in influent characteristics and different process parameters or operative conditions

(Vasilaki et al., 2019). Therefore, site-specific EFs need to be considered (Parravicini et al., 2016)
4
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through long-term sampling campaigns, especially for evaluating direct emissions from the main
processes and indirect dissolved GHGs present in the final effluents.

This paper goes beyong the current state of the art because a new normalised methodological
approach according to the guidelines of ISO 14064 (WWEECarb) is proposed for the determination
both of direct and indirect emissions in WWTPs and of the overall CF of regional wastewater service
carried out by a water utility. Most of the considered emissions factors, were validated by site-specific
measurements campaigns and emissions categories included both fossil and biogenic origin of the
main GHGs. This validated approach can contribute to the standardization of the methodology for
carbon footprint assessment in wastewater treatment service and to identify mitigation actions and
priorities for regional decarbonisation.

This methodology was applied to territorial wastewater service (52 municipalities and 1376 square
kilometres) located in the northern Italy (411484 PE) managed by a single public-owned water utility.
The most accurate EF identification is presented by using the real operational data and appropriate

measurements of emitted and dissolved GHGs from different operational units of 12 WWTPs.

2. Materials and methods

2.1 General Guideline 1SO 14064-1

ISO 14064-1 standard provides ‘specifications with guidance at the organization level for
quantification and reporting of greenhouse gas emissions and removals’. Several aspects and steps
should be followed to apply the ISO standard at organisation level: 1) reporting boundaries should be
defined; 2) direct and indirect emissions must be aggregated into inventory categories, including
direct emissions and removals, and indirect emissions from imported energy, transportation, products
used by the organisation, associated with the use of products from the organisation, and other sources;
and 3) different GHGs (i.e. CO2, CHas, N2O, NF3, and SFs) associated with the type of organisation

have to be separately quantified, and 4) anthropogenic biogenic, non-anthropogenic biogenic, or fossil
5
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origin of CO2 should be distinguished. Moreover, CF determination should be annually referred, and
the result should be reported in tonnes of CO2eq using appropriate GWPs (IPCC, 2019). Finally, based
on the general principles of consistency and accuracy, ISO 14064-1 requires the definition of
quantitative and/or qualitative uncertainty associated with the method used for the quantification of
the emissions.

2.2 Description of the territorial wastewater service

The proposed approach was applied to determine the CF of wastewater services in the region managed
by the Italian water utility Alto Trevigiano Servizi, consisting of 52 municipalities in the province of
Treviso (Italy), with a total served population of 411484 PE. The regional wastewater treatment
service is operated by 5 WWTPs with a design treatment capacity of more than 40000 PE, by 3
WWTPs with the capacities range of 15000-40000 PE, 27 WWTPs with less than 15000 PE capacity,
and 28 septic tanks. The representative WWTPs to be monitored over the long-term, were selected
by considering both the treatment capacity of the WWTPs and the representative characteristics.
Therefore, site-specific EF measurements were carried out in 12 WWTPs (8 WWTPs with capacities
higher than 15000 PE and 4 smaller WWTPs), covering approximately 90% of the total served
population. The characteristics of these WWTPs in terms of process configuration, influent loads and
removals efficiencies are summarized in Table 1. The selected WWTPs included both conventional
activated sludge in the Modified Ludzack—Ettinger (MLE) configuration (n = 10) and intermittent
aeration (IA) processes (n = 2). The innovative technology of Short Cut Enhanced Nutrients
Abatement (SCENA) (n = 1) (https://www.smart-plant.eu/) for the nitrite treatment of nutrient-rich
anaerobic rejected liquor from the sludge line was studied. All the aerated units of different water and
sludge lines (aerated degritting unit, biological reactor, aerobic stabilisation, via-nitrite supernatant
treatment, and biofilter) were monitored. The operation data were collected for all the plants over one

whole year. The CF results of the monitored WWTPs were reported as the entire data (tonCOzeq/y)



149  and specific coefficients (SCF, tonCOz/PE/y). SCFs were used to quantify the GHG impacts of the
150  unselected WWTPs.
151  Septic tank emissions were also calculated according to the methodology mentioned in IPCC (2019),
152  considering proposed EFs for both direct and indirect contributions of the dissolved GHGs in the
153 effluent.
154
155 Table 1. Selected WWTPs for on-site measurements
Design Measured  Biological COD TN TP COD TN TP
capacity units treatment influent influent  influent  removal removal  removal
PE - - tonCOD/y  tonTN/y  tonTPly % % %
WWTPL 73000 Biological MLE 1919 108 30 93% 84% 90%
WWTP2 40000 B'r‘;;%%(')‘;a' MLE 1394 69 216 92% 84% 96%
Biological
reactor, Via- MLE, via-
WWTP3 nitrite nitrite 0 0 0
40000 supernatant  supernatant 2037 165 24 90% 70% 49%
treatment, treatment
Biofilter
Biological
WWTP4 70000 reactor, IA 1876 137 21.7 88% 71% 70%
Biofilter
WWTPS 25000 Biological MLE 1253 103 211 93% 88% 79%
reactor
Biological
WWTP6 45000 reactor, MLE 432 49 5.8 87% 85% 82%
Aerobic '
stabilisation
Biological
WWTP7 9500 reactor, MLE 273 34 3.9 93% 85% 2%
Biofilter
Biological
reactor,
WWTP8 18000 Aerated MLE 318 44 4.9 86% 88% 58%
degritting
unit
Biological
reactor,
WWTP9 22000 Aerated MLE 444 40 7.8 90% 80% 60%
degritting
unit
WWTP10 3000 Br'g;g?c:fa' MLE 58 8.6 11 87% 88% 43%
WWTP11 4500 B!E;ﬁ?&fa' MLE 93 11.7 11 93% 87% 60%
Biological
reactor,
WWTP12 10000 Aerated IA 237 18.4 25 89% 88% 73%
degritting
unit
156 WWTP=wastewater treatment plant; PE=population equivalent; MLE= Modified Ludzack—Ettinger; IA=intermittent aeration,
157 COD=chemical oxygen demand; TN=total nitrogen; TP=total Phosphorus.
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2.3 Direct emissions and dissolved gases measurements campaigns

Each selected WWTP was monitored for one month during the on-site campaign. Aerated points were
considered as direct emission sources (aerated de-sanding units, aerobic biological processes, aerobic
stabilisations of sludge, and biofilters). Measurements were performed for at least one week in each
sampling unit. Monitoring was continuously carried out for the biggest WWTPs (WWTPL, 2, 3, 4, 5,
and 6) and discontinuously for the smaller ones (WWTP7, 8, 9, 10, 11, and 12). Experimental
equipment for the analysis of direct GHG mainly consisted of two devices.

For continuous measurements, the gas analyser (MIR 9000-CLD type, ENVEA, IT) with a membrane
air dryer Mgf Sky 30/7M was used under controlled thermal conditions with the online acquisition of
emitted GHG concentrations (one data every 5 min). The measurements of CH4, CO2, and N2O were
performed using the standard infrared absorption (UNICHIM method and ISTISAN 91/41 Report).
The system was also calibrated each week using gas cylinders at the standard concentrations (CHj at
40.6 ppm, CO; at 2.33%, and N0 at 160 ppm). The gaseous samples were conveyed to the analyser
through a heated gas line at 120 °C. A cooling device (HIREF solution, https://hiref.it/) was used to
reduce the temperature of the gases to 4 °C, thus, minimising the water vapour content. Every 3 h, a
compressor was activated for ambient air sampling as a zero reference. In addition, a floating chamber
was used to convey the samples to the analyser. For the design and construction of the chamber,
guideline indications reported for similar measurements were followed (Spinelli et al., 2018; Caniani
etal., 2019; Yver Kwok et al., 2015). The floating system was made from high-density polyethylene
with a total volume of 310 L and a bottom area of 1 m?.

Some specific sampling campaigns were carried out in the discontinuous mode for WWTPs with less
than 25000 PE capacity. Specifically, peristaltic pump and gas bags (5 L) were used to acquire the
gaseous samples (three replicates for each point). Subsequently, GHG concentrations were

determined using photoacoustic spectroscopy (Briel & Kjaer Multi-gas Monitor Type 1302).
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Moreover, composite liquid samples from the influent and effluent of each WWTP were collected
twice a week. The dissolved CO2, CHs, and N2O were measured to calculate the possible indirect
emissions of the GHG mass loads discharged in the water bodies. In this case, it was assumed that
the dissolved gases are totally stripped after the discharge in the water body. Since the fate of
dissolved GHGs is not uniquely predictable, the hypothesis allows to be conservative for the footprint
calculation. Stripping the pre-treatment at 20°C (ultrasonic sonication SONOREX model), followed
by photoacoustic spectroscopy determination (Briel & Kjaer Multi-gas Monitor Type 1302) were
carried out. Finally, the main conventional physical and chemical characterisations (chemical oxygen
demand (COD), total suspended solids (TSS), total nitrogen (TN), and total phosphorus (TP)) of the

wastewaters were analysed (APHA, 2015).

3. Results and Discussion

3.1 Audit of predictive tool and models

Technical and scientific literature shows that several tools and software solutions have been
developed for different purposes. Simple stationary (i.e., Carbon Footprint Calculation Tool (CFCT))
or dynamic calculations (Mannina et al., 2016) have been proposed in recent decades (Table 2).
Simulation models (Models 6, 7, 8, and 9) were implemented to calculate the emissions generated
mainly from biological processes, such as activated sludge model (ASM) and benchmark simulation
model (BSM), while specific tools were implemented for determining the CF of a single WWTP
(Tools 1, 2, and 3) or for the entire water and wastewater service (Tools 4, 5, and 10). Direct emissions
in most of these existing tools are mainly considered from the biological processes of the water line
and only in some few cases from biogas production. Other aerated stages, such as degritting units,
aerobic stabilisations of sludge, biofilters, and anaerobic supernatant treatments, are not usually
considered, notwithstanding their wide impact on the global emissions of the plants (Demir et al.,

2019). Moreover, most of the analysed models and tools focus mainly on direct N2O emissions, while
9
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CHy is generally considered only from the sludge line. Nevertheless, depending on the wastewater
treatment configurations and influent characteristics, methane emissions could also represent a
relevant contribution to the mainstream water line, even higher than N.O emissions (Zhan et al.,
2017). Moreover, CO2 concentrations have typically accounted only for the fossil origin, while
biogenic part, derived from microbial respiration during the biological processes has usually not been
quantified. Finally, only a few studies have considered the dissolved fractions in the liquid of the
gases, even when their contributions seemed relevant. In fact, the last report of the European
Commission (JRC, 2020) also underlined the importance of considering the GHG impacts of an
integrated system, including sewer network, wastewater treatment, sludge disposal, and final
discharge into water bodies.

Additionally, even when emissions sources are located outside the physical boundaries of the
WWTPs, they are strictly associated with the water utility management choices. Thus, indirect
impacts due to energy consumption, chemical dosing, transport, and waste disposal have to be
considered in wastewater CF assessment (Brown et al., 2010).

Currently, in the existing models, EFs are usually set by using internal libraries, without the
possibility of editing default values and considering case-specific factors, which are crucial to achieve
real evidence-based results in heterogeneous sectors such as the wastewater treatment service.

A few applications included CO2q mitigations, such as carbon sequestration from the soils and
substitution of mineral fertiliser when sludge is applied in agriculture fields.

In contrast, normalised approach proposed in this study (WWEECarb) was applied to the entire
wastewater service considering: 1) all main GHGs, both biogenic and of fossil origin; 2) direct
emissions generated from different operational units of the WWTP; 3) indirect emissions due to
energy and chemical consumptions and transportation; 4) dissolved gases present in the effluent; 5)

emissions and removals related to sludge disposal and reuse; and 6) editable EFs, derived from both

10
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Table 2. Comparison between existing carbon footprint tool and models and this specific case study methodology

MODEL/TOOL Application GHGs Emissions Categories Mitigation EFs
Direct Dissolved Sludge Energy Chemicals Transports Carbon
GHGs GHGs Disposal sequestration and
minimisation
1-CFCT WWTP CH,, N,O, fossil CO, J* v v v v v v Editable
2-CF-TOOL CTRL  WWTP N0, CO, S J J Y Default
3-CHEApet WWTP CH,, N,O, CO, Niid V only N,O v v v v Default
4-WESTWeb Water Service CHa, N0, CO2, NO,, PM, SO, VOC, Vi v v N4 Default
CcO
5-ECAM Water service CHa, N0, fossil CO, N Not specified v ¥, % Editable
6-DEEM Biological Unit N0, CO, JE* Default
7-ASMN Biological Unit N2O N Default
8-BSM2G WWTP CHa, N20, CO; N N4 N4 v Default
9-BSM2-e WWTP CHa, N2O, CO; JE* V4 V4 v Default
10-WWEECarb WW Service CHa, NzO, fossil and biogenic CO, N v V; v v v 7 Editable

CFCT= Carbon Footprint Calculation Tool; CF-TOOL CTRL= Carbon Footprint Control; CHEApet= Carbon Heat Energy Assessment Plant Evaluation Tool; WESTWeb= Water-Energy Sustainability Tool; ECAM= Energy
Performance and Carbon Emissions Assessment and Monitoring; DEEM= Diffusive Emissions Estimation Model; ASMN= Activated Sludge Models for Nitrogen; BSM2G= Benchmark Simulation Model No 2 Greenhouse
Gas; BSM2-e= Benchmark Simulation Model No 2 Emission, WWEECarb= Water and Waste Environmental Engineering Carbon Footprint; WWTP= wastewater treatment plant; WW= wastewater; GHGs=greenhouse

gases; EFs=emission factors

* Unique Direct EF from the whole water line

**Direct EFs from biological reactor and sludge line
8Direct EFs from aerated de-sanding units, aerobic biological process, aerobic stabilization of sludge, fuggitive emissions from sludge line and biofilters

1 Gustavsson & Tumlin, 2013, 2 Baeza et al., 2017, 3 https://www.waterrf.org/research/projects/demonstration-carbon-heat-energy-assessment-and-plant-evaluation-tool-cheapet, 4 https://west.berkeley.edu/model.php, 5
http://wacclim.org/ecam/sources.php, 6 Guo et al., 2012; Mannina et al., 2016), 7 Guo et al., 2012; Mannina et al., 2016, 8 Flores-Alsina et al., 2012; Mannina et al., 2016, 9 Mannina et al., 2016; Sweetapple et al., 2013, 10

This study
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3.2 Proposed methodology for carbon footprint estimation in wastewater service

The methodology was developed based on ISO 14064-1:2019 standard and adapted to a wastewater
service with systemic and territorial approaches. In this context, the operational control principle
defined by UNI ISO 14064-1:2019 was applied as a reporting boundary criterion for CF
quantification. The reporting boundaries were set considering: 1) the physical operative limits of the
WWTPs to define the direct emissions, 2) impacts of energy and chemical supplies, 3) waste and
reagent transportations, and 4) emissions caused by the final sludge disposal or recovery/valorisation.
Specifically, direct emissions included the GHGs from: i) biogas combustion, ii) different aerated
units (aerated degritting unit, biological reactor, aerobic sludge stabilisation, and biofilter) of the
WWTP, and iii) fugitive gases of the sludge line. In contrast, emissions from the dissolved gases on
the water body, energy and chemical consumptions, transportation, and sludge disposal were
considered as indirect. The indirect emissions from sludge reuse and related mitigations, such as
carbon sequestration and synthetic fertiliser substitution, were estimated. CF was calculated based on
the contribution of three main GHGs: methane, carbon dioxide, and nitrous oxide (Nguyen et al.,
2019). Each relevant GHG contribution, fossil or biogenic CO2 was distinguished based on the origin

of the emission (Table 3).

Table 3. Emissions categories, including the distinction of CO- origin and the separate quantification for each GHG

1SO 14064-1:2019 Proposed declined categories €O Gonsidered GHG
Category origin

Direct emission from

combustion Biogenic

tonCOxq/y, reported separately for
Direct emissions Direct emissions from WWTP N0, CHsand CO-

. - Biogenic
processes in mainstream
Direct fugitive emissions Biogenic
Indirect emissions from Indirect emissions from energy Non
. - . . tonCO2eqly
imported energy consumption biogenic

Indirect emissions from waste N_on _ tonCOzeqly, reported separately for
Indirect emissions from transport biogenic N.O, CH4 and CO,
transportation

Indirect emissions from Non
chemical transport biogenic

13



266
267

268

269

270

271

272

273

274

Indirect emissions from

products used by the Indlrgct emissions from N_on . tonCO2eqly
N chemical consumption biogenic
organization
Indirect emissions on the Biogenic tonCOgeqly, reported separately for
Indirect emissions from water body N0, CHsand CO;
other sources Indirect emissions from sludge ..
; iogenic
composting
Emissions were determined based on Equation 1.
L. 3 3 tonCOzeq\ __ .. quantity tonGHGs tonCO0zeq
Emission contribution (T) = Activity data (T) * EF (quam_ty) * GWPs (m) (Eq. 1)
where GWPs are referred in IPCC Fifth Assessment Report, AR5 (IPCC, 2019).
In general, activity data (AD) represents the quantity, generated or used, of energy, mass, or volume,
representing the key parameter for each emission category. The types of AD considered in this study
are listed in Table 4. The EFs used were collected from the literature, guidelines, and databases or
measured with specific on-site campaigns (Table 4 and Figure 1).
Table 4. Emissions categories, activity data and type of EFs
Number Declined Activity data Emission factor (EF) Ref.
category
. . Biogas produced g CO2/kg burned CH4
Direct emission :
(D) from combustion (Nm?®/y), methane content g CHa/kg burned CH,;  International databases (IPCC, 2019b)
(%CHy) g N2O/kg burned CH4
Measured in this study
Direct emissions Literature,  international  databases
from WWTP Influent and effluent kg N20/kgTNrem (Aboobakar et al., 2013; Ahn et al., 2010;
(2) processes in COD and TN loads kg CHa/kg CODin Caniani et al., 2019; Foley, de Haas,
mainstream (ton/y) kg CO2/kg CODrem Hartley, et al., 2010; Joss et al., 2009;
Masuda et al., 2018; Ribera-Guardia et
al., 2019; Wang et al., 2016);
Biogas produced (Nm?3/y)
. . and methane content kgNO/tonTS Literature (Kirkeby et al., 2005;
3) Direct fugitive (%CHy.); sludge produced kgCHa/tonTS Maiumder et al. 2014 Scheutz &
emissions (ton/y) and kgCO,/tonTS ! N ;

characterisation (%TS, Fredenslund, 2019; Willén et al., 2016)

%N, %P, %K, %C)

Electricity consumption

(MWhly), other fuel National and International databases
: Wh

combustion also 1onCO/G (IPCC, 2019a; ISPRA, 2018)

renewable (Nm3/y or I/y)

Indirect emissions
(4) for energy
consumption

14



Indirect emissions gN20O/km National databases
(5) km travelled gCHa/km http://www.sinanet.isprambiente.it/it/sia-
for waste transport )
gCOz/km ispra/fetransp
Indirect emissions gN20O/km National databases
(6) for chemical km travelled gCH.u/km http://www.sinanet.isprambiente.it/it/sia-
transport gCOz/km ispra/fetransp
Indirect emissions KaCOm/ka reagent Literature, international databases
(7) for chemical Quantity used (kgly) ghDzqlkg reag (Gustavsson & Tumlin, 2013)

consumption

g CO2/KgCODsest

(8) :)r;dt'r:ic\:vz::fz': dns Ef;;ieggﬁo)D and TN g CH4/kgCODest Measured in this study
y y g N2O/kgTNet
Literature, international databases
Indirect emissions kg N2O /tonTS (Boldrin et al., 2009; Chai et al., 2015;
and mitigation for . kg CHa/tonTS Chen & Kuo, 2016; Han et al., 2018;
9 ; Dried sludge .
sludge disposal kg CO,/tonTS IPCC, 2019c; Kirkeby et al., 2005;
Piippo et al., 2018; Yuan et al., 2018;
https://www.climfoot-project.eu/)
kg N2O /tonTS
(10) Indirect emissions Dried sludae kg CHa/tonTS (Boldrin et al., 2009; Bruun et al., 2006;
from sludge reuse g kg CO./tonTS IPCC, 2019c; Kirkeby et al., 2005)
Mitigations: carbon kg N2O /tonTS
(11) sequestration and Dried sludge kg CHa/tonTS (Foley, de Haas, Yuan, et al., 2010;

synthetic fertiliser
substitution

kg CO/tonTS

Kirkeby et al., 2005)

275 TS=total solids, CODin= influent chemical oxygen demand; CODeri= effluent chemical oxygen demand; CODrem= removed chemical
276 oxygen demand; TNrem= removed total nitrogen; TNesi= effluent total nitrogen; K=potassium; C=carbon.
277
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Figure 1. General WWTP scheme and emissions categories in respect to operative, carbon footprint (CF) reporting and
calculation boundaries

The logical flow scheme of the proposed approach according to ISO 14064-1 is reported in Figure 2.
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Figure 2. Logical flow scheme of the proposed methodology
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The overall calculation of CF, considering the on-site measured emissions, was carried out by
following several phases: 1) elaboration of 1-year plant operation data of 12 WWTPs, such as
temperature, wastewater flowrate, airflow rate, influent and effluent COD and TN mass loads; 2)
calculation of the mass loads of emitted CO2, CHs4, and N2O; 3) normalisation at 20 °C; and 4)

conversion into CO» equivalent.

3.3 Measurement campaigns: direct emitted GHG concentrations

Results from the measurement campaigns showed concentration variability in GHGs emitted from
the biological processes of different WWTPs, as reported in previously literature studies
(Tumendelger et al., 2019). The average values of N2O concentrations were less than 4 mg/m? of air
for the largest WWTPs (WWTP1-6), while they ranged from 4 to 15 mg/m? for the smallest plants
(WWTP7-12) (Figure 2). A similar behaviour was observed for CO. quantification. Values lower
than 5 g CO2/m? were detected for the largest WWTPs and in the range of 7-16 g CO2/m? in other
cases (Figure 2). Especially for N2O emissions, the difference in the contributions of the largest
WWTPs could be justified by the usually higher efficiencies of the aeration systems and more
elevated removals, as reported by Valkova et al. (2020). In contrast, for directly emitted CHa

concentrations, a strict correlation was not identified with the size of the WWTPs (Figure 3).
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Figure 3. Direct emitted GHGs concentrations from biological processes related to the capacity of the plants, from
WWTP1 (highest capacity) to WWTP12 (smallest capacity).

Furthermore, an important relationship was observed during the rain events that occurred during
the sampling campaigns. It was evident (example shown for WWTP1 in Figure 3) that wet periods
affected the direct GHG emissions with higher concentrations, mainly for N2O and CHa4, both
emitting from the aerated degritting units and biological processes. It can be noticed that the
emitted CH4 and N2O detected during the rain events were more than 3-6 times higher than the
those detected during the dry period (Figure 4a, c, b, and d). These variations were probably
dependent on sewage system characteristics and a corresponding increase in the dissolved gases
in the influent flow during the rain events. Urban sewer systems can cause several contaminant
degradations, which can generate dissolved gaseous sub-products, as previously reported by Jin

etal. (2019).
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Figure 4. Direct GHGs concentrations during the measurement campaigns, including wet period: a) N2O concentrations and b) CHs
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Moreover, from the measurement campaigns, the directly emitted GHG concentrations were also
found to be spatially varying at different points of the same biological reactor, as discussed by Pan et
al. (2016). For WWTP5, the average emitted concentrations at the beginning and end of the aerobic
reaction volume decreased from 6 + 17 mgN20/m?, 50 + 41 mgCH4/m?, and 5+ 2 gCO//m3*t0 3+ 5
mgN20/mé, 22 + 28 mg CHa/m?, and 5 + 2 g CO./m?, respectively. It was observed that for N>O and
CHas, higher concentrations were observed in the initial section of the reaction volume, where the
influent macro-contaminant mass loads (COD and TN) were also probably higher. On the other hand,
CO- concentrations, mainly generated from biomass respiration, remained almost stable throughout
the entire biological unit (Zhan et al., 2017). For the calculation of the emitted mass loads, average

concentrations of GHGs for each unit were considered.

3.4 Measured direct emissions factors
GHG loads were calculated from the measured concentrations and normalised to identify different
EFs reported in terms of average values and standard deviations in Figures 5, 6, and 7 for N2O, CHa,
and COo, respectively. Biological treatment was typically characterised by the highest emissions, with
the values ranging from 6.7 * 108 to 0.02 kg N2O/kgNrem, 2.2 * 108 to 0.003 kg CH4/kgCODin, and

1.8 * 10° to 3.1 kg CO2/kgCODrem. It was also observed that the EF values were inversely
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proportional to the WWTP size, resulting in higher specific values for the smallest WWTPs
(WWTP7-12). In the short cut biological process treating nutrient-rich anaerobic rejected liquor via
nitrite resulted in significantly high EFs in terms of N2O (0.27 kg N2O /kgTNrem), while CH4 and CO>
impacts were consistent with other biological treatments. Aerated degritting units showed the values
of less than 2.6 * 10" kg N2O /kgNrem, in the range of 1.3 * 10*-—1.5 * 10 kg CH4/kgCODi, and 4.1
* 10°-0.1 kgCO2/kgCODrem. Aerated sludge stabilisation, measured with a continuous monitoring
campaign for WWTP 6, yielded the EFs for CO2 (1.3 * 10 kg CO2/kgTS) higher than those of N,O
and CHs (8.9 * 108 kg N2O/kgTS and 3.8 * 1077 kg CH4/kgTS, respectively). Finally, for biofilters,
the normalised values per cubic meter of the treated air changed from 1.2 * 10®to 6 * 10 kg N.O
/m3,2.6*10°t0 7.5 * 10°kg CH4/m? and 4 * 10*t0 8.3 * 10*kg CO»/m?, highlighting the significant

impact of methane on the final global emission from these air treatment units.
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Figure 5. Emission factors for direct NoO emissions from WWTPs grouped for operational unit
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3.5 Measured indirect emission factors

The dissolved GHG concentrations in the effluents of the WWTPs varied in the range of 0.2-24 mg/L
for N20, 0.1-1 mg/L for CHa, and 1.8-52 mg/L for CO>. Specifically, for the largest WWTPs (from
1 to 6), the average values were 4.6 = 9.4 mg/L for N2O, 0.4 = 0.3 mg/L for CHa, and 30 + 19 mg/L
for CO2. Meanwhile, the values were generally found to be lower and respectively equal to 0.8 = 0.5,
0.3 £0.2, and 16.4 = 2.5 mg/L for the smaller WWTPs (from 7 to 12). Scientific literature on the
measured values of dissolved GHGs in the effluents of WWTPs is scarce. In general, these values
have been found to range from 0.009 to 24 mg/L for N.O, 0.009 to 4.5 mg/L for CH4, and 245 to
1352 mg/L for CO2 (Caniani et al., 2019; Masuda et al., 2015, 2018; Vieira et al., 2019). This
variability indicates the need for site-specific campaigns for properly evaluating the indirect
emissions due to dissolved GHG contributions.

Moreover, during the sampling campaigns, dissolved GHGs in the influent streams of the WWTPs
from the sewage systems were monitored. Specifically, in the largest WWTPs (from 1 to 6), the
dissolved GHG influent concentrations were found to be 12.5 £ 26, 1.1 + 1.2, and 76 + 86 mg/L for
N20, CHs4, and CO», respectively, while the values were found to be 0.5 £ 0.4 mg N.O /L, 0.3 £ 0.2
mg CH./L, and 50 = 16 mg CO-/L for the smaller WWTPs (from 7 to 12). These aspects indicated
that a relevant contribution of dissolved GHG comes directly from the sewage networks, especially
for plants with higher capacities. Furthermore, for smaller WWTPs, the dissolved GHG
concentrations in the effluent were higher than those of the influent stream. This confirmed that for
smaller WWTPs, which are usually subjected to more limiting operative conditions (such as low
carbon:nitrogen (C:N) ratio, unstable or optimised process parameters, and inefficient aeration
supply) (Kumar et al., 2021), additional contributions of GHGs were generated during the biological
processes, which remained dissolved in the liquid stream.

The EFs of dissolved GHG emission category varied in the ranges of 33-782 g N2O /kgNefr, 4-132 g

CHa/kgCODefr, and 553-358 g CO2/kgCODess for N2O, CHa, and CO., respectively (Table 5). The
24



384  standard deviations of the dissolved GHG EFs obtained for the six continuously monitored WWTPs
385  were significantly relevant and heterogeneous, ranging from 34% to 136% with respect to the average
386  values. Moreover, the EF values were found to be inversely proportional to the WWTP size, resulting

387 inthe higher specific factors for the smallest WWTPs (Table 5).

388  Table 5. Emission factors (EFs) for indirect emissions on water body due to dissolve GHGs in WWTPs effluent and
389 related standard deviations

WWTP1 WWTP2 WWTP3 WWTP4 WWTP5 WWTP6 WWTP7 WWTP8 WWTP9 WWTP10 WWTP11 WWTP12

DISSOLVED PE_

Gho EF . cop 44499 31810 46511 53713 30645 20166 6241 7258 10139 1335 2125 5410
o Men 46 53 33 108 782 305 98 129 538 346 140 122
Kg TNt Do 23 23 21 147 330 1
CHy  Men 7 4 39 10 133 41 8 11 10 9 11 16

kgCODwr P2 5 5 24 8 63 2
co,  Mean 790 1328 5358 1330 2546 3603 853 378 1014 735 553 3434

/kgCOD P& 551 503 3082 1667 865 3508

std

390
391 3.6 Specific GHG contributions on measured direct and dissolved emissions

392  The main contributions of different GHGs to the direct and dissolved emission categories were
393  calculated as a percentage of the total emissions (Figure 8). The reported percentages of different
394  GHG contributions were expressed as the percentage of equivalent CO». The values, as the gaseous
395  flows were directly transferred to the atmosphere, showed that the main impacts were attributed to
396  CO- for smaller plants (< 15000 PE), while N2O was the main responsible in largest WWTPs (>
397 15000 PE). On the other hand, CH4 emissions accounted for about 11-12 % for all the sizes. For

398 indirect emissions into the water body, the main contributor was N2O, followed by CO2and CHa.
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Figure 8. GHGs contributions to the category’s direct emissions from processes and indirect emission to the water
body in relation with the WWTP size (<15000 PE and >15000 PE).

3.7 Carbon footprint results

After the long-term sampling periods, the entire CF of each selected WWTP was calculated by adding
the different contributions of the categories based on the normalised proposed approach (Table 6).
The final values ranged from a minimum 210 tonCO2eq/y (WWTP10) to a maximum 4047 tonCOzeq/y
(WWTP 3). In general, the most impactful categories (Figure 9) were the indirect emissions
associated with dissolved GHGs present in the water body, which influenced 13-70% of the CF of
each WWTP. Indirect emissions due to energy consumption accounted for 10-40% and, as expected,
this category is directly related to the carbon and nitrogen removed loads in the different WWTPs
(Table 6). Moreover, direct emissions from treatment processes contribution approximately 19% on
an average. The disposal of sewage sludge and use of chemicals affected 6-34% and 1-9%,
respectively. The impacts and their variabilities, especially for direct and dissolved GHG
contributions, further underlined the already discussed importance of the measurement campaigns to

obtain more appropriate and proper data for the specific conditions of each plant.
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416

Table 6. Carbon footprint of the selected monitored WWTPs

Direct emissions Indirect Indirect Indirect Indirect Indirect Indirect Indirect Mitigations from
Direct emission from WWTP Direct fugitive emissions from emissions from emissions from emissions from emissions on the emissions emissions from carbon sequestration Total WWTP
from combustion processes in emissions energy waste chemical chemical water bod from sludge sludge reuse* and synthetic CF
mainstream consumption transport transport consumption Y composting fertiliser substitution*
tonCOzeqly tonCOzq Iy tonCOzq Iy tonCOzq /y tonCOzq 1y tonCOzq /y tonCOzq Iy tonCOzq /y tonCOzq Iy tonCOzeqly tonCOzeqly tonCOzyq Iy

WWTP1 0 862 3.2 881 30 2.2 61 511 777 220* -314* 3128
WWTP2 0 17 2.2 570 20 1.2 20 316 490 129* -190* 1436
WWTP3 398 310 252 770 14 3.2 110 1933 257 63* -101* 4047
WWTP4 530 87 335 370 28 41 189 1493 493 132* -204* 3528
WWTPS5 0 244 1.9 627 20 14 49 3136 437 124> -186* 4517
WWTP6 0 7 2.7 679 30 3.1 210 872 598 139* -219* 2402
WWTP7 0 725 2.6 215 4 1.3 22 149 59 18* -29* 1179
WWTP8 0 79 19 189 8 15 16 215 116 31> -44* 627
WWTP9 0 185 2.2 187 6 0.9 42 1222 106 29* -42* 1752
WWTP10 0 66 0.0 39 2 0.2 4 100 0 0* 0* 210
WWTP11 0 103 0.0 69 3 0.3 4 61 0 0* 0* 240
WWTP12 0 717 19 99 5 0.5 19 174 71 20* -28* 1087
TOTAL 24154

417

*Emissions Categories excluded from reporting boundaries
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420 Figure 9. Categories contributions (%) to the total carbon footprint for each selected WWTP
421

422  The SCFs of the WWTPs were finally calculated and were found to be between 0.04 and 0.20
423 tonCOqeq/PE/y (Figure 10). The obtained SCFs were indirectly dependent on the size of the plants
424  and were more widely distributed for the WWTPs with less than 15000 PE capacity. Similarly, the
425  average SCFs were found to be 0.091 £ 0.038 tonCO2eq/PE/y for the WWTPs with more than 15000
426  PE capacity and 0.153 + 0.045 tonCO2q/PE/y for smaller facilities. These SCF results were found to
427  be more variable and almost 1.7 times higher than those of the larger size (>15000 PE).
428  Notwithstanding that the calculation procedure was not perfectly comparable, these results were
429  consistent with those mentioned in other published research which reported the values in the range of
430  0.07-0.108 tonCO2eq/PE/y (Gustavsson & Tumlin, 2013), 0.023-0.1 tonCO2eq/PE/y (Maktabifard et

431  al., 2020) and 0.062-0.161 tonCO2eq/PE/y (Mamais et al., 2015).
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433 Figure 10. Specific Carbon Footprints (SCF) of the selected WWTPs
434

435  The CF was finally extended at the regional level, including for all plants managed by the water
436  utility, as well as the septic tanks, resulting in 2396 and 1588 tonCO2q/y emitted by the non-
437  monitored WWTPs and septic tanks, respectively, yielding a total territorial CF of the wastewater
438  service of 28137 + 8497 tonCO.q/y. Biogenic CO2 had a 25% impact on total CF. The highest
439  contribution to territorial CF was from WWTPs with more than 15000 PE capacity, accounting for
440  68%. Nevertheless, the presence of several minor plants should be considered as their contributions
441 were not found to be negligible, with the impacts of 16% from the plants with capacities ranging from
442 15000 to 5000 PE and 10% for the smaller WWTPs. Finally, septic tank emissions accounted for 6%

443  to the total CF.

444

445 4. Conclusion
446  Regional CF of wastewater treatment service was determined by properly applying for the first time

447  the methodology 1SO14064-1 to identify specific emission categories. The proposed new evidence-
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based methodology enables the calculation of the Carbon Footprint accounting all the emissions
categories in clear operational and reporting boundaries within cities and regions. The calculations
were validated measuring the most impacting categories of direct and dissolved GHGs emissions with
specific sampling campaigns. The uncertainties related to the EFs let to long-term on-site
measurements of relevant GHGs. In fact, calculations carried out using only the available EFs
mentioned in the guidelines may significantly differ from the actual site conditions. The measurement
campaigns mentioned in this study enabled us to define the site-specific EFs for the main direct
sources from the treatment processes (degritting units, aerobic biological treatments, biofilters, and
aerobic sludge stabilisations) in 12 different sized WWTPs. Furthermore, dissolved GHGs discharged
in the final water bodies were analysed and were found to significantly impact the entire CF
quantification. The results, in terms of the EFs (average values and standard deviations), showed a
high variability in the emissions, based on the WWTP size and specific operative conditions,
especially for biological processes. The average values were found to be 3.4 * 1073 kgN2O/KgTNrem,
1.7 * 10 kgCHa/kgCODin, and 1.1 kgCO2/kgCODrem for the smallest (< 15000 PE) WWTPs. On the
other hand, the biggest (> 15000 PE) WWTP EFs resulted in 6.6 * 10 kgN2O/KgTNrem, 2.7 * 10*
kgCHa4/kgCODin, and 0.07 kgCO./kgCODrem. The analytical campaigns of this study also highlighted
that biogenic CO2 emitted from the biological processes significantly impacted the global CF of the
12 WWTPs, accounting for 35-66% of the total directly emitted CO2q. The overall territorial CF of
the wastewater service was 28137 + 8497 tonCOzeq/y, including of the non-monitored WWTPs and
septic tanks. The most impacting categories for most plants were: i) indirect emissions associated
with the dissolved GHGs present in the water body, ii) indirect emissions due to energy consumption,
followed by iii) direct emissions from treatment processes, iv) disposal of sewage sludge and v) use
of chemicals.

Finally, this approach can support territorial water utilities not only to assess their carbon footprint

with normalized approach, but also to develop regional mitigation scenarios and decisions towards
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low-carbon water utilities. In fact, since the Specific Carbon Footprint coefficients change based on
the plants size, mitigation actions could consider the population distribution in the territory and both
centralized and decentralized systems. Moreover, mitigations for wastewater service decarbonisation
according to the shown most impacting emission categories could be prioritised as following: 1)
acquire renewable energy sources to reduce the indirect emissions from fossil primary energy
production; 2) optimize efficiency and kinetics of biological removal of organic and nutrients loads
and aeration efficiency in order to reduce dissolved GHGs in the final effluent, 3) reduce direct
emissions mainly avoiding uncontrolled transitory phases or limiting operative conditions in the
biological reactors; 4) promote less impacting sludge disposal destination especially avoiding landfill
and 5) use chemical reagents characterized by lower Emission Factors for their primary production.
The proposed methodological approach coupled with accurately planned site-specific long term
measurement campaigns could further boost and address the decarbonization of the wastewater

service in territories.
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