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Abstract: Given that the pressure of climate change action on companies is increasing, it is recom-
mended to measure the improvement of mitigation activities in terms of GHG emissions. This paper
aims to highlight the still-open aspects that characterise simplified GHG accounting tools, starting
from the outcomes of a case study. This study was performed using a simplified Italian software
for the CO2 eq accounting of composting and anaerobic digestion, two mitigation activities that
contribute an important share of global GHG emissions reduction. The tool is based on the life-cycle
thinking approach. It has been applied to an Italian company that treats the organic fraction of
municipal solid waste. The tool analysis has made it possible to stress several issues that are currently
the object of debate in the literature, for example, the trade-off between the flexibility of the software
and its user friendliness or the multifunctionality issues and their different interpretations. However,
focusing on just one impact category, i.e., climate change, may lead to an incomplete picture of the
overall environmental performance of the process analysed. Therefore, this tool could be improved
by including other impact categories, such as eutrophication and acidification, which may be affected
by the studied activities.

Keywords: environmental assessment; life-cycle thinking; organic waste; climate change; simpli-
fied tools

1. Introduction

The role of greenhouse gas (GHG) emissions as a major cause of climate change has
long been stressed by the scientific community [1–4] as well as the urgency to make effective
decisions [5]. Indeed, systematic and trans-sectoral actions are being undertaken to tackle
that issue [4,6].

About 8–10% of global GHG emissions are caused by food that is not consumed [7].
In the European Union, approximately 118 to 138 million tonnes of bio-waste are generated
annually, only 40% of which are recycled into high-quality compost and digestate [8].
Therefore, there is a potential not yet utilised. Composting and anaerobic digestion (AD) are
considered as mitigation activities for GHG reduction [9] because they decrease landfilling,
recover materials, and, in the case of AD, also derives alternative fuels from renewable
sources [2]. As stated by Manninen et al. [10], biogas, the fuel deriving from AD, constitutes
a significant part of the energy market. The large potential in producing biogas is confirmed
by the European Commission [11]. Substituting fossil fuels with renewable energy and thus
decarbonising the energy sector [12] can help addressing climate change. Renewable energy
promotion is amongst the goals of the European Union’s energy policy [13] and several
other international commitments, such as the Paris Agreement [14]. In such a context, it
is essential to adopt cleaner technologies aimed at mitigating global warming and, at the
same time, to measure their climate performance in order to verify their effectiveness.
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To facilitate performance measurement, different tools have been developed, amongst
which are those that measure the carbon footprint (CF): “CF refers to the total amount
of greenhouse gas (GHG) emissions directly or indirectly produced by an activity or
accumulated during a product life cycle and can be used to evaluate the main environmental
hotspots and the mitigation or improvement measures” [4] (p. 3). Generally, the amount of
GHG is expressed in mass of CO2 equivalent—CO2 eq [2]. The time horizon considered
for calculating the Global Warming Potential (GWP), which is the most common climate
change indicator [15], is often 100 years [16,17]; the same time reference is suggested in
the ISO 14064-1 standard [2]. The concept of CF can be applied either at the company or
product level, which changes the objective of an analysis and, therefore, the boundaries
of a study [4]. CF measurement tools are more widespread in the scientific community,
specifically amongst smart software researchers [18], but also outside [19]. These have
become important reference points for GHG management [20] in both the private and public
sectors. Yue et al. [6] found that after the United Nations [21] Agenda release, the interest in
CF measurement methods, with the related calculation tools, increased amongst researchers.
Over time, several types of CFs have been developed, most of which are based on a life-cycle
approach [1,4] and, in particular, on the Life Cycle Assessment (LCA) method [6]. Thus,
some authors, e.g., [15,17,19], have considered CF as a “simplified LCA” or “single-aspect
LCA” [22] focused on a single impact category: climate change. Simplified LCA is useful
especially for small- and medium-sized enterprises [23], which have limited resources in
terms of time, finance, or skills to perform a more complex study, but also for companies
that choose to emphasise the CF in their corporate disclosure for its communicative power.
Indeed, organisations need to show their efforts in tackling climate change given that
businesses were identified as one of the main actors considered responsible for this issue,
as revealed by the Special Eurobarometer on European perceptions of climate change
survey [24]. CF measurements could be included in the carbon accounting system of a
company [25] and are useful to transform technical data into information for governance by
means of a concise indicator, which could be adapted to a local, national, or international
level or oriented to a specific context. As regards the latter case, several CFs on AD
and composting systems can be found in literature. Vosooghnia et al. [26] stated that
different studies concerning the GHG emissions of AD plants for organic residues have
been carried out and that global warming is one of the most important impact categories
besides eutrophication and acidification. In the same paper, the authors stated the need to
assess the carbon intensity of AD and the use of digestate regarding its benefits related to
carbon storage capacity and the avoided mineral fertiliser production, as also mentioned
by others [27].

Although many studies have been conducted in this field, there is a lack of uniformity
in the applied methods. Bacenetti and Fiala [28], for example, in their CF study on electricity
production from biogas, used an LCA approach and referred to IPCC guidelines [29].
Bartocci et al. [30] applied two LCAs only focused on GHG emissions of several AD
scenarios, namely an attributional LCA and a consequential LCA, with the aim to propose
an environmental indicator together with an economic one for multicriteria decision making.
They referred to Product Category Rules [31] for different purposes, e.g., to set system
boundaries. Vosooghnia et al. [26] carried out a CF of AD according to ISO 14040 [32] and
14044 [33] standards. Concerning composting, Vinci et al. [34] performed an LCA according
to ISO 14040 [32] and 14044 [33], and then, starting from the LCA results, a CF referring to
the guidelines of IPCC [29] was presented.

The abovementioned studies as well as most of those found in literature were per-
formed without any sector-specific calculators for either AD or composting.

However, some tools developed in the private sector specifically for biogas analysis
are available in different forms and level of detail, e.g., the Biomass and Biogas Carbon
Calculator (B2C2) developed by E4tech [35], the NNFCC carbon calculator [36], the Anaer-
obic Digestion Calculator by RENERGON International AG [37], or the Biogas Calculations
tool [38]. In all these cases, mere composting is not provided for. Moreover, GHG-related
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information is not very detailed; indeed, these tools offer also economic and/or technical
information. In most cases, the methodology is not publicly available. Moreover, no specific
tools for the mere accounting of composting activities have been found by the authors.

Sector-specific CF tools could offer suitable and detailed references for default emission
factors per sector [39] and focus on the most relevant phases of the studied product or
activity. For example, Arzoumanidis et al. [23] (p. 424) argued that a simplified tool
developed for the agri-food sector could permit practitioners to carry out an “easy and
relatively fast implementation of LCA with a precise set of data.”

Having a specific tool not only for AD but also for composting processes is important
because composting currently has a significant role in the management of OFMSW even
though the interest in AD is growing (especially in some geographic areas, mainly followed
by a composting process of digestate). For example, in Italy, the OFMSW is treated as
follows [40]: composting (49.2% of the total treated fraction), AD/composting integrated
system (45.7%), and AD (5.1%).

To this end, a tool on the evaluation of CO2 eq for both composting and AD activities
has been proposed by the Italian Composting and Biogas Association (in Italian: Consorzio
Italiano Compostatori—CIC) for their members. The tool provides CO2 eq accounting of the
activities carried out by the member organisations.

The aim of this work is twofold: to test the tool and to analyse its strengths and
weaknesses based on sector-specific literature and to draw more general indications for
CF practitioners.

To date, to the best of the authors’ knowledge, the study presented here is the first
based on the aforementioned tool.

The rest of this article is structured as follows: in Section 2, the methodological
approach is explained, followed by the description of the case study. The results are
illustrated in Section 3. Then, the discussion is presented in Section 4, evaluating the
strengths and weaknesses of the tool. Finally, Section 5 concludes this article.

2. Materials and Methods

In this section, the methodological approach (Section 2.1.) and the description of
the case study (Section 2.2.) are explained. The latter is divided in an illustration of the
main stages of the studied plant (Section 2.2.1.) and, finally, the GHG accounting method
(Section 2.2.2.).

2.1. Methodology of “CO2mpost” Tool

The tool employed in this study is called “CO2mpost” v 1.0, proposed by CIC for their
members. This is a restricted-access online CF tool for activities in the composting/AD
sector. The user can select one of the three types of activities: composting, AD/composting
integrated system, and AD/composting integrated system, including upgrading of biogas.
All types of technologies adopted in Italy are taken into account. The objective of the tool is
the accounting of the GHG emissions limited to the three above-mentioned activities, thus
excluding other plant activities, e.g., wastewater or mixed waste treatment [41]. Therefore,
an allocation may be needed for those flows shared by different processes. The tool is based
on the life-cycle approach, following international standards, such as the GHG Protocol [39],
IPCC guidelines [29], and ISO 14040 standard series. The system boundaries include all
phases carried out within the AD and/or composting plants as well as input/output
transport. The treatment of scraps in dedicated plants is also considered. The biogenic
CO2 emissions are considered neutral. The balance of CO2 eq is computed by considering
the emissions released and avoided during a given time span, e.g., a year. For the GHG
emissions, several activities are considered, covering all three scopes proposed by the GHG
Protocol [39], i.e., (i) consumption of energy and auxiliary materials; (ii) direct emissions
of CH4 and N2O related to the AD and composting activities, including the stationary
combustion of biogas. Only the airborne emissions of gases that potentially contribute
directly to Global Warming, and notably, CH4, N2O, and CO2 are considered. However,
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since CO2 is biogenic, it is considered Global Warming neutral; therefore, it was not
included; (iii) emissions due to the waste treatment from composting and/or AD processes,
which are categorised based on the type of activity, namely landfill, Waste-to-Energy (WtE)
plant, and wastewater treatment; and (iv) emissions from transport of inputs, products,
and scraps with EURO-4 diesel lorries. As regards the energy consumption, the Italian
power mix and the relevant sources used in Italy for heating and transport of goods are
included, i.e., natural gas or diesel oil.

The benefits are credited for the system in the form of avoided CO2 emissions. A first
type of benefits accounted for is related to the compost production and use. It is assumed
that compost can be used in three different contexts. The first is compost application in
floriculture. Benefits may derive from the avoided production of peat and the avoided CO2
eq emissions. Indeed, peat is included amongst the fossilised materials, such as oil, coal,
and natural gas [42]. The second context is the use of compost in agriculture, which avoids
the production of mineral fertilisers. In particular, energy and raw materials resulting in
emission of GHGs are involved in fertilisers production [43]. Regarding the use of compost
in agriculture, another benefit is accounted for, namely its function as a carbon sink. Third is
the use of compost for environmental restoration. In this case, the benefit related to compost
as a GHG reservoir is credited. A second type of benefits is related to electricity and thermal
energy from biogas. The avoided amount of the residual electricity mix is considered given
that it prevents double counting in energy source disclosure [44]. The “residual energy mix
means the total annual energy mix for a Member State, excluding the share covered by
cancelled guarantees of origin” [45] (p. 103). Guarantees of origin are an electricity-tracking
instrument proposed by the European Union to assign generation attributes (energy source
and environmental impacts) to the generated and sold electricity [46]. The aim of the
guarantees of origin is to show that a certain share of energy is from renewable sources [45].
For thermal energy, avoided use of natural gas is accounted for. Other benefits concern
the use of biomethane (in substitution for natural gas) for residential thermal energy and
biogenic CO2 for commercial purposes, obtained from the upgrading process. Finally,
amongst the benefits, the avoided emissions related to the mechanical-biological treatment
(MBT) of organic waste are also included. This process is mandatory before landfilling
undifferentiated organic waste. In this case, the CO2 eq derived from the electricity used,
as well as CH4 and N2O emitted during the treatment stages, are considered as avoided
emissions. For detailed information on the emission factors used, see Table 1. In the online
tool, three Key Performance Indicators (KPIs) are also presented: emissions per tonne of
waste input, avoided emissions per tonne of waste input, and net emissions per tonne of
waste input.

Regarding the structure of the software, the user side of the tool is structured in five
sections: overview, input, results, archive, and support. The first one corresponds to the
home page, where the results of the last analysis carried out are summarised. In this section,
information about emitted, avoided, and net amount of CO2 eq is presented. In the second
section, a pre-set form should be filled in by the user with data concerning the flows of the
investigated process. The results section shows the outcomes elaborated after entering the
input data. Tables regarding the amounts of CO2 eq avoided and emitted are shown, with
the details of the affected phases. Moreover, the three aforementioned KPIs are presented.
The results are also available graphically. The archive is dedicated to the storage of previous
analyses. Finally, the support section contains the manual of the tool, in Italian language,
which is downloadable.
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Table 1. Main emission factors for GHG emissions accounted [41].

Type of Activity Emission Factor Source

Energy consumption
Italian electricity residual mix 0.596 kg CO2 eq/kWh [47]

Renewable resources
hydropower 0.0062 CO2 eq/kWh [48]
photovoltaic 0.069 CO2 eq/kWh [48]
wind power 0.017 CO2 eq/kWh [48]
geothermal 0.074 CO2 eq/kWh [48]

other renewable resources 0.265 CO2 eq/kWh [48]

Fossil resources
natural gas 2.60 kg CO2 eq/m3 [48]

LPG—liquefied petroleum gas 0.935 kg CO2 eq/kg [48]
diesel oil 0.268 kg CO2 eq/kg [48]
gasoline 0.258 kg CO2 eq/kg [48]

Auxiliary materials
consumption

polyelectrolytes 0.332 kg CO2 eq/kg [48]
sulphuric acid 0.116 kg CO2 eq/kg [48]

iron (III) chloride 0.831 kg CO2 eq/kg [48]
amine oxide 4.830 kg CO2 eq/kg [48]

lubricating oil 1.270 kg CO2 eq/kg [48]

Direct emissions
methane, biogenic 27.8 kg CO2 eq/kg [48]

dinitrogen monoxide 265 kg CO2 eq/kg [48]
direct emissions for biogas combustion 0.0296 kg CO2 eq/m3 [48]

Waste treatment
residual waste (to landfill) 0.097 kg CO2 eq/kg Calculated by the tool developer

WtE 0.038 kg CO2 eq/kg [48]
wastewater treatment 0.49 kg CO2 eq/m3 [48]

Transport
in input/in output 0.163 kg CO2 eq/tkm [48]

Compost
avoided unit of peat 0.823 kg CO2 eq/kg [49,50]

avoided unit of nitrogen (N) fertiliser 5.290 kg CO2 eq/kg [49,50]
avoided unit of phosphorus (P) fertiliser 0.520 kg CO2 eq/kg [49,50]
Avoided unit of potassium (K) fertiliser 0.380 kg CO2 eq/kg [49,50]
avoided waste in MBT before landfilling 0.104 kg CO2 eq/kg Calculated by the tool developer

2.2. Case Study

This section is structured in two subsections. Section 2.2.1. provides information
concerning the main stages of the studied plant. Section 2.2.2 is related to the GHG
accounting on the plant.

2.2.1. General Information on the Plant

CF was carried out on an Italian plant operated by ACEA Pinerolese Industriale S.p.a.
(from now on “ACEA”), located in Pinerolo, in the Piedmont region, Italy; the reference year
was 2019. ACEA is a modern multi-utility company, which, in 2019, processed 75,057 tonnes
of organic waste, principally OFMSW (59,103 tonnes), collected from an area of 2200 km2

populated by about 1,000,000 inhabitants distributed over 100 municipalities. The OFMSW
consists of biodegradable waste from kitchens and canteens and local markets. Garden and
park waste are also included.

The source-segregated OFMSW undergoes preliminary treatment to remove plastic
bags containing the waste, ferrous materials, and other bio-components not easily degrad-
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able (nutshells, stones, etc.). Bags are first shredded by means of a bag opener and then
separated in a disc screen. The finer matter is mechanically treated to separate unwanted
material, such as bones, stones, heavy objects, and residual plastic material, to obtain the
solid bio-organic fraction. Hot process water is added to it in a mixer to yield a 10% solid
wet suspension that constitutes the organic humid fraction feed for the anaerobic digester.
The reactor is operated with 14-day hydraulic retention time and operates at thermophilic
temperatures. Three streams get separated from the bioreactor: a gaseous stream of biogas,
inert material (removed at the pre-chamber), and digestate. The latter stream is sent to
the belt press for the recovery of solid sludge for composting, and a liquid fraction is sent
to coagulation-flocculation for water recovery, partially recirculated after water depura-
tion. Composting consists of essentially two phases, both in aerobic conditions, namely
bioxidation and maturing. During the first step, active microbial biodegradation takes
place, while in the second one, the residual organic matter is slowly degraded [51]. A total
of 6317 tonnes of compost were obtained in 2019; compost is spread within a range of
50 km from the plant, mainly for agronomic uses. The co-product was biogas (6,331,164 m3)
combusted in a Combined Heat and Power (CHP) engine to obtain electric and thermal
energy, partially sold. Finally, the scraps from the plant, amounting to 18,305 tonnes, are
sent to a WtE plant located in the same province. This fraction mostly consists of wet plastic
(compostable and non) bags contaminated with organic scraps and small parts of inert
materials. Figure 1 shows both the inputs and the outputs of the plant.
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2.2.2. GHG Accounting

The following phases were included in the analysis: transports of OFMSW to the plant,
AD and composting activities, transport of the compost produced, transport of scraps and
scrap treatment. Physical allocation, i.e., allocation by mass, was adopted to associate the
share of compost to the different uses. To separate the share of biogas produced by means of
AD from other sources, which are collected in the same gasometer, an allocation by volume
was adopted. Finally, an energy allocation was adopted to discriminate the electricity and
heat produced from biogas or from other sources. Moreover, the substitution method was
applied by the tool for accounting the benefits concerning the co-products obtained from
the AD/composting system [33,52]. Benefits on the avoided landfilling of OFMSW were
also included because they are considered by the tool developers as a co-product of the
activity (Figure 2).

As regards the GHG activity data, most of the inputs are primary and site-specific. In
rare cases, secondary data were considered, e.g., the amount of CH4 and N2O per tonne
of dry organic waste introduced in the plant. These data were derived from the Italian
Greenhouse Gas Inventory Report [53] and cited in the manual in case of lack of primary
data. Secondary data were also used for transport. In this case, CIC suggested an estimate
based on national conditions, namely 50 km for the transport of OFMSW to the plant [41].
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3. Results

In Figure 3, an overview of the main results is presented. The activity of AD and post
composting generated a balance of −7710 tonnes CO2 eq in 2019. This amount does not
exactly correspond to the difference between the amounts of the CO2 eq emitted and the
one avoided, which are reported in the same figure. To avoid giving an excessive feeling of
accuracy, the software developers decided that the GHG emission values are to be displayed
on the overview page by showing only a few significant figures. Instead, the computational
model calculates the emissions balance starting from non-approximate values; this may
result in inaccuracies in the displayed balance [54]. In the following subsections, details of
the emitted and avoided CO2 eq are provided.
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3.1. CO2 Emitted

The amount of CO2 eq emitted is 3700 tonnes (Figure 4), about one-third of which
(1090 tonnes) is related to the thermal energy consumption. The second largest share is the
direct emissions (810 tonnes), which can be divided into emissions from AD (630 tonnes)
and emissions from biogas combustion (190 tonnes). Waste and transport activities produce
780 tonnes each. Regarding the waste section, the outcome is principally affected by their
treatment in a WtE plant (700 tonnes). In contrast, concerning the transport impacts, the
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most affecting activity is the transportation of the inputs to the case study plant, which
accounted for 610 tonnes of CO2 eq. Emissions derived from the electricity consumption
(220 tonnes) make up a minor share of the total amount. Finally, the consumption of
auxiliary materials emits the least CO2 (21 tonnes).
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the authors).

3.2. CO2 Avoided

The CO2 eq avoided is 11,400 tonnes (Figure 4). The avoided landfilling with previous
bio-stabilisation generates most of the total benefits (−7810 tonnes). For the benefits account
of this phase, energy consumed and CH4 and N2O emissions during the process of BMT are
considered. The second largest contribution comes from the renewable electricity produced
from biogas (−2220). It is assumed that the part of renewable electricity permits a reduction
of the residual national mix. The third most important contribution comes from the
production of compost (−1090 tonnes) divided as follows: substitution of peat in floriculture
(−130 tonnes), substitution of NPK mineral fertilisers in agriculture (−540 tonnes), and
carbon sequestration in agriculture and environmental restoration (−410 tonnes). Thermal
energy production contributes the least to avoided emissions (−300 tonnes).

3.3. Key Performance Indicators

Regarding the KPIs, the outcomes are divided in 0.049 tonnes CO2 eq/tonne waste
for GHG emissions and −0.15 tonnes CO2 eq/tonne waste for avoided emissions. Finally,
concerning net emissions, the outcome is −0.1 tonne CO2 eq/ tonne waste.

4. Discussion

As a whole, the tool can be considered useful for identifying the main climate change
hotspots of an activity related to AD and/or composting. In Italy, composting is the most-
used treatment process for OFMSW management. At the same time, AD has recently
shown a higher development rate than composting, especially the integrated system [40].
In contrast, overall, in Europe, AD without composting is more frequent than integrated
AD/composting [8]. However, in both cases, this means that AD is assuming an increas-
ingly pivotal role in organic waste management. Given the OFMSW is the most collected
fraction of the urban solid waste [40], a tailored CF tool for AD and composting companies
may become important for the entire sector.

The tool analysed in this study could be adopted for the preliminary detection of the
strengths and weaknesses of such activities, based on which further in-depth analyses could
be carried out for performance improvements. For example, in this case study, outcomes
show that the thermal energy consumption significantly affects the CO2 eq emitted. ACEA
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has been aware of this excess in thermal energy consumption produced by a boiler due to a
lack in efficiency of their previous CHP system, which was subsequently renewed in 2020.
Therefore, it is expected that data from 2021 will show the changes in energy use, which
means that, if the analysis were to be repeated for 2021, the real improvement could be
evaluated. The software can store previous analyses and allows them to be compared to
the most recent ones.

Despite being a simplified tool, for some aspects, the level of detail of this tool is
considerable. For example, during the inventory phase, data on the different final uses
of compost (floriculture, agriculture, or just environmental restoration) and the relevant
amounts need to be entered separately. The software will show the outcomes in terms
of CO2 eq avoided for each final use option, meaning the tool is able to distinguish the
contributions related to the different applications of compost. It is important to capture this
difference because the compost will substitute different products depending on the type of
application, either floriculture or agriculture. Hence, different GHG emissions should be
considered as avoided. In particular, according to Boldrin et al. [43], peat substitution has
a larger potential for emission savings than the spreading of compost on land. However,
obtaining information about the final destination of this co-product could often be quite
difficult for companies [43], as also confirmed by this case study.

Moreover, the consumption of auxiliary materials (e.g., lubricants) is also included
in the inventory, despite their generally lower contribution to the overall impacts, as
confirmed also by this study. For this reason, Møller et al. [27], who conducted a similar
study, excluded them from the accounting. A similar level of detail can be seen for the
flows concerning transport. The contributions related to the transport of OFMSW in input
as well as of compost and scraps in output can be identified separately.

Like in the ISO 14064-1 [2], the accounting of the emissions related to the exported
energy is performed separately. This standard refers to exported electricity as the “electricity
that is supplied by the organization to users outside the organizational boundaries” [2]
(p. 34).

One of the limits of the tool is that it is based on predefined scenarios that could not
entirely represent the reality of a plant. For instance, in the input section, users cannot
change pre-set units of measurement or add any phases or flows besides those already
provided by default. The type of transport (EURO-4 diesel lorries) also cannot be changed.
However, as a result of the last upgrading of regulation [55], based on which incentives are
provided to produce biomethane for transport, an increase in consumption of this biofuel
also in the waste management sector can be expected. Hence, in the future, it may be useful
to add this option to account for the relevant benefit.

The limited flexibility described above, however, seems to be a feature of other sim-
plified tools, such as that analysed by Pattara et al. [1] for accounting GHGs in the wine
sector. On the other hand, in this way, the tool is more user-friendly for non-skilled users,
who simply have to enter the required data after the appropriate calculations where indi-
cated. Moreover, in the case of CO2mpost, the provided manual contains details on the
methodology and examples of how input data should be inserted/collected in order to
avoid mistakes. Furthermore, if site-specific data are not available, sector average values
are suggested for certain inputs. Finally, the rigidity of the model permits to compare
multiple studies given that they are based on the same approach [56].

A critical phase, where special attention is required by the user, is the partitioning of
the flows in case of other activities taking place in the same plant, which are to be excluded
from the system boundaries. This approach is considered as the last option in the ISO 14040
series [32,33] to deal with multifunctionality. However, being a simplified instrument, the
partitioning could be a choice justified by the fact that it is easier than expanding bound-
aries [57]. Nevertheless, a substitution method is adopted by this tool for the inclusion
of avoided impacts as benefits. However, the methodological choice to add, amongst the
substitutes of co-products, the avoided impacts related to not sending waste to MBT is not
frequent in literature, as this is often considered an alternative scenario in comparative LCA
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studies. This might become critical for the reliability and comparability of the results, thus
becoming a potential limitation of the study. However, it is widely accepted that landfills
should be the least-preferred option in waste management from an environmental point
of view [58]; therefore, avoided landfilling may represent an implicit benefit for AD and
composting. For example, Neri et al. [59] expanded the boundaries by adding avoided
landfilling in AD scenarios. The debate on how to deal with multifunctionality is still
open, and the work of Moretti et al. [60] demonstrates that there are different schools of
thought. The Directive of the European Union [45], for example, recommends the allocation
method in the accounting of GHG emissions of co-products from the production and use of
biofuels because “it is easy to apply, is predictable over time, minimises counter-productive
incentives and produces results that are generally comparable with those produced by the
substitution method” [45] (p. 99). In particular, the same Directive proposes an allocation
based on energy content. Wardenaar et al. [57], who studied how different allocation
methods influence the GHG emission outcomes of an LCA on bio-electricity production,
confirm that physical partitioning on energy content is the favoured allocation method for
policy directives.

This tool can also be very useful for small companies that do not have enough re-
sources for commissioning analyses from external practitioners. Indeed, the user’s manual
contains examples and compilation tips; moreover, few operations are required by the
software, and a better understanding of the outcomes is supported by means of graphics
and tables. Graphic contents also facilitate communication to stakeholders and allow
different outcomes from several analyses to be quickly compared. Mode and content of
communication are important aspects, considering the complexity of the argumentation [5]
and the need for simplification in order to adapt fact-based information to a heterogeneous
audience. In this context, CF has become a popular way to raise awareness on the GHG
emissions and their impact on the environment. Organisations could use information
given by a CF to communicate their efforts in dealing with the climate crisis, in accordance
with several regulations and guidelines (mandatory or not). Examples are the Renewable
Energy Directive [45] and its current proposal of amendment [61], in which GHG emission
savings criteria are set for bioenergy, and the JRC Report [62] on the accounting of GHG
emissions and the ISO 14064-1 [2], which provides a guidance at the organisational level
for quantifying and reporting GHG emissions and removals.

In order to make the most of the tool’s potential from a communication point of
view—the major strength of this tool, in the authors’ opinion—it is suggested to use it
to show the relation between the scraps output and the organic waste input. The scraps
are closely related to the quality of the OFMSW, which, in turn, depends on the ability
of citizens to correctly segregate the waste at source. Studying household waste has a
pivotal relevance if one considers that the largest share of the food waste in Europe derives
from the consumption stage [63]. Therefore, this tool could be used to communicate to
citizens the results of different scenarios analyses, changing the quantity of produced scraps,
such as non-biodegradable materials. During the awareness campaign, citizens should be
guided towards a better understanding of how their behaviour may affect the variation
of CO2 eq emissions. In this way, their participation in the management of the integrated
waste cycle may be improved. Indeed, if the quality of OFMSW increases, the quantity of
scraps to incinerate decreases. Despite energy recovery, this activity ranks last in the waste
hierarchy [64] in which, instead, prevention comes first. With increased prevention, the
impacts of transport to the WtE plant would automatically decrease. A simulation using
improvement scenarios could also be useful for a company’s strategic purposes, e.g., when
comparing various types of bags for the OFMSW collection. In a recent study authored
by Dolci et al. [65], who conducted a comparative LCA of food waste management with
different types of collection bags, paper bags have shown interesting results compared to
biodegradable plastic bags.

A tailored tool for a specific sector, such as this one, can contribute to improve the
performance of the related operators. In this case, the software could support companies to
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monitor their environmental performances regarding GHG emissions and to achieve volun-
tary targets. KPIs are considered useful information for the decision-making processes in
this regard, e.g., for the development of biogas technologies from food waste [66]. Similarly,
Sassanelli et al. [67] stated that KPIs could be applied in internal reporting and benchmark-
ing or for improving databases for life-cycle-based analyses. Moreover, they could support
the identification of the environmental and economic benefits of circular economy. In the
case of the KPIs proposed in this tool, which relate the CO2 eq with the amount of organic
waste collected and treated annually, the benefits of circular economy practices on GHG
emissions reduction by means of composting and AD are readily available. They could
even be considered as complementary simplified indicators in the circularity assessment of
an organic waste management system.

Furthermore, if the use of the tool were to become more widespread throughout a
country, more detailed information about the conditions of a specific area could be collected,
filling in gaps in national monitoring of climate change impacts, thus making this tool a
support for policies. It should be noted that geographical factors can affect data related, e.g.,
to the implemented technology, the feedstock composition, or the distance from biowaste
collection points to plants. Just to name an example, in case of lack of primary data for the
transport of OFMSW to the plant, the user’s manual [41] suggests using the national average
value (which is more appreciated), i.e., 50 km. In contrast, Giuntoli et al. [62] recommended
inputting 20 km for the same transport process, as this is the European average value.
Another benefit of sector-specific calculators is the presence of a unique approach, which
assures consistency between assessments, thus allowing them to be compared. For this
reason, it would be advantageous to promote the use of this tool throughout the country to
have sectorial data based on the same methodology for adapting policies to the real context.

A comparison with other tools in the same field has shown that CO2mpost, to the
best of the authors’ knowledge, is the only one that provides results concerning the key
stages and parameters for both AD and composting plants. Therefore, when analysing
AD/composting integrated plants, highlighting the weaknesses and strengths of the system
under study is quick and easy. Although developed for the Italian context, the structure of
this tool could also be replicated in other countries.

However, since the CF is just focused on one environmental impact category, if per-
formed alone, it could lead the company to suboptimal choices [17] from the environmental
point of view because of potential burden shifting [1]. For this reason, future developments
of the tool could include a more holistic environmental analysis considering at least those
impact categories most affected by AD and composting [68], namely eutrophication and
acidification. In this way, potential trade-offs amongst the most important impact cate-
gories could be highlighted. Moreover, being a tool suitable to communication, companies
could use the results of the analysis for obtaining financial support in terms of sustainable
finance if the eligibility criteria of the EU taxonomy [9]—e.g., the impact on local water
or on sensitive ecosystems, species, or habitats—were included. The multifunctionality
issue should also be better clarified for improving the lack of uniformity in this specific
sector, also given the importance of that issue in the field of bioeconomy [60]; indeed, 94%
of the studies reviewed by Moretti et al. [60] on LCAs of multifunctional case studies are
connected to bioeconomy and related sectors.

Moreover, other case studies should be performed with this tool for generalized and
more consistent conclusions taking into account different types of input (for example,
not just OFMSW but also manure), different types of activities (only composting plant or
AD with post-composting, also including upgrading), and different plant sizes. Finally,
an eventual upgrading of the tool should include the use of biomethane as a transport
fuel for accounting the relative benefit, in line with the current (legal) developments of
this co-product.
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5. Conclusions

Given the relevance of climate change issues and the need for mitigation measures
in the organic waste management, the tool CO2mpost adopted has proved suitable for
measuring and communicating CO2 eq emissions of composting or AD plants activities,
including the transport of inputs and outputs. Nevertheless, it is important to underline
that it could be risky to communicate the results of a simplified tool to the public if the
robustness of the tool had not yet been adequately demonstrated. Tools such this could
be also useful for comparisons between AD and composting companies. The software
exhibits different features of others simplified tools. The analysis of the tool and its results
has made it possible to stress several topics currently subject to debate in the literature,
for example, the trade-off between lower flexibility and increased user friendliness of
the software or the multifunctionality issues and its different interpretations. Being a
simplified tool, CO2mpost strikes a suitable balance between simplicity of assessment and
comprehensiveness of results. However, the only impact category considered is climate
change, and this could be a limitation for those practitioners that want to obtain an overall
picture of their environmental performance. For this reason, an expansion of the analysis
to other impact categories that are particularly affected by composting and AD activities
would be appreciable. Future developments of the study will include a complete LCA to
verify by how much the results of the simplified tool differ from those of the LCA and how
many additional resources are needed (time, information, etc.).
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