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Abstract The possibility of applying anaerobic digestion
(AD) process of the source-selected organic fraction (SS-
OF) of municipal solid waste in the south of Tuscany (IT)
territory was proposed and evaluated. With respect to a
reference scenario, in which the overall amount of SS-OF
and garden waste—expected in 2013—is addressed to
aerobic composting process, three alternative scenarios
were proposed, modeled, and compared by life cycle
assessment (LCA). The first one is based on realizing six
AD plants upstream of each already existing aerobic plant.
The second one is based on realizing only three centralized
anaerobic plants. The third alternative is based on co-
digestion of a part of the SS-OF with sludge from waste
water treatment plants in existing sludge AD plants; the
remaining part of SS-OF is processed in devoted AD plants
upstream of each already existing aerobic plant. LCA
results show that AD application is always favorable with
respect to the reference scenario in which organic wastes
are aerobically processed. AD allows for net production of
thermal and electric energy, generating negative impacts
due to avoided emissions and avoided resource consump-
tions. Among the compared alternatives of AD application,
the scenario based on decentralized plants (one anaerobic
plant upstream of each existing aerobic plant) resulted to be
most favorable, collecting the best value for almost all the
considered environmental indicators.
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Introduction

The source-selected organic fraction (SS-OF) of municipal
solid waste (MSW) is a highly biodegradable material;
therefore, the most suitable alternative ways of manage-
ment are biological processes, such as composting and
anaerobic digestion (AD). Today, the installed capacity of
AD is fast increasing. De Baere and Mattheeuws (2011)
expected in Europe an installed capacity by the end of 2010
of about 6,000,000 tons per year divided over 200 plants in
17 countries.

This study was originated in the frame of the collabo-
ration with the authority of MSW management Ambito
Territoriale Ottimale Toscana Sud (ATO Toscana Sud),
within a project co-financed by the Tuscany Region. The
aim of the project is to evaluate the potential environmental
benefits, which may arise from the application of AD of
SS-OF of MSW with reference to the territory of compe-
tence of the ATO Toscana Sud, which includes the prov-
inces of Arezzo, Siena, and Grosseto, possibly integrating
the AD process with the existing plants. Such integration
strategy was interpreted according to two technological
possibilities: wet anaerobic process (Mata-Alvarez 2003) in
plants devoted to SS-OF treatment, realized upstream of
the existing aerobic biostabilization plants, in order to
exploit such plants for post-composting process of the
digestate; and SS-OF co-digestion in existing anaerobic
digesters for waste water treatment plant (WWTP) sludge,
in order to exploit existing digestion capacity.

Anaerobic co-digestion (CO-AD) of SS-OF and WWTP
sludge appears to be an interesting solution to increase the
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biogas production of poorly performing under-loaded
digesters of sewer sludge (Mata-Alvarez et al. 2000).

About 36,000 WWTPs that adopt the anaerobic stabil-
ization of sewage or waste-activated sludge are operating
in the EU (Bolzonella et al. 2006).

Co-digestion of the organic fraction of MSW together
with WWTP sludge is beneficial due to a number of sub-
strate characteristics of both waste types that are comple-
mentary in their combination (Mata-Alvarez 2003). The
addition of high solids concentration of organic fraction of
MSW to sludge digester operated with sludge having a low
solid content will be possible even in rather high concen-
trations (Mata-Alvarez 2003). The higher concentration of
macro- and micronutrients in the sludge solids will com-
pensate the lack of nutrients in the organic fraction of
MSW (Mata-Alvarez 2003).

Several investigations in the field of co-digestion of
organic fraction of MSW have been made. However, co-
digestion in solid waste (SW) treatment in Europe is not so
much common, as barely 7 % of capacity is provided by
plants using co-digestion (De Baere 20006).

In order to proceed with the analysis, the studied terri-
tory was characterized in terms of SS-OF production with
reference to future years and treatment capacity of the
existing—and planned—aerobic biostabilization plants (six
plants). Also, after a wide survey in the territory of interest,
three WWTPs, equipped with AD and suitable for
accepting SS-OF as co-substrate, were selected.

Concerning the devoted wet anaerobic plants, two pos-
sibilities were considered: six small anaerobic digesters
spread over the territory upstream of the existing aerobic
biostabilization plants and three centralized anaerobic
digesters.

Different management scenarios were, hence, assumed
and characterized in terms of mass and energy inventory
and compared performing a life cycle assessment (LCA)
(ISO 14040-44 2006). The LCA methodology provides an
excellent framework for evaluating MSW management
strategies. Many of its applications in this field are focused
on the use of the LCA methodology as a decision support
tool in the selection of the best MSW treatment (Zaman
2010, 2013) and management strategy (from an environ-
mental point of view) in a wide range of countries (Cleary
2009; Tunesi 2011; Bovea et al. 2010; Bernstad and la
Cour 2011; Thanh and Matsui 2012; Antonopoulos et al.
2013).

For this reason, in this study, LCA was applied to
evaluate different treatment possibilities for the SS-OF
produced in the south of Tuscany (IT), in reference to the
amounts expected for the year 2013. The main originality
issue of this work is related to the rather detailed applica-
tion of LCA, based on modeling as accurately as possible
the considered processes, in reference to devoted data
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collected and modeled for the specific cases. Moreover,
while the comparison between aerobic and anaerobic bio-
logical treatments is quite common, the inclusion of co-
digestion in LCA is rather novel. Further, the study is
aimed at adhering as much as possible to the existing sit-
uation in the reference territory, assuming as constraints the
available plants—and hence the logistic of transport—and
their effective capacity of processing waste.

In the following, the different steps of the study will be
reported according to the LCA’s phases (ISO 14040-44
2006).

This research was carried out from the end of 2009 to
2011, at the Industrial Engineering Department of the
University of Florence, Italy.

Materials and methods
LCA: goal and scope definition

The goal definition is the first phase of the LCA in which
the purpose of the study is described. It identifies and
defines the object of the assessment.

The purpose of this LCA study is to compare the envi-
ronmental impacts and resource consumption of four dif-
ferent management scenarios for the SS-OF collected in the
south Tuscany territory: aerobic composting in already
existing plants, which represents the present situation; AD
realizing an anaerobic plant upstream of each already
existing aerobic plant; AD realizing three centralized
anaerobic plants; co-digestion of a part' of the SS-OF with
sludge from WWTP in existing sludge AD plants, while the
remaining SS-OF is processed in decentralized anaerobic
plant realized upstream of the existing aerobic ones.

The primary service provided by the studied systems is
the biological degradation of the SS-OF in order to avoid,
according to a correct waste management system, unde-
sired degradation phenomena in landfill.

The functional unit is defined as the management and
the treatment of the whole amount of SS-OF produced in
the south of Tuscany, with reference to the quantity
expected in the year 2013.

For each of the studied scenario, the analyzed system
boundary starts with the arrival of the SS-OF to the first
treatment plant (i.e., separate collection and transport
impacts are not included), the biological processes
(anaerobic and/or aerobic), energy production, residual
water treatment, transport of scraps to landfill, and eventual
transport of SS-OF or digestate among plants. In particular
in Scenarios 1 and 2, no transport is considered for the SS-

! The estimated capacity of co-digestion is not enough to process all
the SS-OF amount.
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OF that enters the system as input to the local aerobic/
anaerobic plant, and it is processed on site. In Scenario 3,
the SS-OF transport to one centralized anaerobic plant
located in each of the three provinces of the considered
territory is included. In Scenario 4, the SS-OF transport to
WWTP digester and the digestate transport back to the
composting plant are considered. More details on amount
and transport distance are given in the scenario definition
paragraphs.

The different types of scraps that originate from the
waste processes (scraps from AD pretreatment, scraps from
compost postprocessing, and sludge from the treatment of
wastewater/leachate originated in AD and composting
processes) are assumed to be sent to landfill. The related
impacts are considered only in terms of the amount of
solids disposed to landfill, disregarding the type and com-
position, contributing to the solid waste indicator, as it is
defined in the result and discussion paragraph.

For these scraps, the transportation to landfill was con-
sidered, assuming an average distance of 50 km.

The avoided effects potentially deriving from substitu-
tion of conventional soil correctives with produced com-
post in agriculture (Boldrin et al. 2011a) were considered,
in terms of the avoided contributions to global warming
potential.

According to Manfredi and Christensen (2009), it was
assumed that emission of biogenic CO,—i.e., the CO,
coming from aerobic biostabilization or the CO, contained/
originated in/from the AD gas—is neutral to global
warming because the CO, originates from organic matter
generated by an equivalent biological uptake during plant
growth (IPCC 2006).

LCA: inventory

In this phase, all the environmental inputs and outputs
occurring in the life cycle of the systems previously defined
are inventoried to perform a quantitative description of all
flows of materials and energy across the system boundary
either into or out of the system itself.

Source-selected organic fraction of MSW and WWTP
sludge

The overall amount of the SS-OF expected to be produced
in 2013 in the south Tuscany is about 105,399 t/year (ATO
Toscana Sud 2008). Table 1 reports the amount of SS-OF
in reference to each composting plant where the collected
amount should be processed, according to the authority
planning and decisions (ATO Toscana Sud 2008). Also, the
amount of the separately collected garden waste (GW)—
which is expected to be about 12,302 t/year in 2013—is
reported, according to the destination plants. For each

Table 1 Amount of SS-OF and GW expected in south Tuscany in
2013, reported according to the planned destination plant, and amount
of sludge to AD in the selected WWTP

Aerobic SS-OF GW Type Capacity
biostabilization plant  [t] [t] (t/a)

A 9,430 1,850 Composting 15,000
B 20,854 1,889  Composting 35,000
C 27,648 2,500 Composting 24,000
D 10,002 1,724  Composting 13,000
E 22,096 2,792 Composting 27,500
F 15,369 1,547 Composting 9,800
Total amount 105,399 12,302 - -

WWTP Input WW [m® 10%year] Sludge to AD [t/year]
WWTP1 5 67,388
WWTP2 2.763 37,234
WWTP3 2.358 31,763

plant, the maximum treatment capacity is also reported.
Even if the overall capacity exceeds the overall amount of
SS-OF and GW, in the case of plant C and F the treatment
capacity would not be sufficient.

After a wide survey in the territory of interest, the
WWTPs, equipped with AD and suitable for accepting SS-
OF as co-substrate, were selected and reported in Table 1,
together with the amount of input waste water, in reference
to year 2007 (SINTAI 2011). The amounts of produced
sludge per each WWTP—which are subsequently addres-
sed to AD—were estimated, according to specific sludge
production factors retrieved from the literature (Metcalf
and Eddy 1991; Vesilind 2003), and reported in Table 1.

Concerning the characteristics of the SS-OF, material
composition analyses were performed on samples coming
from road-container collection system in two municipali-
ties in the territory of south Tuscany. Table 2 reports the
results of the material analysis and the assumed total solid
(TS) and total volatile solid (TVS) contents for each
material (Miller and Clesceri 2003), used to estimate the
average TS and TVS contents of the SS-OF, which are
reported in the last raw of Table 2.

Scenario 1 is built around the aerobic composting of the
estimated amount of SS-OF and GW for 2013, in the six
already existing plants. It represents the existing situation
in term of plants, and it is described by the data reported in
Table 1. As already noted, plants C and F would not be
able to process the estimated amount of waste. So, for the
real application of Scenario 1, an increment in the two
plants capacity should be considered. The composting
process was modeled in the same way for the six plants.
The amount of exiting TS was calculated, starting from the
characterization values—in terms of TS and TVS—of the
SS-OF and GW reported in Table 2 and applying a TVS
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Table 2 Measured material composition of SS-OF and assumed TS
and TVS contents

Material w/w TS TVS
composition of SS-OF [%] [%] [% of TS]
Kitchen waste 87.39 30.00 80.00
Garden waste 1.95 40.00 85.00
Paper and cardboard 2.25 50.00 67.34
Inert 1.61 98.00 -
Metals 0.13 88.00 -
Hazardous 0.09 80.00 79.70
Plastics 3.91 95.00 79.70
Flexible polylaminate packaging 0.09 95.00 79.70
Glass 0.00 98.00 -
Wood 2.26 80.00 80.92
Electronic waste 0.08 98.00 -
Diapers 0.24 50.00 66.00
SS-OF (average) - 35.69 74.70

degradation efficiency value of 40 % (ATO Toscana Sud.
Personal communication), somewhat higher than values of
about 30-33 % found in (Chang et al. 2006; Kumar et al.
2010), but less optimistic than values (67-73 %) assumed
in (Boldrin et al. 2011b). The overall amount of compost
was estimated assuming that the TS content of compost is
45 % (ANPA and ONR 2002).

One of the main problems associated with the treatment
of organic wastes in composting facilities is the manage-
ment and treatment of leachates, which present a high
organic load and cannot be stored in the plant (Trujillo
et al. 2006). In open-air composting plants, a leachate may
be formed at certain times of the year when, following
periods of wet weather, the windrow can exceed its dra-
inable limit leading to seepage from the base. In closed
environment, leachate can also be generated by high-
moisture content wastes (such as fruit and vegetables) as it
decomposes (Tyrrel et al. 2008). For the above reasons, and
also because leachate production from composting process
was reported by the companies managing composting
plants in the territory of interest, the production of leachate
from composting was considered according to a specific
value of 0.4 m>/t compost (ATO Toscana Sud. Personal
communication) and, subsequently, its treatment was
included in the analyzed system, according to the simpli-
fied method reported in the paragraph “Wastewater/
leachate treatment.”

Consumptions of electric energy (EE) for composting
process were considered according to a specific value of
21.5 kWh/t (ANPA and ONR 2002).

The output from the aerobic biostabilization is post-
processed in order to separate metals, plastics, flexible
polylaminate packaging, electronic waste, inert, and glass
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producing the process scraps. The scraps represent about
9 % of the biostabilization output and are assumed to be
transported to landfill (average distance 50 km) and land-
filled. Also, the wood parts are separated and recirculated
to the process inlet (about 1.3 % of biostabilization output).

It is assumed that the produced compost is used in
agriculture. As a matter of fact, compost use may generate
avoided effects as it may substitute other soil conditioners
(i.e., chemical fertilizer, manure, or composted agricultural
scraps) generating material and energy preservation, so
impact saving.

The main specific benefits obtainable from compost use
are as follows: carbon storage in the soil by the compost,
avoidance of fossil emissions from the peat substitution,
and nitrogen content addiction (Favoino and Hogg 2008;
Hermann et al. 2011).

In this analysis, according to Hermann et al. (2011), it
was considered that compost can substitute peat and straw
with reference to specific substitution factors, which are
0.79 kg of peat per kg of compost and 0.73 kg of straw per
kg of compost. These factors take into account the carbon
content and its contribution to humus formation, which
allow estimating the long-term carbon sequestration (Her-
mann et al. 2011).

According to Hermann et al. (2011), compost from
industrial composting replaces peat and straw at a ratio of
1:3 based on industrial compost use in the UK, Germany,
the Netherlands, and Switzerland.

Combining these information it is possible to calculate
overall substitution factors for peat (0.186 kg of peat per kg
of compost) and straw (0.56 kg of straw per kg of compost)
by industrial compost. Since CO, direct emissions of both
compost and straw are of biogenic origin, and so neutral
(Hermann et al. 2011; Boldrin et al. 2010), the use of
compost on land could be considered as a saving of fossil
CO, generated from peat substitution, being the specific
CO, emission from peat equal to 1.07 kg CO, per kg of
peat (Hermann et al. 2011). Combining the overall sub-
stitution factor for peat (0.186 kg of peat per kg of com-
post) and the specific CO, emission from peat use on the
land, the specific CO, emission was avoided by the use of
compost on land results equal to 0.199 kg CO, per kg of
compost.

The inventory for Scenario 1 is summarized in Table 3,
including also the consumptions and the sludge production
from the leachate treatment process, according to the
assumptions reported in the paragraph “Wastewater/
leachate treatment.”

Wastewater/leachate treatment

Leachate originated from a composting process—but also
wastewater originated from AD and co-digestion
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g::;:ri)shlljntory table for Input Scenario  Scenario 2 Scenario 3  Scenario 4
! DA Co-DA
SS-OF [t/year] 105,399 105,399 105,399 85,202 20,197
GW [t/year] 12,302 12,302 12,302 12,302 -
Sludge [t/year] - - - - 136,385
Water [t/year] - 53,372 53,401 43,193 -
Methanol consumption [t/year] 15 53 53 45 79
Flocculants [t/year] - 87 87 70 -
EE for AD pretreatments [kWh/year] - 6,395,148 6,395,148 5,169,697 2,499,540
EE for composting [kWh/year] 2,530,572 1,520,068 1,520,124 1,580,496 -
EE for wastewater treatment [kWh/year] 92,906 318,773 318,813 269,809 477,583
EE total consumption [kWh/year] 2,623,478 8,233,988 8,234,085 7,020,003 2,977,124
ET for AD [kWh/year] - 12,187,957 12,187,957 11,203,467 6,632,928
Fuel [t/year] 8 16 64 19 32
Output
Scraps [t/year] 6,136 11,153 11,153 9,016 2,547
Sludge from wastewater treatment [t of 127 436 436 369 654
dry matter/y]

Compost [t/year] 57,844 37,443 37,445 38,880 -
Gross EE production [kWh/year] - 24,569,284 24,569,995 19,862,490 4,864,703
Gross ET production [kWh/year] - 37,204,915 37,205,993 30,077,485 7,366,550
Net EE production [kWh/year] - 16,335,295 16,451,084 12,883,779 1,887,579
Net ET production [kWh/year] - 25,016,958 25,018,036 18,874,018 733,622
NOx emission to air [kg/year] - 29,449 29,450 23,808 5,831
PM emission to air [kg/year] - 5,669 5,669 4,583 1,122
CO emission to air [kg/year] - 55,218 55,219 44,639 10,933
Emissions from transport
CO emission to air [kg/year] 52 102 496 123 202
VOC emission to air [kg/year] 10 20 98 24 40
CH4 emission to air [kg/year] 4 7 33 8 14
NMVOC emission to air [kg/year] 7 13 65 16 26
NOx emission to air [kg/year] 182 354 1,726 430 705
PM emission to air [kg/year] 5 9 43 11 18
SOx emission to air [kg/year] 5 9 46 12 19
CO, emission to air [kg/year] 27,423 53,234 259,696 64,612 105,990

treatments as explained in the following paragraphs—
requires further treatment prior to discharge in a water
receptor body. Activated sludge-based treatment was con-
sidered, estimating the electric consumptions for aeration,
the sludge production, and the methanol consumption for
denitrification, according to a simplified calculation pro-
cedure deduced from the literature (Orhon and Artan 1994;
Sedlak 1991). In particular, starting from an assumed COD
and ammonium content of the wastewater, the oxygen
demand was estimated (4,21 kg02/m3); then, considering a
specific consumption of 0,5 kWh/kgO, and knowing that
aeration consumption is about 60 % of total electricity
consumption, the specific total EE consumption was esti-
mated (3,50 kWh/m3). The methanol consumption

(0,58 kg/m®) for denitrification was estimated calculating
the required additional carbon, with respect to available
COD. Finally, the sludge production was estimated by
means of mass balance (4,79 kgTS/m3).

Scenario 2

Scenario 2 is built around the hypothesis of realizing an
AD plant, for the SS-OF, upstream of each existing aerobic
composting plant. The produced digestate is aerobically
biostabilized, together with the locally available GW, in
each existing aerobic plant. The use of a wet AD process
(8.5 % TS content), equipped with an upstream pretreat-
ment based on a pulper, for the SS-OF was assumed and
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modeled. According to Bozano Gandolfi (2008), the
upstream-pulper-based process is able to remove from the
SS-OF the undesired materials separating a light fraction,
in which plastics, flexible polylaminate packaging, wood,
and diapers are collected (about 6.50 % of the entering SS-
OF), and a heavy fraction, in which paper and cardboard,
glass, metals, and hazardous waste are collected (about
2.47 % of the entering SS-OF). Finally, the pulped material
is screened in a screen with 10-mm holes, removing the
inert present in the initial composition (1.61 % of the
entering SS-OF). Scraps from pretreatment process are
assumed to be transported to landfill (average distance
50 km) and landfilled. The cleaned waste suspension that
subsequently gets into the biological treatment is therefore
characterized by a high percentage of digestible organic
substance. Calculating its TS and TVS content, and
assuming a value of TVS degradation efficiency of 54 %
and biogas volumetric composition equal to H,O = 5 %j;
CO, = 33 %; CH4 = 62 % (Bozano Gandolfi 2008), pro-
duced biogas is estimated. Similar values for biogas com-
position and TVS degradation efficiency can be found in
other literature sources (Pognani et al. 2012; Mata-Alvarez
2003). The input and output flows for the wet AD treatment
line were calculated and reported in Fig. 1,% in reference to
1 ton of entering SS-OF. The specific methane yield results
about 0.260 Nm3/kgTVS of entering SS-OF, falling within
the range of values collected in the literature (Khalid et al.
2011). The produced biogas is used to co-generate EE and
thermal energy (TE) in an internal combustion engine
(ICE). Hence, assuming 0.35 and 0.53 for, respectively,
ICE EE and TE conversion efficiencies and considering the
internal consumptions of EE—equal to 60.68 kWh/ts oF
(Bozano Gandolfi 2008)—and TE—equal to 115.64 kWh/
tss.or (Bozano Gandolfi 2008)—the net EE and TE pro-
ductions were calculated. Also, main atmospheric emis-
sions from ICE were considered, assuming emission
factors for nitrous oxides (NOx: 4,000 kg/ 10° Nm? CH,),
particulate matter (PM: 770 kg/ 10° Nm? CH,), and carbon
monoxide (CO: 7,500 kg/10° Nm® CH,) for methane
combustion in ICE (US-EPA 2000).

The dehydrated digestate from the solid/liquid separa-
tion step requires an aerobic biostabilization process.
Digestate is mixed with the GW amount available at each
plant—according to Table 1—and the mixture is aerobi-
cally stabilized. For this process, the same assumptions
previously reported for composting in paragraph “Scenario
17 are used. Compost obtained from aerobic biostabiliza-
tion of digestate and GW is used in agriculture. The

2 Additional assumptions: TS in wastewater: 0.79 %; TS in digestate
after solid/liquid separation: 27 %; fresh water make-up: 17.73 % of
mass flow exiting from the pulper (Bozano Gandolfi 2008); floccu-
lants consumption: 0.026 % of mass flow exiting from digester
(Bozano Gandolfi 2008).
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beneficial effects were calculated as previously explained,
according to Hermann et al. (2011).

The treatments of the wastewater produced in the AD
(from solid/liquid separation process as shown in Fig. 1)
and of leachate produced in the aerobic biostabilization
posttreatment are accounted for, according to the methods
and assumptions reported in the previous paragraph
“Wastewater/leachate treatment.”

The inventory for Scenario 2 is summarized in Table 3.

Scenario 3

Scenario 3 is built around the hypothesis of realizing only
three AD plants, located upstream of three of the six
existing aerobic composting plants, each of them located in
one of the three provinces (Arezzo, Siena, and Grosseto)
belonging to the south Tuscany territory. The AD plants are
located upstream of the existing aerobic biostabilization
plants A, C, and E. Hence, 20,854 t/year of SS-OF are
transported from plant B to plant A (distance 32 km),
10,002 t/year of SS-OF are transported from plant D to
plant C (distance 60 km), and 15,369 t/year of SS-OF are
transported from plant F to plant E (distance 80 km). The
digestate is aerobically biostabilized in the local plant with
the available GW. The other existing aerobic biostabiliza-
tion plants—without an upstream digester—proceed to
only GW composting. Compost obtained from aerobic
biostabilization of digestate and GW is used in agriculture.
The beneficial effects were calculated as previously
explained, according to Hermann et al. (2011).

All the processes were modeled as for Scenario 2. The
only difference between Scenarios 2 and 3 lays in the SS-
OF transport requirements.

Fuel consumption and pollutant emissions from trans-
port were estimated according to methodology reported in
EMEP/EEA air pollutant emission inventory guidebook
(EEA 2009), considering a heavy duty vehicle with 14-20 t
capacity, fueled by diesel, Euro III, at 60 km/h average
speed.

The inventory for Scenario 3 is summarized in Table 3.

Scenario 4

Scenario 4 is built around the hypothesis of using existing
anaerobic digesters serving WWTPs, in order to realize the
co-digestion of SS-OF and WWTP sludge, according to the
available plants and sludge production previously reported
in Table 1.

The SS-OF requires to be pretreated before being mixed
with the WWTP sludge. A wet pretreatment process—as
described in a previous work (Lombardi et al. 2009)—was
assumed for the separation of the undesired components
from the SS-OF compositions. About 12.61 % of the
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Fig. 1 Input and output SS-OF
material and energy flows of the 1t Light fraction
wet AD treatment line, for 1 ton 3569 TS ¢ 0.%65t
of entering SS-OF 88% TS
Recycled water N Pul
3%2‘/ tT S ulper Heavy fraction
970 0.025 t
53% TS
A 4
Fresh water ] Inert
0.506 t Screening 0.016 t
To AD 98% TS
3.345t NOx 0.279 kg
8.5% TS
PM 0.054 kg
CO 0.524 kg
v Bi
iogas
AD > 112.66Nm® > ICE
Flocculants l
— > ..
0.0008 t lglg%tate
50% TS 219 Gross Electric E
o ©5.09% TS ross Electric Energy 233 kWh
Gross Thermal Energy 353 kWh
Wastewater Solid/liquid «-—
8.078202 ‘tl's s eparati on Intemal consumptions
Net Electric Energy 172 kWh
l To aerobic composting Net Thermal Energy 237 kWh
0.553 t
29% TS

entering SS-OF is sorted out, while the organic remaining
part is mixed with the sludge. The TS and TVS contents of
the remaining part are those reported in Table 2 for the
kitchen waste.

TS (1.7 %) and TVS (68 % of TS) contents for WWTP
sludge were assumed from the literature (Metcalf and Eddy
1991; Vesilind 2003; Bolzonella et al. 2006).

Then, it was assumed to produce a mixed substrate with
an overall TS content of about 5 % (Lombardi et al. 2009),
which is a value similar to that used by Bolzonella et al.
(2006)—equal to 4,1 %—in the co-digestion process
operated at the Treviso plant. The desired substrate can be
obtained mixing 11-12 % w/w of remaining organic frac-
tion and 89-88 % w/w of WWTP sludge. The amounts of
SS-OF consequently acceptable by each WWTP digester
are 9,430 t/year in WWTP1; 5,810 t/year in WWTP2; and
4,957 t/lyear in WWTP3.

Considering the TVS degradation efficiency equal to
59.24 % (Lombardi et al. 2009), the biogas production was
estimated, assuming the following volumetric composition:
H; =0 %; H,0 = 5.48 %; CO, = 43.30 %;
CH,; = 51.22 % (Lombardi et al. 2009). The calculated
specific gas production resulted in about 0.48 Nm*/kgrvs,
equal to 0.246 Nm(3jH4 /kgrys- These values are comparable

with those obtained by Bolzonella et al. (2006), in similar
conditions of co-digestion of sludge and organic fraction of
MSW in the Treviso plant, that are 0.43 NmS/kgTVS as
specific gas production, with 64 % volumetric concentra-
tion of  methane, which results in about
0.275 Nm¢y, /Kgrys-

Electric energy consumption—mainly for the SS-OF
pretreatment and digestate dehydration—was assumed to
be 17.96 kWh per m* of digester feeding stream (Lombardi
et al. 2009), and the thermal energy consumption—mainly
for digester heating—was assumed to be 43.06 kWh per
m°> of digester feeding stream (Lombardi et al. 2009). Both
assumed electric and thermal energy consumption values
will be considered as changing parameters in the result
sensitivity analysis, in particular increasing and decreasing
each specific consumption value of £25 %.

Also, in this case, it was assumed to use the produced
biogas in ICE in order to co-generate EE (conversion
efficiency 0.35) and thermal energy (conversion efficiency
0.53). Also, main atmospheric emissions from ICE were
considered, assuming emission factors for methane com-
bustion in ICE (US-EPA 2000). Assuming that the dige-
state (which has approximately 3 % of calculated TS
content) is dehydrated up to 30 % TS content, the amount
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of dehydrated digestate to be sent to aerobic biostabiliza-
tion was calculated. The separated wastewater is processed
according to paragraph “Wastewater/leachate treatment.”

The overall amount of SS-OF acceptable in co-digestion
(20,198 t/year) is far less than the overall produced amount
(105,399 t/year). For this reason, in Scenario 4, it was
assumed that part of the SS-OF is still processed in devoted
AD plants, as in Scenario 2, while part is transported to the
WWTP. In particular, 9,430 t/year of SS-OF® are trans-
ported from plant A to plant WWTP1 (distance 3 km);
5,810 t/y of SS-OF are transported from plant C to plant
WWTP2 (distance 68 km); 4,957 t/year of SS-OF are
transported from plant F to plant WWTP3 (distance
43 km).

The digestate flows from co-digestion plants are
returned to the existing aerobic biostabilization plants
(from plant WWTPI to plant B, 35 km; from WWTP2 to
plant C, 68 km; from WWTP3 to plant F, 43 km), and they
are composted together with the local digestate and GW.
Compost obtained from aerobic biostabilization of dige-
state (from SS-OF digestion and from SS-OF co-digestion
with WWTP sludge) and GW is used in agriculture. The
beneficial effects were calculated as previously explained,
according to Hermann et al. (2011). Of course the quality
of the compost obtained from digestate produced by co-
digestion of SS-OF with WWTP sludge is expected to be
slightly different from that of compost obtained only from
SS-OF or SS-OF digestate, since the sludge is richer in
heavy metals (Smith 2009; Hospido et al. 2005). However,
independently from the aerobically biostabilized substrate,
the produced compost must respect national law limits—in
reference to Italian situation—in heavy metals and other
substances contents to be effectively used in agriculture;
thus, the potential addiction of such substances to the soil is
expected to be similar, even for the compost obtained from
the digestate produced by the co-digestion of SS-OF and
WWTP sludge.

Fuel consumption and pollutant emissions from trans-
port were estimated according to EMEP/EEA methodology
(EEA 2009), considering a heavy duty vehicle with 14-20 t
capacity, fueled by diesel, Euro III, at 60 km/h average
speed

The inventory for Scenario 4 is summarized in Table 3,
distinguishing the contributions from the AD treatment
lines and from the CO-AD treatment lines.

In order to make comparable the Scenario 4 with the
others, it is necessary to take into account that in this
scenario, an additional input is considered, which is the
overall amount of WWTP sludge. Such an input is not
present in the other scenarios, and consequently, the

3 This is the overall amount of SS-OF of plant A, so in this scenario,
plant A performs only aerobic composting of GW.
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Table 4 Inventory table for avoided processes due to WWTP sludge
conventional digestion

Input
Sludge [t/year] 136- 385
Methanol consumption [t/year] 77
EE for AD process [kWh/year] 636-548
EE for wastewater treatment [kWh/year] 464-618
EE total consumption [kWh/year] 1-101-166
ET for AD process [kWh/year] 1-535-138

Fuel [kg/year]

Output
Sludge from wastewater treatment [t of dry matter/y] 636
NOx emission to air [kg/year] 1-638
PM emission to air [kg/year] 315
CO emission to air [kg/year] 3-072
Emissions from transport
CO emission to air [kg/year] 20
VOC emission to air [kg/year] 4
CH, emission to air [kg/year]
NMVOC emission to air [kg/year] 3
NOx emission to air [kg/year] 70
PM emission to air [kg/year] 2
SOx emission to air [kg/year] 2
CO, emission to air [kg/year] 10,498

comparability would be missing. To avoid such a problem,
the conventional treatment of the WWTP sludge was
considered as an avoided effect for Scenario 4, subtracting
the environmental impacts due to this treatment (which is
equivalent to adding the WWTP sludge effect to the other
three scenarios).

Conventional WWTP sludge treatment was modeled
assuming that the sludge—according to the amounts in
Table 1—is thickened to 5 % TS and digested with an
assumed TVS removal efficiency of 34 %, producing the
biogas with 61 % volumetric of CH4 (Cavinato et al. 2013).
The obtained specific gas production resulted in about 0.29
Nm?/kgrvs, comparable with the value obtained by Bol-
zonella et al. (2006) equal to 0.26 Nm3/kgTV5, in the
digestion of only sludge in the Treviso plant.

Biogas combustion in ICE produces EE and TE
according to the previously assumed conversion efficien-
cies. AD processes internal consumptions of electric and
thermal energy—assumed, respectively, equal to 43.8 and
78.6 kWh/t per ton of sludge with 5 % TS, in the case of
only sludge digestion (Lombardi et al. 2009)—are larger
than the produced EE and TE. As a matter of fact, the AD
of only WWTP requires external input of energy, while
when co-digestion is applied, such consumptions are sup-
plied by biogas extra production. The beneficial effect of
saving those consumptions is hence considered.
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Both assumed electric and thermal energy consumption
values will be considered as changing parameters in the
result sensitivity analysis, in particular increasing and
decreasing each specific consumption value of £25 %.

Also, the WWTP sludge digestate is dehydrated up to
30 % TS, and the resulting waste water is processed
according to the assumptions in paragraph “Wastewater/
leachate treatment.” Table 4 summarizes the inventory for
the above-cited processes. The environmental impacts due
to this inventory will be accounted with a negative sign
(avoided effects).

Electric and thermal energy net production from biogas
was considered as a beneficial effect and, hence, as avoided
production from conventional energy sources. Ecoinvent
database in SimaPro (PRé 2012) was used to make the
inventory of both electric and thermal energy, considering,
respectively, the Italian electric mix and the thermal energy
produced from natural gas combustion in boiler.

Also, for water, diesel, methanol, and flocculants con-
sumptions, inventory was retrieved from ecoinvent data-
base in SimaPro (PRé 2012).

Results and discussion

Results are presented according to life cycle impact
assessment, which examines the mass and energy inventory
input and output data for a product system to translate these
data to better identify their possible environmental rele-
vance and significance. This translation uses, where pos-
sible, numerical indicators for specific subjects or
categories that reflect in some manner the system envi-
ronmental loading or resources depletion for that category.
These indicators then constitute an environmental loading
and resources depletion profile for a system. This profile
with possible further analysis and weighting is intended to
provide an additional useful perspective on the possible

Table 5 Impact assessment results. Characterization values

environmental significance in one or more general areas of
resources, natural environment, and human health.

In this study, environmental indicators according to the
Eco-indicator’95 method have been used (Goedkoop
1995). Ecoindicator’95 method uses nine environmental
effect indicators (greenhouse effect: GHE; ozone deple-
tion: OD; acidification: A; eutrophication: E; heavy metals:
HM; carcinogens: C; winter smog: WS; summer smog: SS;
pesticides: P). Two additional indicators were added: pri-
mary energy consumption (PE), calculated as the sum of
low heating value of energy sources in the inventory; and
SW, calculated as the sum of amount of SW in the
inventory, disregarding their types.

The Ecoindicator’95 effects can be normalized and
weighted to obtain a single indicator score in eco-point
(Goedkoop 1995). Such normalization and weighting steps
were not performed in this study.

Impact assessment

Table 5 shows the impact assessment results in terms of
characterization values, using for each indicator the proper
unit (Goedkoop 1995), in reference to the scenarios pre-
viously defined.

Impact assessment indicators related to digestion and
co-digestion scenarios (n. 2, 3, and 4) have in general
negative values, while aerobic stabilization scenario (n. 1)
ones have positive values, except for GHE, due to the
avoided effect of the use of compost. As a matter of fact,
the introduction of AD allows for energy and emissions
savings through the electric and thermal net energy pro-
duction. This leads to avoided effects and hence negative
values of the indicators, meaning improvements in the
environmental performances. These results are in agree-
ment with other LCA studies in which composting and AD
associated with EE and ET production are compared,
highlighting better performances of AD-based scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 4 +25 % Scenario 4 —25 %
GHE [kgCOxq] —9.95E+06 —-231E+07 —2.29E+07 —2.25E+07 —2.19E+07 —2.31E+407
OD [kgCFCl1 o] 2.08E—01 —1.52E+00 —1.10E4-00 —1.24E4-00 —1.17E400 —1.30E4-00
A [kgSOs¢] 8.95E+03 —3.95E+04 —3.82E+04 —3.83E4+04 —3.64E+04 —4.01E+04
E [kgPOyeq] 5.68E+02 —2.27E+01 1.81E402 —9.06E—01 1.27E+402 —1.22E+02
HM [kgPb,] 4.09E+-00 —-3.40E+01 —3.36E4-01 —3.26E+4-01 —3.13E401 —3.40E+-01
C [kgB[a]P.4] 8.69E—02 —1.01E+00 —1.01E+00 —9.54E—-01 —9.13E-01 —9.97E-01
WS [kgS0,eq] 6.61E+03 —3.82E+04 —3.79E+4-04 —3.73E4+-04 —3.60E4-04 —3.85E4+04
SS [kgCrHyeq] 2.90E+02 —2.84E+03 —2.56E+403 —2.54E+403 —2.42E403 —2.66E+03
P [kg active substance] 0.00E+4-00 0.00E4-00 0.00E+4-00 0.00E+4-00 0.00E+4-00 0.00E+4-00
PE [MJ] 2.71E+407 —2.74E+08 —2.70E+08 —2.58E+08 —2.47E+08 —2.69E+08
SW [kg] 6.26E+06 1.16E4-07 1.16E4-07 1.20E4-07 1.20E4-07 1.20E4-07
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with respect to compost-based ones (Bernstad and la Cour
2011; Bovea et al. 2010). Also, studies based on multi-
criteria method (E1 Hanandeh and El-Zein 2010) show that
AD generally is a better option than composting.

All the environmental effect indicators agree in the
scoring of the considered scenarios, except the SW one
(values in bold in Table 5 highlight the best value for each
indicator).

For the major number of indicators, hence, among the
considered scenarios, the one with the best score is Sce-
nario 2 (six AD plants upstream of each existing aerobic
biostabilization plant); the second ranked one is Scenario 3,
in which three AD plants were assumed; the third ranked is
Scenario 4 in which co-digestion is applied; and the worse
one is Scenario 1, as already highlighted before.

However, indicator values for scenario 2, 3, and 4 are
quite similar. The differences from Scenario 2 to Scenario
3 have to be ascribed uniquely to transport impact to/from
centralized plants. The differences between Scenarios 2
and 4 are due mainly to transport (of both SS-OF and
digestate) and to larger amount of wastewater to be
processed.

The SW indicator is the only one for which Scenario 2
has not the best result. For this indicator, the values are
positive for all the four scenarios. Moreover, for this
indicator, the Scenario 1 has the lowest value. This is due
to the fact that the SS-OF requires more pretreatment
before being fed to AD, with respect to aerobic biostabi-
lization; hence, larger amount of residues are produced.
Contributions to the indicator come from the resulting
sludge in larger amount from wastewater treatment, too.
For Scenario 4, the indicator values are also slightly higher

Fig. 2 Share contributions to 100% -
environmental indicators for

Scenario 2 80% A
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-100% -
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than in Scenarios 2 and 3, due to the fact that higher
amount of sludge from wastewater treatment is produced.

In order to understand how each indicator value is
made up, the contributions from the main sub-processes
included in the inventory are reported for scenarios 2 and
4, respectively, in Figs. 2, and 3. Contributions of main
sub-processes for Scenario 3 (not reported in a devoted
figure for conciseness matter) are similar to those reported
in Fig. 2 for Scenario 2, in general with higher percent-
ages coming from transport of SS-OF to centralized
plants.

The corresponding figure for scenario 1 was not repor-
ted, being the main contribution (>94%) for each indicator
given by the EE consumption for composting process. The
only exceptions are the GHE indicator, where the main
negative contribution is given by the avoided effects for the
use of compost, and the SW indicator, which is made up by
both contributions of scraps from SS-OF and wastewater
treatment sludge.

In Scenario 2, all the indicators are negative (except
SW). The main avoided contributions come from the net
production of electric (AD EE) and thermal energy (AD
TE) from biogas. Among the positive contributions, the
impacts due to ICE emissions and EE consumption for
composting process (compost EE) are the most relevant.

Similarly, in Scenario 3, all the indicators are negative,
with the exception of E (and again SW). The main avoided
contributions come from the net production of electric and
thermal energy from biogas. Among the positive contri-
butions, the impacts due to ICE emissions and EE con-
sumption for composting process are the most relevant to
which the impacts derived from transport are added. It is

B Transport

B Compost use

B Wastewater EE

O Wastewater sludge
B Methanol

@ Compost EE
BADTE

BAD EE

O ICE emissions

W

OAD scraps
B Flocculants
@ Water
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just this latter contribution that is responsible for the
positive value assumed by the E indicator.

Concerning Scenario 4, the avoided impacts derive
mainly from the electric and energy production from AD
biogas use, while a lower contribution is given by the
electric (CO-AD EE) and thermal energy (CO-AD TE)
production from CO-AD biogas. This is mainly due to the
fact that only about the 19 % of the total SS-OF is pro-
cessed in co-digestion. Moreover, the ratio of electric and
thermal energy consumption for SS-OF pretreatment to the
gross production is higher in Scenario 4 than in Scenarios
2-3 (Table 3).

Among the positive contributions, also in this scenario,
the impacts due to ICE emissions and EE consumption for
composting process are the most relevant to which the
impacts derived from transport are added. However,
transport contributions are lower than in Scenario 3, since
the overall amount of SS-OF and digestate transported is
lower than the amount of SS-OF transported in Scenario 3,
with overall lower travelled distance.

For all the indicators, the avoided effects, due to the
avoided conventional treatment of WWTP sludge, are quite
evident and range from about 5 to 16 % for the different
indicators (except E).

Impact assessment improvement

Being the avoided effects from energy recovery so
important for the impact assessment results, it was decided
to perform a kind of sensitivity analysis of results with
respect to preliminary assumptions.

The last two columns of Table 5 report the modified
values of indicators calculated for Scenario 4 in the case of

100% -----mmmmeeesmommeennoeeenooes

B Compost use

O Avoided treatment of sludges
@ Transport

@ Wastewater EE

@ Wastewater sludge
B Methanol

@ Compost EE
OCO-ADTE

BADTE

OCO-AD EE

EAD EE

O ICE emissions
OAD scraps

B Flocculants
@ Water

increasing and decreasing of £25 % the values initially
assumed for the electric and thermal energy consumptions
related to co-digestion and only sludge digestion processes.
Actually, the indicators change by a maximum of £5 %
with respect to the base case of Scenario 4, with the
exception of E, that in the case of 25 %, increase becomes
positive. The overall ranking of the scenarios does not
change. However, some changes happen in the comparison
between scenarios 3 and 4. When the consumptions are
increased by 25 %, A and E of Scenario 4 assume a worse
value than in Scenario 3; when the consumptions are
decreased by 25 %, HM and WS become better in Scenario
4, with respect to Scenario 3.

Then, the attention was focused on thermal energy
effective use and EE consumption for SS-OF pretreatment
in Scenarios 2, 3, and 4.

First of all, the impact assessment calculation was
updated eliminating the net thermal energy availability,
considering that thermal energy is produced just to supply
the internal digestion consumptions, but no net thermal
energy is sold out of the plant (Modification 1). This
assumption is also linked to the fact that in general—at
least in Italy—the heat use is less common in this kind of
plant, mainly due to the distance at which waste treatment
plants generally are from potential heat users. Also,
engines fueled with biogas benefit of incentives for elec-
tricity production (such as Green Certificates in Italy) for
plants based on renewables, making the operation of these
units a viable solution even if no heat is usefully recovered
(Vaja and Gambarotta 2010).

Updated results are reported in Table 6, in which the
best value for each indicator is highlighted in bold. As a
matter of fact, the differences among the values for

* @ Springer
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Table 6 Improvement—

Impact assessment results Scenario 1 Scenario 2 Scenario 3 Scenario 4

Modification 1—disregarding net thermal energy production for Scenario 2, 3 and 4

GHE [kgCOx¢] —9.95E+406 —1.68E+4-07 —1.65E407 —-1.72E+07
OD [kgCFC11 ] 2.08E—01 —8.16E—01 —3.98E—01 —6.47E—01
A [kgSOsq] 8.95E+4-03 —3.26E+04 —3.13E4-04 —3.25E+4-04
E [kgPO4eq] 5.68E+02 6.33E4+02 8.37E+402 5.48E+02
HM [kgPb,4] 4.09E+00 —2.23E4+01 —2.19E+01 —2.28E+01
C [kgB[a]P4] 8.69E—02 —5.28E—01 —5.27E—-01 —5.48E-01
WS [kgS0seq] 6.61E+03 —-3.42E+04 —3.40E4-04 —3.40E4-04
SS [kgCrHyeq] 2.90E+02 —1.44E+03 —1.16E4-03 —1.37E4-03
P [kg active substance] 0.00E+4-00 0.00E+4-00 0.00E+4-00 0.00E+4-00
PE [MJ]] 2.71E+07 —1.58E+408 —1.55E+08 —1.61E+08
SW [kg] 6.26E+06 1.16E+07 1.16E+07 1.20E+07
Modification 2—increasing anaerobic digestion electric consumption for Scenarios 2, 3, and 4

GHE [kgCOxq] —9.95E+406 —2.12E+07 —2.10E4-07 —2.10E4-07
OD [kgCFC11 ] 2.08E—01 —1.34E+00 —9.18E—01 —1.09E4-00
A [kgSOsq] 8.95E4-03 —2.88E4-04 —2.76E4-04 —2.97E+04
E [kgPOyeq] 5.68E+02 6.31E4-02 8.35E4-02 5.28E+02
HM [kgPb,] 4.09E+00 —-2.92E+01 —2.88E+01 —2.87E4+01
C [kgB[a]P.,] 8.69E—02 —9.08E—-01 —9.07E—-01 —8.69E—01
WS [kgS0seq] 6.61E+03 —3.02E4+04 —2.99E4+04 —3.09E+04
SS [kgCrHyeql 2.90E+02 —2.53E+03 —2.25E+403 —2.29E+03
P [kg active substance] 0.00E+00 0.00E+00 0.00E+00 0.00E+00
PE [M]] 2.71E+07 —242E+08 —2.39E4-08 —2.32E4-08
SW [kg] 6.26E+06 1.16E+07 1.16E+07 1.20E+07

Scenarios 2, 3, and 4 for each indicator are reduced. In
particular, it happens that Scenario 4 becomes better than
Scenario 2 for several indicators as GHE, E, HM, C, and
PE. The results are linked to the fact that in general in
Scenario 4, the net thermal energy is about 20 % less that
in Scenarios 2 and 3 (Table 3), so disregarding such a
contribution is less sensitive for Scenario 4 than for the
other two.

According to the modified assumptions, Scenario 4
collects the major number of lowest indicators (five indi-
cators out of ten, excluding P which is always absent).

The second modification (Modification 2) to original
assumptions is related to the internal consumption of EE for
the SS-OF pretreatments prior to being fed to AD process.
Such consumption was originally assumed equal to
60.68 kWh/tss.or. In this analysis, the consumption value
was increased by 50 %, becoming about 91 kWh/tss_oF.
An increase in the internal consumption value means a
decrease in the net EE and, finally, a reduced avoided
effect. The environmental indicators are modified as
reported in Table 6. The indicators for Scenarios 2, 3,
and 4 are in general worse than in the reference case.
Scenario 2 is no more indicated as the best choice for all
the indicators, but only for six out of ten (GHE, OD,
HM, C, SS, and PE). For the other indicators, the best
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values belong to Scenario 4 (A, N, and WS), while no
change results for SW.

However, in both the modified comparisons, the sce-
narios based on the AD of SS-OF still perform better that
the one based on composting.

Conclusion

The possibility of applying AD process of the SS-OF in the
south of Tuscany territory was evaluated. With respect to a
reference scenario, in which the overall amount of SS-OF
and GW—expected in 2013—is addressed to aerobic bio-
stabilization process (Scenario 1), three alternative sce-
narios were proposed, modeled, and compared by LCA.
The first one is based on realizing one AD plant upstream
of each already existing aerobic plant (Scenario 2). The
second one is based on realizing only three centralized
anaerobic plants (Scenario 3). The third alternative is based
on co-digestion of a part of the SS-OF with sludge from
WWTPs in existing sludge AD plants; the remaining part
of SS-OF is processed in devoted AD plants upstream of
each already existing aerobic plant (Scenario 4).

LCA impact assessment results show that AD applica-
tion is always favorable with respect to the reference
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scenario in which organic wastes are aerobically processed.
AD allows for net production of thermal and electric
energy, generating negative impacts due to avoided emis-
sions and avoided resource consumptions.

Among the compared alternatives of AD application, the
scenario based on decentralized plants (one anaerobic plant
upstream of each existing aerobic plant) resulted to be the
most favorable, collecting the best value for all the con-
sidered environmental indicators, except the solid waste
one. This indicator is higher for AD scenarios, because a
deeper separation of undesired material from source-
selected organic fraction is required for feeding the process
with respect to aerobic biostabilization; thus, a larger
amount of scraps is produced. Also, being the considering
anaerobic process a wet one, wastewaters is produced and
sludge from the wastewater treatment is generated, con-
tributing to the solid waste indicator.

Scenario 3, based on three centralized AD plants,
resulted to be the second scored one after Scenario 2. The
values for the considered indicators are in general less
favorable than Scenario 2, but better than Scenario 4 (with
the exception of ozone depletion, acidification, and eutro-
phication). However, indicator values are very close to
those of Scenario 2, being the difference due only to the
additional transport for moving the SS-OF from the local
plant to the centralized one. Indicators increase in a range
from 0.1 to 10 % moving from Scenario 2 to Scenario 3
(except ozone depletion and eutrophication). The choice
between decentralized and centralized anaerobic plant
strategy should be evaluated also from an economic point
of view, which was not the object of this study. In fact in
this study, it was not checked whether the decentralized
anaerobic plant sizes were above the lower limits for the
economic sustainability, which could represent a strong
constraint in planning the proper plant system.

Scenario 4, based on the possibility of co-digesting about
19 % of the total amount of SS-OF, is quite similar to
Scenario 2, because the remaining part is still processed in
decentralized anaerobic plant located upstream of the
existing aerobic ones. Advantages of co-digestion process
are highlighted by the negative impacts due to the avoided
conventional treatment of the wastewater treatment sludge
which are used as co-substrate with the SS-OF. In particu-
lar, co-digestion increases the biogas production, with
respect to only sludge case, allowing for covering the
energy internal consumptions, avoiding the use of conven-
tional resources for such consumptions, and also generating
a net energy production and, thus, avoided effects. Never-
theless, the net energy production in co-digestion scenario
is lower than in traditional AD ones. This issues, together
with the additional impacts due to SS-OF and digestate
transport, makes the indicator values for this scenario, in
general, less favorable than for Scenarios 2 and 3.

The discussed results were found to be quite sensitive to
changes in the assumptions related to energy recovery. In
particular, if net thermal energy is not used, the values of
calculated indicators for Scenario 2 become less favorable.
This indication should guide the local planning toward the
promotion of thermal energy use.

Similarly, if electric energy consumptions of SS-OF
pretreatments are increased, the indicators for AD scenar-
ios are less favorable, suggesting that accurate check of
pretreatment consumptions in reference to a specific bio-
waste should be undertaken before choosing any specific
technology.
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