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ARTICLE INFO ABSTRACT

In 2019 in the world, 45-10° Mt. of Absorbent Hygiene Product (AHP) wastes were produced, and their current
disposal through landfills and incineration is causing greenhouse gas emissions and economic issues. This study
compared the environmental impacts of four AHP-waste treatments calculated through Life Cycle Assessment.
The four AHP-waste treatments included three innovative treatments: the biological process, the mechanical-
thermal conversion of AHP-waste into fluff, the recycling process to recover valuable materials, and the base-
line scenario including landfill and incineration with energy recovery. The functional unit was 1 t of AHP-waste,
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Waste management improvement and the approach was from bin to grave. The evaluation concerned climate change and human toxicity with
Sustainability ReCiPe 2016 Midpoint (H) and non-renewable energy with cumulative energy demand. Among the four treat-

ments, only the recycling of AHP-waste achieved avoided environmental impacts; —2.68 kg CO2 eq./t AHP-
waste, —0.07 kg1,4 DB eq./t AHP-waste, and —26.36 MJ/t AHP-waste, because the rate of recovered material
offset the efforts required to treat AHP-waste. The biological and mechanical-thermal treatment of AHP-waste
reached the same rank position, but the latter could be further improved through an energy valorisation of
fluff. The sensitivity analyses confirmed the trends of the four treatments and underlined the importance of the
proper product recovery rate to counterbalance the effort required by the treatment.

with cellulose (Horie et al., 2004).
In Europe, AHP-wastes are identified with waste code (EER) 150203

1. Introduction

The amount of Absorbent Hygiene Product (AHP) waste depends on
the social and economic conditions of countries (Colon et al., 2013). This
means that accurate quantification of the annual production of AHP-
wastes is not easy to provide (Dhokhikah et al., 2015). Considering
that AHP-waste represents 2-7 % of municipal solid waste (MSW) pro-
duced in the world and Europe, and 2-4 % of MSW produced in Italy
(Colon et al., 2013), in 2019, based on the MSW production in the world
(World Bank, 2019), Europe (Eurostat, 2023) and Italy (Ambiente Italia
Srl, 2019), the annually average productions of AHP-waste were 45 -10°
Mt. in the world, 96.5 Mt. in Europe, and 1.2 Mt. in Italy.

AHP-waste consists of (expressed on volume base) 88.3 % diapers,
3.9 % bedding, 3.7 % dressings, 1.2 black bags, 0.8 % gloves, and 2.1 %
other materials containing body fluids from non-infectious humans
(Liza, 2019), with an average wet weight of 80 g per piece, and moisture
content of about 75.50%w/w. In the last ten years, AHPs were designed
to reduce their weight by - 44 % due to the introduction of super
adsorbent materials (SAP) and the substitution of fossil-based materials
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and 180104, but the End of Waste regulation of 15/05/2019 N62
assessed the specific criteria for heterogeneous polyolefin-based plastic,
SAP, and cellulose, deriving from the recovery of AHP-waste, which
stops being classified as waste, allowing the development of a Circular
Economy (Ambiente Italia Srl, 2019). In accordance with the global
waste management, AHP-waste is not collected in a separate stream, but
they are mixed with municipal solid waste (MSW) and, in accordance
with the study of Arena et al. (2016), 40 % of MSW in the EU-27 is
recycled or composted, 38 % is landfilled, and 22 % is incinerated. AHP-
wastes contain both organic and inorganic fractions, and for this reason,
the possibility of their separation and recycling is greatly complicated.
Typically, in AHP-waste urine and faeces occupied about 76 % w/w of
single-use AHP waste, hence, in the case of landfilling disposal, the
decomposition of AHP-waste requires a long time, and continuous
monitoring (Khoo et al., 2019) because it releases contaminants to
groundwater and soil (Lam et al., 2019). Rather than general bio-waste,
AHP-waste requires more stringent storage and disposal measures, but
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their non-hazardous nature makes them feedstock suitable for the val-
orisation process. The European Waste Framework Directive (WFD;
2008/98/EC and the updated 2018/851) and Circular Economy policy
promote the waste management hierarchy consisting of prevention,
preparation for re-use, recycling of material, recovery (including Waste-
to-Energy) and disposal (Clift et al., 2000). Considering the valuable
materials present in the AHP-waste and their environmental and health
problems, it is necessary to identify new greener technological solutions
to convert AHP-waste into stabilized and high-added value products.
The Sustainable Development Goal 12 of Agenda 2030 promotes the
sustainable practices of production and consumption, which includes
the reduction of toxic substances and proper waste management, hence
a specific analysis of how the environmental impacts of AHP-waste
evolved could be helpful to detect which are the critical aspects of the
waste and identify areas on which technical innovation should focus to
decrease environmental impacts. Life Cycle Assessment (LCA) is a tool
defined in the ISO 14040-44 standards, able to detect and quantify the
environmental impacts associated with a product.

The present study compared the environmental impacts of four AHP-
waste treatments, and among them, three innovative scenarios were
selected in the regional project BIOENPRO4TO; the biological process,
the mechanical-thermal conversion, the recycling technology, and the
traditional treatment defined as the baseline scenario which consisted in
incineration combined with landfill. The adopted approach concerned
the evaluation of the environmental impact through LCA with the
database Ecoinvent 3.7 and the software SimaPro 9.1.1. For all the
investigated scenarios, the functional unit was 1 t of AHP-waste with the
approach from cradle (bin) to grave according to the analysis performed
by Bishop et al. (2021).

2. Literature review

A considerable portion of scientific studies supports and promotes a
shift toward sustainable AHP-waste management to reduce environ-
mental, social, and economic problems.

In recent years, the environmental assessment of AHPs has been
evaluated from cradle to grave and the outputs depicted that the highest
environmental item was the production stage due to the selection of the
materials, followed by the end of life for some impact categories, while
the contribution of manufacturing, packaging, and transport had minor
relevance (Cordella et al., 2015). Most of the LCA studies concerned the
comparison between the production of disposable and reusable AHPs
(Liu et al., 2014) because the first one had an impact related to resources
consumption and waste management, while the second one required
water and energy for the recycling treatments (Cordella et al., 2015). A
second explored area of study about AHP was related to the environ-
mental impacts due to its eco-design (Ghosh et al., 2000) and the
introduction of innovative materials (Mirabella et al., 2013). A third less
explored area of study was the evaluation of AHP-waste disposal. From
an environmental point of view, the most important issue is not the
amount of waste generated, but the impacts associated with their
disposal (Erhart and Erhart, 2022) which depends on the collection
system and AHP brands that influence the AHP composition (Cordella
etal., 2015). One recent study about AHP-waste disposal was performed
by Plotka-Wasylka et al. (2022), which analysed the environmental and
health issues associated with the prevention and mitigation of single-
use, re-usable, and biodegradable AHPs. Considering that many efforts
were done to improve the AHP composition, but the currently employed
materials are irreplaceable, the focus should be moved toward a proper
AHP-waste valorisation aimed to recover the valuable compound.

Consequently, new green technological solutions are necessary to
reduce the environmental and health impacts of disposable AHP-waste.
Among the available technologies, the most studied to clean up AHP-
waste included dimethyl ether extraction, centrifugation extraction,
thermal dehydration, pyrolysis (Liuzzi et al., 2020), and biological
processes like aerobic and anaerobic digestion (Piotka-Wasylka et al.,

357

Sustainable Production and Consumption 38 (2023) 356-371

2022), mechanical and steam sterilisation as the technology promoted
by Ompeco and a combination of thermal-mechanical recycling like the
one designed by Knowaste, and Fater.

The current disposal for AHP-waste is either incineration or land-
filling or a combination of them, but landfilling of biodegradable ma-
terials requires control due to the production of significant emissions of
greenhouse gases (Rossi et al., 2015). Since AHP-waste contains organic
matter, biological process like composting and anaerobic digestion has
been studied in the literature, but the study of Colon et al. (2011) about
the composting of diapers with the organic fraction of MSW, proved that
the stability, and phytotoxicity of the compost were not efficient because
an increase of zinc content was found, which limited the possibility of
composting the product in large amounts. Another problem was related
to the long degradation time required by SAP and its complicated sep-
aration from organic materials, which could contaminate the compost or
digestate in the anaerobic process (Colon et al., 2011). AHP-waste
contains valuable materials, like plastics, fibers, and cellulose pulp,
which can be extracted or recovered and used as secondary raw mate-
rials to produce other products (Khoo et al., 2022).

Among the biological processes, Liza (2019) and Espinosa-Valdemar
et al. (2011) tested at a pilot scale the application of AHP-waste as a
substrate for the growth of the fungus Pleurotus Ostreatus and the
production of animal protein feed. This biological process could guar-
antee the absence of health problems and the stabilisation of waste.
However, in the last ten years, some experimental recycling systems
have been tested by European Commission's Eco-innovation Projects,
but the initial drawback of these techniques was the low quality of the
recovered materials, which can end up in fertilizers and low-value
plastic products. If the quality of the recovered product is not enough
to cover the environmental and economic costs of recycling, the process
is not considerable environmental and economically feasible (Takaya
et al., 2019a). In Europe, only England, Italy, and Netherlands have
technologies to recycle AHP-waste. The technology developed by Kno-
waste Ltd., currently adopted in the United Kingdom (UK), consists of
four steps; shredding of AHP-waste, washing them with a dehydrating
agent, sterilisation, and selective separation into fibre and plastic ele-
ments (Knowaste, 2021). This technology can recycle approximately
360,000 t of AHP-waste annually. In Italy, the AHP-waste recycling
company Fater (processing capacity of about 100,000 t annually) can
recover about 150 kg of cellulose, 75 kg of plastic, and 75 kg of SAP from
1 t of AHP- waste with technology like Knowaste (Fater, 2019).
Recently, the Netherlands implemented a technology to recycle AHP-
waste through multi-step technology; collecting, grinding, washing,
mechanically separating plastic materials, and then granulating them,
and the final waste is only 2 % of the whole AHP-waste treated (Diaper
Recycling Europe, 2020). Recycled materials can be used to produce
construction purposes, cat litter (Diaper Recycling Europe, 2020), stable
supercapacitor electrodes, and energy (Lobato-Peralta et al., 2021).
Based on the literature review and technical report, the most promising
AHP-waste treatment detected at the pilot scale are biological treatment
(Espinosa-Valdemar et al., 2011); mechanical- thermal processes pro-
vided by Ompeco, and recycling as the technology designed by Kno-
waste, and Fater and investigated by Arena et al. (2016). Since, new
waste treatment strategies require significant investments, and struc-
tural modifications, the present study aimed to provide an environ-
mental analysis able to guide the employment at the industrial scale of
the AHP-waste techniques with the lowest environmental impact by
identifying key environmental areas on which to focus.

In scientific literature, the available environmental studies about the
impacts of AHP-waste are the review of Plotka-Wasylka et al. (2022)
about the environmental considerations of AHP-waste from cradle to
grave, and the LCA of Arena et al. (2016) about recycling of AHP-waste.
In the literature, to the best author's knowledge, there are no available
LCA studies about biological treatment using AHP-waste as a substrate
or mechanic-thermal treatment of AHP-waste and their comparison with
recycling and current management of AHP-waste. The novelty of the
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present research was the environmental comparison of innovative AHP-
waste treatments to fill the missing information about these processes
and coupled them with industrial and scientific developments by high-
lighting their pros and cons. The innovative result of this research was
the identification of the technology with the lowest environmental im-
pacts able to replace the current AHP-waste management according to
Waste hierarchy principles.

3. Methods

Life Cycle Assessment (LCA) was performed according to ISO 14040-
14044 (2006) with the database Ecoinvent 3.7 and the software SimaPro
9.1.1. The key information about LCA structure is summarized in Table 1
and deeper explained in paragraphs 3.2-3.6.

3.1. Goal and scope

The goal of the present LCA was the comparison of four AHP-waste
treatments in Italy to detect the environmental impacts and identify
which technique could be the most environmentally sustainable AHP-
waste management. The four AHP-waste treatment processes con-
cerned three innovative treatments: biological, mechanical-thermal
conversion, and recycling, and one baseline scenario consisting of 35
% incineration with energy recovery and 65 % landfill with a 30 % CHjy-
capture system according to Italian AHP-waste management.

The functional unit (FU) was 1 t of AHP-waste, which was chosen to
quantify and compare the environmental impacts of the four different
AHP-waste treatments (Velasco Perez et al., 2021; Arena et al., 2016).
The study was geo-contextualized in North-West Piedmont, a region in
the North-West of Italy, because the mechanical-thermal conversion and
the baseline scenario took place there.

Fig. 1 depicts the system boundaries from the bin to the grave
(Thushari et al., 2020), which were considered to develop the LCA.
Transport of raw material, manufacturing, packaging, and distribution
of AHPs were not included in LCA study because the goal of the study
was the development of comparative LCA of AHP-waste treatments, and
the life cycle inventory (LCI) considered only the activities which differ
between the four AHP-waste treatments (Clift et al., 2000). In the four
scenarios, only the direct consequences of AHP-waste management were
considered, and the environmental impacts of the infrastructures and
capital goods were excluded (Thushari et al., 2020), because they were
less important to the overall results.

The AHP-waste system included the foreground system and back-
ground system in agreement with the study of Clift et al. (2000). The
foreground system was directly involved with reference flow manage-
ment and the background system linked with the foreground system
included energy production, chemical supply, and avoided products
(Thushari et al., 2020).

Multi-output products have been solved by expanding the

Table 1
key information of LCA structure which includes the type of study, aim, envi-
ronmental indices, and system boundary.

Parameters Key information

Type of study
Aim of the study

Comparative study with consequential approach
Comparison of four AHP-waste treatments in the North-West
Piedmont (Italy), to:

e quantify their environmental impacts,

o identify the one with the lowest impact,

e suggest improvements for a more environmentally friendly
AHP-waste management.

From bin (gate) to cradle

1 t of AHP-waste.

System boundary
Functional unit

Type of data Combination of primary and secondary data.
Environmental Climate changes, and human toxicity with ReCiPe
indices 2016Midpoint (H) and cumulative energy demand (CED).
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boundaries of the system to include the avoided primary production by
the recovery of materials and energy from AHP-waste, according to ISO
14040 series. The adopted approach was consequential because LCA
aimed to describe how environmentally relevant flows will change in
response to the selected AHP-waste treatment.

3.2. Life cycle inventory (LCI)

The LCI phase describes the inputs and outputs of the proposed
technologies by referring them to the chosen FU equal to 1 t of AHP-
waste. The three investigated innovative technologies were the biolog-
ical process, the mechanical-thermal conversion, and the recycling
process, whereas the baseline scenario was the combination of 65 %
landfill with CH4 capture and 35 % incineration with energy recovery,
which represents the current AHP-waste management. The four AHP-
waste treatments are detailed and described in the supplementary ma-
terials (SM), and this paragraph provides the inventory of each treat-
ment to understand the process flow diagram.

The AHP-waste composition was considered to evaluate the amount
of biogenic carbon to consider in the environmental evaluation.

The AHP-waste composition was 63.8%w/w organic body fluids,
17.6 % w/w cellulose, 8.5 % w/w SAP, 4.6 % w/w polypropylene, 2.7 %
w/w polyethylene, and 2.8 % w/w other polymers (Liza, 2019). The
elemental composition of AHP-waste consisted of 19.01 % of O, 4.63 %
of H, 76.22 % of C, 0.05 % of S, 0.0051 of N, and 0.08 % of Cl, with a
high heating value (HHV) equal to 10.36 MJ/kg, according to (Fater,
2019).

According to the zero-burden assumption, it was assumed that AHP-
waste did not have any credits related to the impacts released during the
previous stages of their life cycle (Buttol et al., 2007), and considering
the elemental analysis and composition, the calculated biogenic carbon
of AHP-waste was 68%w/w. The only impact of AHP-waste was related
to its transport to the treatment plant, which was assumed equal to 47
km and performed with a lorry 16-32 t Euro 5, for all four investigated
treatments.

The LCA of the biological process was based on secondary specific
data, which came from the studies at the pilot scale of Espinosa-Valde-
mar et al. (2011) and Liza (2019). The complete data to carry out the
biological process are summarized in Table S1 (SM) and Table 2.

The biological process employed the sterilised AHP-waste as a sub-
strate for the fungus Pleurotus Ostreatus and to produce protein animal
feed.

In the biological process, 1 t of AHP-waste was sterilised and washed
with HpO and H30, (Elviliana et al., 2020) by consuming energy and
producing wastewater. After that, the sterilised AHP-waste was cut ho-
mogeneously with a shredder, and then the biological treatment con-
sisted of three phases: a) inoculation, b) first fungi growth in the
darkness and c) second fungi growth with light, but in Fig. 1 and in the
LCI the biological treatment was considered as one process unit since
they occurred in the same reactor. To treat 1 t of AHP-wastes, 0.053 %
w/w of Pleurotus Ostreatus seeds were added. The biological technique
achieved weight and volume reductions respectively equal to 72 and 88
% according to the study of Liza (2019) and Espinosa-Valdemar et al.
(2011). Among the 0.225 t of produced fungi, 0.191 t was used as animal
feed due to its protein contents, and it was considered as avoided
emission, whereas the residual 0.034 t was disposed in the landfill for
biowaste.

The mechanical-thermal conversion of AHP-waste in sterilised fluff
was experimentally tested in a pilot scale plant and designed according
to the patented technology “Disposable Diaper Recycling Process
US005292075A”, and its environmental assessment was based on pri-
mary data. The details of the mechanical-thermal conversion of AHP-
waste are provided in Table S2 (SM) and the inventory data is in
Table 3. This mechanical-thermal conversion of AHP-waste included
mechanical shredding under continuous negative pressure, followed by
the converter, which removed the humidity of AHP-waste, and then by
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Table 2

Biological treatment of AHP-waste. The data are referred to the FU = 1 t of AHP-waste. The input and outputs are provided for each process unit, with the details of the

type of data.

Sustainable Production and Consumption 38 (2023) 356-371

Input/ Type of flow Unit operation Value Reference
output
Collection / AHP waste (t) 1.0 This study
/ Transport (km) with Euro 5 47.0 This study
Washing and sterilisation input Product AHP waste transported 1.0
Energy Pump (kWh) 2.5 Espinosa-Valdemar
et al., 2011
Elemental flow H50 (t) 0.8 Espinosa-Valdemar
et al., 2011
Chemical flow H50, () 0.1 Espinosa-Valdemar
et al., 2011
output Product target of the AHP waste clean (t) 1.0
process unit
Waste Wastewater (t) 0.9 Espinosa-Valdemar
et al., 2011
Reduction of dimension input Product target of the AHP waste clean (t) 1.0
previous process unit
Energy Energy (kWh/t) 5.14  Espinosa-Valdemar
et al., 2011
output Product target of the AHP waste clean with reduced dimensions (t) 1.0 Espinosa-Valdemar
process unit et al., 2011
1 step of fungi growth-II step input Product target of the AHP waste clean with reduced dimensions (t) 1.0 Espinosa-Valdemar
of fungi growth- previous process unit et al., 2011
Product flow inoculum seed of fungi (g) 533.0 Espinosa-Valdemar
et al., 2011
Energy electricity (kWh/t) for aspiration of 1° growth per incubation 1.4 Espinosa-Valdemar
chamber et al.,, 2011
Energy electricity (kWh/t) for aspiration of 2° growth per incubation 1.4 Espinosa-Valdemar
chamber et al., 2011
output Product target of the fungus residues (kg) 225.1 Espinosa-Valdemar
process unit et al., 2011
Waste waste residues (kg) 774.9 Espinosa-Valdemar
et al., 2011
Disposal scenario and Disposal in biowaste landfill: transport (km/t) with Euro 5 15.0 Espinosa-Valdemar
transport on road et al.,, 2011
Production for animal feed input Product target of the fungus residues (kg) 225.2 Espinosa-Valdemar
previous process unit et al.,, 2011
Energy energy for production (kW/t) 0.2 Espinosa-Valdemar
et al., 2011
output Avoided product Animal feed recovered and considered as 85 % of fungus residues ~ 191.4 Espinosa-Valdemar
(kg) et al., 2011
Waste Waste (15 % of fungus residues) (kg) 33.8 Espinosa-Valdemar
et al., 2011
Disposal scenario and Disposal in biowaste landfill for municipal waste. Transport to 15.0 This study

transport on road

landfill of waste, with lorry >32 t, Euro 6 (km)

The bold is used to underline the avoided products, which means discounted environmental impact.

sterilisation at 150 °C aimed to remove the pathogenic carrier.
Mechanical-thermal conversion technology transformed 1 t of AHP-
waste into 630 kg of fluff, which was disposed in the landfill, and 370
L of wastewater to treat in the wastewater treatment plant (Ompeco,
2019).

The LCA of the recycling process was based on secondary specific
data, which came from the studies at the pilot scale of Fater (2019), and
the patented technology “Equipment and Process for Recycling Absor-
bent Sanitary Products ITTO20111092A1”. The complete data to carry
out the recycling process are summarized in Table S3 (SM) and Table 4.

The recycling technology aimed to recycle cellulosic and plastic
fractions from the sterilised AHP-wastes. The first step included the
sterilisation in a horizontal cylindrical autoclave able to treatin 4 h 1 t of
AHP-waste then the sterilised AHP-waste was sent to a sorting machine,
and 83 kg of SAP, 170 kg of cellulose, and 65 kg of plastics was recov-
ered. The recovered materials could be used in different applications:
cellulose is used in paper mills to produce cardboard as a substitute for
virgin cellulose pulp and starch and plastic can be further employed as
filler for 3D printing.

The LCA of the current AHP-waste management was based on pri-
mary data coming from the landfill and the incineration plant (located in
the North-West of Piedmont, Italy), and the latter was recently
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investigated in the study of Barracco et al. (2023) for the management of
municipal solid waste (MSW). The data about the current AHP-waste
management is reported in Table 5. The baseline AHP-waste treatment
scenario consisted of 35 % in incineration with energy recovery and 65
% in landfill with 30 % of CHy-capture capacity and conversion in en-
ergy to run the landfill. The incineration with energy recovery consisted
of a combustion unit at 800 °C, followed by a steam generation unit, an
energy generation unit to produce energy to sell. The wastes of incin-
eration were treated as followed: bottom ashes were sold as clinker filler,
the fly ashes were recovered in the fly ashes removal section and sent to
a German mine, and the CO4 was captured in the CO5 capture-unit.

According to AHP-waste management in the Nord-West part of
Piedmont, the distances of landfill and incineration with energy recov-
ery from the collection centre were 15 km. For the incinerator, the en-
ergy recovered was 1973 MJ/t of AHP-waste burned since the high
heating value of AHP waste is 10.36 MJ/kg.

3.3. Life cycle impact assessment (LCIA)
Life cycle impact assessment was performed with ReCiPe 2016

Midpoint (H) method and cumulative energy demand (CED). With
ReCiPe 2016 Midpoint (H) the following impact categories were
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Table 3

Mechanical-thermal conversion of AHP-waste into sterilised fluff. The data are
referred to the FU = 1 t of AHP-waste. The input and outputs are provided for
each process unit, with the details of type of data.

Sustainable Production and Consumption 38 (2023) 356-371

Table 4
Recycling of AHP-waste. The data are referred to the FU = 1 t of AHP-waste. The
input and outputs are provided for each process unit, with the details of the type
of data.

Input/ Type of Unit Value References Input/ Type of Unit Value Reference
output flows operation outputs flows
AHP waste Input / AHP waste 1.0 This study AHP waste AHP waste (t) 1.00 This
collection (t) collection study
/ Transport 47.0 This study Transport (km)  47.00 This
(km) with with Euro 5 study
Euro 5 Sterilisation input Product AHP waste 1.00 (Fater,
Output Product AHP waste 1 flow transported (t) 2019)
() Elemental Water (m3) 0.50 (Fater,
Comminution input product AHP waste 1 This study flow 2019)
(1) Energy flow  Autoclave 2.50 (Fater,
Energy Energy (MJ/ 1.69 This study (kWh/t) 2019)
t) based on output Waste flow Wastewater for 0.50 (Fater,
technical treatment 2019)
sheet of the municipal
equipment plant (m3)
(MOCO ES Product AHP waste 1.00 (Fater,
04, target of the sterilised (t) 2019)
Germany) process unit
output Product AHP waste 1.0 This study Dryer input Product AHP waste 1.00 (Fater,
target of reduced and ( target of the  sterilised (t) 2019)
the dimensions Ompeco, previous
process (1) 2019) process unit
unit Energy flow  Energy to dry 1.44 (Fater,
CONVERTER: input Product AHP waste 1 (kWh/t) 2019)
Evaporation, target of reduced output Waste flow Wastewater 0.36 (Fater,
sterilisation the dimensions (m3) 2019)
and cooling previous (1) Product AHP waste dry 0.64 (Fater,
down process target of the (1) 2019)
unit process unit
Energy Energy (MJ/ 9 This study Mechanical input Product AHP waste dry 0.64 (Fater,
t) separation target of the (1) 2019)
output Product Fluff 630 This study previous
target of production and ( process unit
the (kg) Ompeco, Energy Energy to 3.58 (Fater,
process Production 2019) separate 2019)
unit factor = (kWh/t)
63.0 % Output Avoided Recovered SAP 0.083 (Fater,
based on product ® 2019)
AHP-waste Avoided Recovered 0.065  (Fater,
treated product plastic, (t) 2019)
Waste Wastewater 370 This study Avoided Recovered 0.17 (Fater,
(L) and ( product cellulose, (t) 2019)
Ompeco, Waste SAP waste (t) 0.047 (Fater,
2019) 2019)
Disposal Transport 15 Primary Waste Plastic waste 0.024  (Fater,
scenario with lorry data from (1) 2019)
and >32 t, Euro this study Waste Cellulose waste 0.05 (Fater,
transport 6 to dispose (1) 2019)
on road the fluff. in Waste No separated 0.178  (Fater,
inert waste waste (t) 2019)
landfill (km) Disposal Transport with 15.00 This
scenario lorry >32 t, study
and Euro 6 to
considered: global warming potential (kg CO; eq.) and human toxicity transport dispose the
on road fluff. in inert

(kg 1,4-DBeq) because the attention was focused both on the environ-
mental quality (Somers et al., 2021) and human health (Rajesh, 2021),
and because studies were available in the scientific literature for com-
parison. Whereas the CED method was employed to evaluate the energy
impact of the proposed AHP-waste treatments considering the total
energy required and saved in the whole process (Somers et al., 2021),
especially for the evaluation of mechanical-thermal processes, which
were energy expensive.

3.4. Interpretation data and sensitivity analysis

The last step of LCA was the interpretation of the results to evaluate
the achievement of the goal. Two sensitivity analyses were performed to
prove the consistency of the results. The first one concerned the varia-
tion of process efficiency in the range of +5 % because, in the present
LCA, the efficiency of the AHP-waste treatment played a key role in the
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waste landfill.
(km)

The bold is used to underline the avoided products, which means discounted
environmental impact.

evaluation of the environmental impact.

The second sensitivity analysis considered the variation of AHP-
waste transport in the range of +£10 %, because the study of (Golecha
and Gan, 2016), proved the mutual influence and dependency between
biomass yield density (t/ haey), supply distance (km) and environmental
impacts. Whereas the variation of AHP-waste composition was not
considered because the study of Arena et al. (2016) proved, through the
sensitivity analysis of the LCA, that the variation of AHP-waste-
composition did not influence the results of LCA.
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Table 5

Baseline treatment of AHP-waste. The data are referred to the FU = 1 t of AHP-waste. The input and outputs are provided for each process unit, with the details of the

type of data.
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Input/ Type of flow Unit Value References
output
Collection output / AHP waste (kg) 1000.0 This study
/ Transport (km) with Euro 5 47.0 This study
Combustion unit Input / Rate of AHP waste destinated to incineration (%) 35 This study and Eurostat
(2019)
/ Waste for incineration (kg) 350.00  This study and Eurostat
(2019)
Elemental flow Air for combustion (kg) 2205.00  Incineration plant
Energy flow Consumed energy (MJ) 94.50 Incineration plant
Output Avoided burdens Bottom ashes (BA) (kg) 73.50  Incineration plant
Output Product target of the process unit Incineration gases + fly ashes (FA)(kg) 2484.30  Incineration plant
Made up of
e Fly ashes (FA) = 7.00
o Flue gas (kg) = 2477.30
Steam generation Input Product target of the previous Incineration gases + fly ashes (FA)(kg) 2484.30  Incineration plant
process unit
Elemental flow Water (kg) 752.50 Incineration plant
Heat/energy flow Heat from incineration gases (MJ) 2495.50  Incineration plant
Output Co-product (mass allocation) Incineration gases + fly ashes (FA) (kg) 2484.30  Incineration plant
Product target (mass allocation) Steam (kg) 752.50 Incineration plant
Energy Input Product target of the previous Steam (kg) 752.50  Incineration plant
generation process unit
Energy flow Energy consumed (MJ) 619.50 Incineration plant
Output Product target of the unit Energy produced (MJ) 690.55  Incineration plant
Avoided burdens Electricity, avoided product (MJ) 276.22  Incineration plant
Conversion factor = 40 %
Avoided burdens Heat, avoided product (MJ) 379.80  Incineration plant
Conversion factor = 55 %
Waste Low-pressure steam (kg) 752.50 Incineration plant
FA removal unit Input Co-product of steam generation Incineration gases + fly ashes (FA) (kg) 2484.30  Incineration plant
unit
Energy flow Energy consumed (MJ) 94.50  Incineration plant
Output Products target of the unit Incineration gases (kg) 2477.30  Incineration plant
Hazardous waste Fly ashes (FA) (kg) 7.00 Incineration plant
Transport to German mine Transport of waste, with lorry >32 t, Euro6 (km) 260 Landfill plant
CO, capture Input Products target of the previous unit ~ Incineration gases, (kg) 2477.30  Incineration plant
system Product (chemical) flow MEA, (kg) 0.75  Incineration plant
Elemental flow Aqueous solution water, (kg) 0.06 Incineration plant
Energy flow Electricity, high tension, (MJ) 0.17  Incineration plant
Heat/energy flow Heat, from steam, in chemical industry {RER}, (MJ) 7.08  Incineration plant
Output Product waste Flue gases, kg + MEA lost (kg) 2476.94  Incineration plant
Waste Biogenic CO,, (kg) 0.12  Incineration plant
Waste Fossil CO,, (kg) 0.08 Incineration plant
Waste Steam (kg) 0.16 Incineration plant
Waste condenser liquid (kg) 0.96  Incineration plant
Landfill Input / Rate of AHP waste destinated to landfill (%) 65.0 This study
/ AHP waste in landfill (kg) 650.0 This study
Energy flow Electricity demand for gas collecting to capture GHGS (kWh/ 5.2 Landfill plant
m°3landfill gas)
/ Efficiency of the landfilling system with gas recovery (%) 30.0 Landfill plant
Transport on road Transport of waste, with lorry >32 t, Euro6 (km) 16.2 Landfill plant
/ CH,4 emitted (m®) 3.0 Landfill plant
Energy flow Energy produced from captured CH,4 (kWh) 5.16  Landfill plant
Conversion factor = 40 %
CH,4 captured (m®) = 1.3
4. Results

The proposed LCA evaluated the life cycle of AHP-waste treatment
by comparing the environmental impacts of four AHP-waste treatments.
Table 6 reports the main results achieved from the four AHP-waste

Table 6

LCA results of biological process, mechanical-thermal conversion, recycling
processes, and baseline scenario, considering the functional unit (FU) = 1 t of

treatments in the three impact categories considered; climate change
and human toxicity with ReCiPe 2016 Midpoint (H) and cumulative

energy demand (CED). The discussion of the treatment was done one by
one in the following paragraphs and then the obtained results of LCA
were critically compared with those of the scientific literature to detect
consistency with the methodological choices and if different methodo-
logical choices can lead to convergence or divergence of main findings.

AHP-waste.
Climate change kg =~ Human toxicity kg Cumulative
CO; eq./t AHP- 1,4 DB eq./t AHP- energy demand
waste waste MJ/t AHP-waste
Biological 43.95 4.60 54,49
Mechanical- 29.54 6.39 99,18
thermal
conversion
Recycling —2.68 —0.07 —26,36
processes
Baseline scenario 136.17 25.07 208.43
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4.1. Environmental evaluations of biological treatments

The biological treatment consisted of sterilisation of AHP-waste, and
reduction of their dimensions to obtain a homogeneous substrate on
which fungi can grow. At the end of the process, 85 % of the residual
fungi can be converted into animal feeds, whereas the waste of the
process which was equal to 407.8 kg (374 kg of AHP-waste substrate and
33.8 kg of fungi waste) can be disposed in the landfill for bio-waste.
Based on the author's knowledge, there are no available LCA studies in
the literature about fungi treatment using AHP-waste as substrate, hence
the comparison of the achieved results has been done with LCA studies
about other biological treatments of AHP-waste (anaerobic digestion
and composting) and with biological treatment of others type of waste
(like bioplastics).

In the biological process, the climate change, human toxicity, and
CED were respectively 49.3 kg CO; eq./ t AHP-waste, 4.6 kg 1,4 DB eq./
t AHP-waste, and 54.5 MJ/ t AHP-waste. In the climate change category,

Climate change of biological process
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the process items with the highest impact were the wastewater treat-
ments (900 L) and the landfill for bio-waste, (407.8 kg of residues),
which contributed 51.55 and 29.7 %, respectively to the total climate
change impact. The bottleneck of the biological process was the amount
of waste produced as wastewater and biowaste, because in accordance
with the study of Donzella et al. (2022), in the biological processes, the
amount of produced waste is usually higher than the amount of product.

It is of interest to evidence that the biological process for the growth
of fungi required a small quantity of energy, indeed the energy contri-
bution in the process represented 3.84 kg CO; eq./ t AHP-waste, in
accordance with the study of Khoo et al. (2022), whereas the energy
required to treat the wastewater and bio-waste represented the highest
energy requirement according to the study of Kothari et al. (2010).

The pro of the biological process was the production of animal feed,
which was considered an avoided product, hence it represented an
environmental impact discount equal to —16.97 kg CO; eq./ t AHP-
waste.

B AHP waste transport

B Hydrogen peroxide

| Sterilisation Energy

B Wastewater from
sterilisation .

H Reduction of dimension
Fungi growth

m Biowaste to disposal

Animal feed

B AHP waste transport

m Hydrogen peroxide

| Sterilisation Energy

B Wastewater from sterilisation

B Reduction of dimension
Fungi growth

m Biowaste to disposal

Animal feed

Cumulative energy demand of biological process
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B AHP waste transport
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B Wastewater from sterilisation
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Fig. 2. Contribution of each process item to the environmental impacts in the biological process considering the impact categories climate change, human toxicity,

and cumulative energy demand.
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In the human toxicity category the impact was in line with others
biological process like bioplastic degradation (Bishop et al., 2021) and
the result ensured that the biodegradation of AHP-waste can be carried
out safely for human health, as reported in the study of Espinosa-Val-
demar et al. (2011). In human toxicity, the process item with the highest
impact was the hydrogen peroxide used for the sterilisation of the AHP-
waste, according to the study of Bishop et al. (2021).

Currently, the available biotechnologies to treat AHP-waste at
technological readiness level (TRL) 4 are anaerobic co-digestion of food
waste and nappy for biogas production (Zagklis et al., 2021) and com-
posting (Mirabella et al., 2013). In all the considered impact categories,
the co-digestion of food waste and nappy for biogas production carried
out by Zagklis et al. (2021) achieved an impact of 45 % lower rather than
the investigated biological process (in the present study). The reason
was that the study of (Zagklis et al., 2021) recovered energy from the
produced biogas and used it to cover the energy effort of the process and
the digestate was composted and not landfilled. According to Waste
Framework Directive, composting is preferable to landfill because
composting can valorise waste through the production of compost
(valuable product for soil application), whereas landfill is only waste
disposal which leads to impact (Fig. 2).

4.2. Environmental evaluations of mechanical-thermal stabilisation of
AHP-waste

The mechanical-thermal conversion of AHP-waste into sterilised
fluff, which was then landfilled, reached the following impacts in
climate change, human toxicity, and CED: 29.54 kg CO; eq./ t AHP-
waste, 6.38 kg 1,4 DB eq./ t AHP-waste, and 99.18 MJ/ t AHP-waste,
respectively.

In this process, no-avoided impacts were detected, because the
mechanical-thermal conversion of AHP-waste aimed to sterilise and
reduce the volume of AHP-waste to dispose of without recovering ma-
terials and/or energy.

The produced fluff represented 63.0 %w/w of the initial AHP-waste,
and it should be further valorised for energy recovery, but in the present
study, the energy production was not considered, because it was not still
implemented in the tested pilot plant. The fluff could be employed as
feedstock to produce hydrogen through dark fermentation and ther-
mochemical process (Malsegna et al., 2021). The studies of Liberato
et al. (2019) and Zagrodnik and Seifert (2020), proved that dark
fermentation could be performed on the fluff with Clostridium sp., which
is an anaerobic bacterium able to metabolize several substrates,
including cellulose, and convert them into valuable products.

In the scientific literature, there is no available environmental study
about the mechanic-thermal process like the present mechanical-
thermal conversion of AHP-waste. To sterilise and reduce the volume
of AHP- waste, previous studies investigated  hydro-
thermal-carbonization (HTC) to convert AHP-waste with high humidity
in hydrochar (Budyk and Fullana, 2019) and pyrolysis to produce an
energy vector (Lam et al., 2019). HTC and pyrolysis like sterilisation can
prevent microbial growth and sanitary problems (Hoffmann et al.,
2020). According to the study of Lam et al. (2019), pyrolysis of the fluff
derived from AHP-waste reached higher performance than the one
performed with AHP-waste as well, because the AHP-wastes have higher
moisture content than fluff derived from AHP-waste.

These results proved that mechanical-thermal conversion of AHP-
waste in fluff could be an intermedia process for the further valor-
isation of fluff for energy production.

Gerina-Ancane and Fiduka (2016) used AHP-waste as feedstock for
pyrolysis to produce syngas with a high calorific value equal to 34. 40
MJ/kg, oil with valuable compound, and char with high calorific value
in a range of 15.95-18.08 MJ/kg. The study of Lam et al. (2019) stated
that products of fast pyrolysis can be further valorised; in detail, the oil
could be employed as chemical additives, cosmetic products, and fuel
due to the high contents of alkanes and esters, meanwhile, the biochar
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could be a soil amendment because it has high carbon content without
sulphur compounds.

The mechanical-thermal conversion did not use chemical reagents or
combustion principles; hence air pollution and harmful vapours were
not released into the environment and consequently, the impacts on
human health and toxicity were not relevant according to the study
performed by Ompeco (2019). The health risk of disposable AHP-waste
concerns the potential sanitary and health issues relating to exposure to
different kinds of pathogens and other contaminants since currently
AHP-waste are treated with MSW. The human toxicity impact of the
mechanical-thermal technology was due to the treatment of wastewater,
which counted for 32 % of the total impacts.

Both in terms of climate change and human toxicity categories, the
landfill disposal contributed to the total impact of 31 and 32 %,
respectively. The considered landfill was a landfill for inert material,
since fluff was a sterilised and stabilized material, hence the emissions
mainly derive from gases emission rather than leachate (Mirabella et al.,
2013). However, these results proved the necessity to valorise the waste
for material and energy production. Considering the energy consump-
tion, through the CED evaluation, the process reached a high energy
impact since it was a high energy-consuming process, and in its process
flow design, there is no processing unit aimed to energy recovery, which
can represent avoided burdens. The energy impact of the mechanical-
thermal process was 40.28 MJ/ t AHP-waste and the only converter
unit represented 80 % of this consumption.

The CED results highlighted the necessity of including energy re-
covery (which means avoided burdens) in AHP-waste treatment and
recycling. Indeed, according to the analysis of Somers et al. (2021), the
CED increases when the recovery of energy and materials in the process
is not enough to counterbalance the primary production of the material
itself (Fig. 3).

4.3. Environmental evaluations of recycling treatment of AHP-waste

The recycling technology consisted of the recovery of valuable ma-
terial through the stabilisation and elimination of the organic matter and
possible pathogenic compounds of AHP-waste. The main process phases
were autoclave, dryer, and mechanical separation to recover 8.3 % of
SAP, 16.75 % of cellulose, and 6.52 % of plastics based on the amount of
AHP-waste treated. In the recycling process, the efficiency of material
separation, and their emissions agreed with the study of Takaya et al.
(2019a), which adopted similar technology.

In the recycling process, the climate change, the HT and CED were
respectively —2.68 kg CO; eq./t AHP-waste, —0.07 kg 1,4 DB eq./t AHP-
waste and —26.36 M.J/t AHP-waste.

The above-mentioned results prove that the recycling process avoi-
ded impacts in all the considered impact categories due to its capability
to recover the proper quantity of valuable materials and counterbalance
the energy effort and utilities required to run the process, according to
the recycling principle of the Waste Hierarchy Framework (Willskytt
and Tillman, 2019; Zagklis et al., 2021).

In all the three considered impact categories, the recovery of cellu-
lose was the item with the highest contribution to the avoided emissions
because cellulose was the material with the highest rate of recovery
(16.75%w/w), whereas the items of the process with the highest impacts
were the dryer unit, followed by the wastewater treatment and AHP-
waste collection. The high impacts of the dryer unit and wastewater
were due to the high moisture content of the AHP-waste (Liza, 2019).

For all the considered impact categories, the recycling process
proved that to achieve a negative impact it is mandatory that the rate of
material recovery must be able to counterbalance the impact of the
whole process. This result agreed with the document “Environmental
analysis of the collection and recycling of absorbent sanitary products”
conducted by Fater (2019) which exhibited similar technology, the same
functional unit, and boundary conditions.

In the recycling process, the avoided emissions for climate change
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Fig. 3. Contribution of each process item to the environmental impacts in the mechanical-thermal process of AHP-waste, considering the impact categories climate

change, human toxicity, and cumulative energy demand.

and human toxicity categories, due to the separation and recovery of
cellulose, SAP, and plastic agreed with the ones obtained by the project
Horizon EMBRACED (Establishing a Multi-purpose Biorefinery for the
Recycling of the organic content of AHP waste in Circular Economy
Domain, ID 745746) which adopted similar technology (Horizon, 2020,
ID 745746) and boosted the worldwide adoption of this technique. The
RECALL project investigated a process similar to this investigated
recycling treatment, but in the RECALL project the unsorted streams
were considered as feedstock to produce energy through incineration,
which means avoided products and reduction of the total environmental
impacts. Specifically, the RECALL project achieved —14.9 kg CO5 eq./t
AHP-waste, through the energy recovery from refined streams, which
means a +5.52 % of reduction of impact compared to the present study.
This result underlined the key role of energy recovery to reduce the total
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environmental impacts.

In this present investigated recycling technology, the recovered
materials could be used in different applications: cellulose is used in
paper mills to produce cardboard as a substitute for virgin cellulose
pulp, and starch and plastic can be further employed as filler for 3D
printing (Arena et al., 2016).

The study of Arena et al. (2016) investigated the environmental
impacts of AHP-waste treatment through a process partially similar to
the one investigated in the present study, but after the sterilisation of
AHP-wastes and the separation of cellulosic in a sorting machine, the
process of Arena et al. (2016) proposed the new integrated recycling
scheme able to employ the cellulose fraction as feedstock for the fluid-
ized bed gasifier to produce the bio-energy and replace the fossil fuel
utilised to produce the steam necessary for the sterilisation stages. With
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this new driving recycling scheme, the climate change impact and CED
decreased by 37.5 and 96.3 % compared to the results achieved in the
present study. The comparison between the present study and the one of
Arena et al. (2016) proved the environmental sustainability of this
recycling technology for AHP-waste and its possible further improve-
ment through a proper valorisation of the recovered materials.

The recycling process of wastes of Arena et al. (2016) was proposed
in the framework of a “Virgin” project, LIFE 12 ENV/IT/000611, as an
evolution of a previous scheme of RECALL project.

Among the available AHP-waste recycling techniques, the most
promising were the technologies proposed by the studies performed by
Hwang et al. (2018), Takaya et al. (2019a), and Ragaert et al. (2017),
but for all these technologies, LCA studies are not available. In detail, in
the study of Hwang et al. (2018) AHP-waste was disinfected, shredded,
and separated in the same unit. Disinfection was done with acidic
electrolysed water, after which water and chemicals are inserted to
improve separation into plastic, pulp, and SAP fractions and finally the
wastewater was recirculated through a bioreactor system to remove
nitrogen and phosphorus. In this analysed recycling technology waste-
water was not recirculated and it represented 30 % of impacts in climate
change and human toxicity categories. Whereas Takaya et al. (2019a)
proposed a process like the one of this analysed recycling technology,
but the separated cellulosic material was converted into construction
materials like panel boards and wall cladding, with a reduction of en-
ergy consumption. The last available recycling technology was the one
proposed by Ragaert et al. (2017) which was a process including AHP-
waste sterilisation, and plastics were mechanically and chemically
processed, SAP was incinerated, and cellulose was purified and dis-
solved for use in coatings. The recovery of materials and energy allowed
to reduce the impact and improve the circularity of the process scheme
(Fig. 4).

4.4. Environmental evaluations of the baseline scenarios

The current Italian AHP-waste management system consists of 35 %
incineration with energy recovery and 65 % in landfill with 30 % CHg4-
capture. The main difficulty of the environmental evaluation of the
incineration process is the correct calculation of the direct and avoided
emissions of the system. The study of Fleischer et al. (2001) proposed to
simplifying LCI of the incineration process by using secondary data
instead of direct and case-specific data in inventory analysis. However,
the present study evaluated the environmental impacts of the AHP-
waste incineration with energy recovery and landfill carried out in
two working plants available in the North-West of Piedmont and
currently involved in the management of AHP-waste.

For incineration and landfill of municipal waste, the key factors in
LCA evaluation were the energy recovery (Carnogurska et al., 2015) and
the collection of landfill gases and leachate (Paes et al., 2020). The en-
ergy recovery from incineration and landfill is not broadly adopted in
waste management as proved by some LCA performed in different
geographical contexts, in Switzerland (Boesch et al., 2014) and France
(Déchaux et al., 2017).

In the present study climate change, human toxicity, and CED were
136.17 kg CO3 eq./ t AHP-waste, 25. 07 kg 1,4 DB eq./ t AHP-waste and
208,43 MJ/ t AHP-waste, respectively. In these above-reported results,
the contribution of the landfill was 73 %. The baseline scenario
considered in the present study agreed with the current scenario pro-
posed by EUROSTAT 2021: 65 % landfill with CH4 capture and 35 %
incineration with energy recovery. The results obtained from the base-
line scenario proved that incineration with energy recovery contributed
to reducing the environmental impacts of the current AHP-waste man-
agement in climate change category and CED.

In the present study, the recovery of 30 % of CHy in landfill allowed
to reduce the environmental impact of landfill up to — 2 %, (Thushari
et al., 2020; Liikanen et al., 2017). It is worthy of note that in landfills,
the degradation of plastic and SAP waste is slow, and it is hindered by
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the widespread practice of wrapping nappies and sanitary pads in their
external plastic layer (Tsigkou et al., 2020). However, these materials
affect the environmental performance of the facility, specifically
through the production of greenhouse gasses due to the degradation of
cellulose and biowaste (Velasco Perez et al., 2021).

With regards to incineration, the study of Liikanen et al. (2017),
evaluated that the bottom and fly ashes and CO; capture unit repre-
sented 93 % of the total environmental emissions, but the energy re-
covery section reached —4 % of emissions. The study of Beylot et al.
(2018) investigated a French municipal solid waste incineration plant
with the same FU and boundary conditions adopted in the present study,
and stated that energy recovery counted between 33 and 54 %. Whereas,
in the present study the incineration of AHP-waste reached a limited
energy recovery due to the higher moisture content of the AHP-waste
compared to one of the municipal solid wastes. Considering the CED,
the recovery of energy in the incineration treatment and the CH4-cap-
ture and its conversion into energy contributed to reducing the energy
consumption and impacts of the AHP-waste treatment.

It is important to underline that the CED could be completely
different if the energy recovery function was not included because the
energy recovery allowed the production of electricity by exploiting the
heat from flue gases and it covered part of the energy cost of the plant.
Moreover, if the flue gases were not valorised and converted into energy,
they produced emissions and impacts.

The recovery of energy was a key parameter that contributed to
reducing the impacts in all the considered impact categories, indeed the
partial recovery of energy reduced the energy consumption and climate
change impact (Scipioni et al., 2009).

The human toxicity obtained by incineration and landfill was in line
with the ones achieved by the research of Beylot et al. (2018) and Hait
and Powers (2019), respectively for incineration and landfill with en-
ergy recovery. Even if the incineration treatment represented only 35 %
of the total AHP-waste baseline treatment, incineration mainly
contributed to human toxicity due to the production of bottom and fly
ashes, (Vakalis et al., 2017). Specifically fly ashes are hazardous waste
and represent a dangerous matter for human health (Vakalis et al.,
2017). In the human toxicity category both for incineration and landfill,
the recovery of electricity achieved an avoided impact which was not
able to balance the highest impacts due to the possible effects of solid,
liquid, and gaseous waste on human health (Takaya et al., 2019b).
However, it is important to underline that incineration has the great
advantage to eliminate the risk of dispersion of pathogens, destroying
them in the process (Takaya et al., 2019b), whereas human toxicity
category due to landfill came from landfill emissions concerning GHS
emissions and possible loss of leachate with the pathogen (Fig. 5).

4.5. Sensitivity analysis

To verify the consistency and robustness of the LCA results, two
sensitivity analyses were performed and are depicted in Fig. 6. The first
sensitive analysis focused on the collection and transport of AHP-waste
to treatment facilities because recent studies underscored that the
biomass yield density (t/haey) varied with biomass supply distance
(km). The transport of AHP-waste was varied by+10 km and the trend of
the impacts of the four AHP-waste treatment configurations did not
change, but by increasing the transport (km), the climate change
increased about 1.5-3.2 %, human toxicity by 2.0-3.3 % according to
the study of Demichelis et al. (2022) and the CED increased around
1.8-2.0 %. These results prove the importance to reduce the transport
distance of feedstock with high humidity contents (Golecha and Gan,
2016).

The second sensitivity analysis varied the rate of material recovery
efficiency by+5% and witnessed that the impact values increased when
the recovery efficiency decreased. In detail, climate change increased by
5.8-6.2 % and human toxicity by 2.5-3.8 % according to the study
Demichelis et al. (2022) and the CED increased by around 2.12-2.07 %.
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Climate change of baseline scenario
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It is important to evidence that the recycling process had still a negative
impact by increasing the transport of +10 km, whereas it became a
positive impact in the human toxicity category with a reduction by —5 %
of the material recovery efficiency. This result underlined the
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importance to set the correct recovery rate of material in the AHP-waste
or the proper production of energy, which represented an environmental
saving impacts, only when the rate of recycling and recovery can
overcome the requirement of material and energy to support the AHP-
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waste treatment according to the studies of Willskytt and Tillman (2019)
and Zagklis et al. (2021). To conclude, the environmental analysis
proved that by combining the results achieved for climate change,
human toxicity and CED, the rank of the most promising AHP-waste
treatment technology was; the recycling process which achieved an
environmentally avoided impact, followed by biological and the
mechanical-thermal process, and last the baseline scenario. Biological
and mechanical-thermal processes reached the same position in the
ranking of AHP-waste treatments because the biological process reached
slightly lower human toxicity and CED impact values rather than
mechanical-thermal process, but the climate change impact of biological
process was about 1.5 times higher than the one of mechanical-thermal
process. It is important to underline that the environmental impacts of
the mechanical-thermal process can be minimised through the energy
valorisation of fluff.

5. Conclusions

The study compared the environmental impacts of four AHP-waste
treatments in the North-West of Piedmont (Italy) to detect the one
with the lowest impact and adopt a new environmentally friendly AHP-
waste management. The innovative treatments concerned; the biolog-
ical process which exploited the AHP-waste as a substrate for fungi
growth, the second was the mechanical-thermal conversion of AHP-
waste into sterilised fluff to dispose of in a landfill, and the third one
was recycling process able to recover plastic, super absorbent materials,
and cellulose. The baseline scenario consisted of incineration with en-
ergy recovery and landfill with CH4-capture. The analysis was per-
formed with Life Cycle Assessment and evaluated climate change and
human toxicity with ReCiPe 2016 Midpoint (H) and non-renewable
energy with Cumulative Energy Demand. The functional unit was 1 t
of AHP-waste, the approach was from bin to grave and the data came
from patents, reports, experimental test and Ecoinvent 3.7 database.
Only the recycling of AHP-waste achieved avoided environmental im-
pacts; — 2.68 kg CO; eq./t AHP-waste, —0.07 kg 1,4 DB eq./t AHP-
waste, and —26.36 MJ/t AHP-waste, because the rate of material re-
covery counterbalanced the efforts required to treat AHP-waste. The
biological and mechanical-thermal conversion of AHP-waste reached
the same rank position, but the last one could be further improved
through an energy valorisation of the fluff. The study proved the
importance of the proper product recovery rate to offset the requirement
of utilities of the AHP-waste treatment. To improve these AHP-waste
treatments, the detected bottlenecks will solve through the realisation
of an eco-design.

Ethical approval

This declaration is not applicable. Tests on human or animal were
not done. The manuscript is original study, no submitted elsewhere and
it is not divided into several parts.

CRediT authorship contribution statement

Authors ‘contributions are detailed in the following. F. Demichelis
carried out Life Cycle Assessment (LCA) studies, contribute to con-
ceptualisation, and wrote part of the paper. C. Martina carried out the
inventory phase and part of Life Cycle Assessment (LCA) studies, D. Fino
supported the study of LCA, T. Tommasi realised the conceptualization,
methodology and supervision of the study, and F.A. Deorsola contrib-
uted for the review of the study.

Funding

The authors gratefully acknowledge financial support from Region
Piemonte (Italy), POR FESR 2014/2020, Project BIOENPRO4TO.

370

Sustainable Production and Consumption 38 (2023) 356-371
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

This declaration is not applicable. To carry out LCA study, the au-
thors had a licensee for the used software.

Acknowledgments

The authors are grateful to Cidiu Spa and Sea Marconi for the data
support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.spc.2023.04.012.

References

Ambiente Italia Srl, 2019. Analisi ambientale della raccolta e del riciclo di prodotti
sanitari assorbenti Risultati sintetici (Italian). https://www.isprambiente.gov.it/fi
les2019/pubblicazioni/rapporti/RapportoRifiutiUrbani_Versionelntegralen313
_2019.pdf last access 31.03.2023.

Arena, U., Ardolino, F., Di Gregorio, F., 2016. Technological, environmental and social
aspects of a recycling process of post-consumer absorbent hygiene products. J. Clean.
Prod. 127, 289-301. https://doi.org/10.1016/j.jclepro.2016.03.164.

Barracco, F., Demichelis, F., Sharifikolouei, E., Ferraris, M., Fino, D., Tommasi, T., 2023.
Life cycle assessment for the production of MSWI fly-ash based porous glass-
ceramics: Scenarios based on the contribution of silica sources, methane aided, and
energy recoveries. Waste Manag. 157, 301-311. https://doi.org/10.1016/j.
wasman.2022.12.013.

Beylot, A., Muller, S., Descat, M., Ménard, Y., Villeneuve, J., 2018. Life cycle assessment
of the french municipal solid waste incineration sector. Waste Manag. 80, 144-153.
https://doi.org/10.1016/j.wasman.2018.08.037.

Bishop, G., Styles, D., Lens, P.N.L., 2021. Environmental performance comparison of
bioplastics and petrochemical plastics: a review of life cycle assessment (LCA)
methodological decisions. Resour. Conserv. Recycl. 168 https://doi.org/10.1016/j.
resconrec.2021.105451.

Boesch, M.E., Vadenbo, C., Saner, D., Huter, C., Hellweg, S., 2014. An LCA model for
waste incineration enhanced with new technologies for metal recovery and
application to the case of Switzerland. Waste Manag. 34, 378-389. https://doi.org/
10.1016/j.wasman.2013.10.019.

Budyk, Y., Fullana, A., 2019. Hydrothermal carbonization of disposable diapers.

J. Environ. Chem. Eng. 7, 103341 https://doi.org/10.1016/J.JECE.2019.103341.

Buttol, P., Masoni, P., Bonoli, A., Goldoni, S., Belladonna, V., Cavazzuti, C., 2007. LCA of
integrated MSW management systems: case study of the Bologna District. Waste
Manag. 27, 1059-1070. https://doi.org/10.1016/j.wasman.2007.02.010.

Carnogurskd, M., Lazar, M., Puskér, M., Lengyelova, M., Vaclav, J., Sirillova, Lubomira,
2015. Measurement and evaluation of properties of MSW fly ash treated by plasma.
Meas. J. Int. Meas. Confed. 62, 155-161. https://doi.org/10.1016/j.
measurement.2014.11.014.

Clift, R., Doig, A., Finnveden, G., 2000. The application of life cycle assessment to
integrated solid waste management. Part 1 - methodology. Process Saf. Environ.
Prot. 78, 279-287. https://doi.org/10.1205/095758200530790.

Coldn, Joan, Ruggieri, Luz, Sdnchez, Antoni, Gonzélez, Aina, Puig, Ignasi, 2011.
Possibilities of composting disposable diapers with municipal solid wastes. ISWA 29
(3). https://doi.org/10.1177/0734242X10364684.

Colon, J., Mestre-Montserrat, M., Puig-Ventosa, 1., Sanchez, A., 2013. Performance of
compostable baby used diapers in the composting process with the organic fraction
of municipal solid waste. Waste Manag. 33, 1097e1103 https://doi.org/10.1016/j.
wasman.2013.01.018.

Cordella, M., Bauer, 1., Lehmann, A., Schulz, M., Wolf, O., 2015. Evolution of disposable
baby diapers in Europe: life cycle assessment of environmental impacts and
identification of key areas of improvement. J. Clean. Prod. 95, 322-331. https://doi.
0rg/10.1016/j.jclepro.2015.02.040.

Déchaux, C., Nitschelm, L., Giard, L., Bioteau, T., Sessiecq, P., Aissani, L., 2017.
Development of the regionalised municipal solid waste incineration (RMWI) model
and its application to France. Int. J. Life Cycle Assess. 22, 1514-1542. https://doi.
org/10.1007/s11367-017-1268-0.

Demichelis, F., Tommasi, T., Deorsola, F.A., Marchisio, D., Mancini, G., Fino, D., 2022.
Life cycle assessment and life cycle costing of advanced anaerobic digestion of
organic fraction municipal solid waste. Chemosphere 289, 133058. https://doi.org/
10.1016/j.chemosphere.2021.133058.



F. Demichelis et al.

Dhokhikah, Y., Trihadiningrum, Y., Sunaryo, S., 2015. Community participation in
household solid waste reduction in Surabaya, Indonesia. Resour. Conserv. Recycl.
102, 153e162 https://doi.org/10.1016/j.resconrec.2015.06.013.

Diaper Recycling Europe, 2020. Diaper recycling Europe: 100% recycling of diapers
[WWW document]. https://diaperrecyclingeurope.eu/en/homepage/ (accessed
2.04.2023). Edana, 2008. Sustainability Report 2007-2008 Absorbent Hygiene
Products, p. 72.

Dongzella, S., Fumagalli, A., Arioli, S., Pellegrino, L., D’Incecco, P., Molinari, F.,
Speranza, G., Ubiali, D., Robescu, M.S., Compagno, C., 2022. Recycling food waste
and saving water: optimization of the fermentation processes from cheese whey
permeate to yeast oil. Fermentation 8. https://doi.org/10.3390/
fermentation8070341.

Elviliana, Saputra, B.Y.R.D., Fahira, A., Suhartini, S., 2020. Sterilisation technology for
disposable diapers waste using double jacket and centrifugal speed principles. In:
IOP Conference Series: Earth and Environmental Science. Institute of Physics
Publishing. https://doi.org/10.1088/1755-1315/475/1/012070.

Erhart, S., Erhart, K., 2022. Application of North European characterisation factors,
population density and distance-to-coast grid data for refreshing the Swedish human
toxicity and ecotoxicity footprint analysis. Environ. Impact Assess. Rev. 92 https://
doi.org/10.1016/j.eiar.2021.106686.

Espinosa-Valdemar, R.M., Turpin-Marion, S., Delfin-Alcald, 1., Vazquez-Morillas, A.,
2011. Disposable diapers biodegradation by the fungus Pleurotus ostreatus. Waste
Manag. 31, 1683-1688. https://doi.org/10.1016/j.wasman.2011.03.007.

Eurostat, 2023. Waste statistics. https://ec.europa.eu/eurostat/statistics-explained/
index.php?title=Waste statistics last access 10.04.2023.

Fater, 2019. Fater recycling project. https://www.fatergroup.com/it/news/progett
o-riciclo last acces 2.04.2023.

Fleischer, G., Gerner, K., Kunst, H., Lichtenvort, K., Rebitzer, G., 2001. A semi-
quantitative method for the impact assessment of emissions within a simplified life
cycle assessment. Int. J. Life Cycle Assess. 6, 149-156. https://doi.org/10.1007/
BF02978733.

Gerina-Ancane, A., Eiduka, A., 2016. Research and analysis of absorbent hygiene product
(AHP) recycling. In: Engineering for Rural Development.

Ghosh, S., Kapadnis, B.P., Singh, N.B., 2000. Composting of cellulosic hospital solid
waste: a potentially novel approach. Int. Biodeterior. Biodegrad. 45, 89-92. https://
doi.org/10.1016,/50964-8305(00)00042-1.

Golecha, R., Gan, J., 2016. Biomass transport cost from field to conversion facility when
biomass yield density and road network vary with transport radius. Appl. Energy
164, 321-331. https://doi.org/10.1016/j.apenergy.2015.11.070.

Hait, A., Powers, S.E., 2019. The value of reusable feminine hygiene products evaluated
by comparative environmental life cycle assessment. Resour. Conserv. Recycl. 150,
104422 https://doi.org/10.1016/j.resconrec.2019.104422.

Hoffmann, B.S., de Simone Morais, J., Teodoro, P.F., 2020. Life cycle assessment of
innovative circular business models for modern cloth diapers. J. Clean. Prod. 249,
119364 https://doi.org/10.1016/j.jclepro.2019.119364.

Horie, K., Baron, M., Fox, R.B., He, J., Hess, M., Kahovec, J., Kitayama, T., Kubisa, P.,
Marechal, E., Mormann, W., Stepto, R.F.T., Tabak, D., Vohlidal, J., Wilks, E.S.,
Work, W.J., 2004. Definitions of terms relating to reactions of polymers and to
functional polymeric materials (IUPAC recommendations 2003). Pure Appl. Chem.
76, 889e906. Huber, J., 2008. Technol.

Horizon 2020, E,n.d.Horizon 2020, E , n.d. EMBRACED. Europe. doi:10.3030/745746.

Hwang, S.J., Wu, B.-R., Tsai, M., Tké¢, S., 2018. Sustainable used diaper recycler
sustainable used diaper recycler. https://www.researchgate.net/publication/
327201903.

Khoo, S.C., Phang, X.Y., Ng, C.M., Lim, K.L., Lam, S.S., Ma, N.L., 2019. Recent
technologies for treatment and recycling of used disposable baby diapers. Process
Saf. Environ. Prot. 123, 116-129. https://doi.org/10.1016/j.psep.2018.12.016.

Khoo, S.C., Ma, N.L., Peng, W.X., Ng, K.K., Goh, M.S., Chen, H.L., Tan, S.H., Lee, C.H.,
Luang-In, V., Sonne, C., 2022. Valorisation of biomass and diaper waste into a
sustainable production of the medical mushroom Lingzhi Ganoderma lucidum.
Chemosphere 286, 131477. https://doi.org/10.1016/j.chemosphere.2021.131477.

Knowaste, 2021. Knowaste technologies — home. https://www.knowaste.com/ accessed
31.03.2023.

Kothari, R., Tyagi, V.V., Pathak, A., 2010. Waste-to-energy: a way from renewable
energy sources to sustainable development. Renew. Sust. Energ. Rev. 14,
3164-3170. https://doi.org/10.1016/j.rser.2010.05.005.

Lam, S.S., Wan Mahari, W.A., Ma, N.L., Azwar, E., Kwon, E.E., Peng, W., Chong, C.T.,
Liu, Z., Park, Y.K., 2019. Microwave pyrolysis valorization of used baby diaper.
Chemosphere 230, 294-302. https://doi.org/10.1016/j.chemosphere.2019.05.054.

Liberato, V., Benevenuti, C., Coelho, F., Botelho, A., Amaral, P., Pereira, N., Ferreira, T.,
2019. Clostridium sp. as bio-catalyst for fuels and chemicals production in a
biorefinery context. Catalysts. https://doi.org/10.3390/catal9110962.

Liikanen, M., Havukainen, J., Hupponen, M., Horttanainen, M., 2017. Influence of
different factors in the life cycle assessment of mixed municipal solid waste
management systems — a comparison of case studies in Finland and China. J. Clean.
Prod. 154, 389-400. https://doi.org/10.1016/j.jclepro.2017.04.023.

Liu, H., Zhang, Y., Yao, J., 2014. Preparation and properties of an eco-friendly
superabsorbent based on flax yarn waste for sanitary napkin applications. Fibers
Polym. 15, 145-152. https://doi.org/10.1007/s12221-014-0145-8.

371

Sustainable Production and Consumption 38 (2023) 356-371

Liuzzi, D., Peinado, C., Pena, M.A., Van Kampen, J., Boon, J., Rojas, S., 2020. Increasing
dimethyl ether production from biomass-derived syngas: via sorption enhanced
dimethyl ether synthesis. Sustain. Energy Fuels 4, 5674-5681. https://doi.org/
10.1039/d0se01172j.

Liza, M.M., 2019. Use of oyster mushroom (Pleurotus ostreatus) to degrade used diapers
and sanitary pads in selected esatates in Thika, Kiambu County, Kenya a thesis
submitted in partial fulfilment of the requirements for the award of the degree of
master of science (microbiology) in the school of pure and applied sciences of
kenyatta university. https://www.semanticscholar.org/paper/Use-of-Oyster-Mushr
oom-%28Pleurotus-Ostreatus%29-to-and-Mundia/4d9cf8a1432c865ded64a9cefc
842bab9f99ee65.

Lobato-Peralta, D.R., Arias, D.M., Okoye, P.U., 2021. Polymer superabsorbent from
disposable diaper as a sustainable precursor for the development of stable
supercapacitor electrode. J. Energy Storage 40. https://doi.org/10.1016/j.
est.2021.102760.

Malsegna, B., Di Giuliano, A., Gallucci, K., 2021. Experimental study of absorbent
hygiene product devolatilization in a bubbling fluidized bed. Energies 14. https://
doi.org/10.3390/en14092399.

Mirabella, N., Castellani, V., Sala, S., 2013. Life cycle assessment of bio-based products: a
disposable diaper case study. Int. J. Life Cycle Assess. 18, 1036-1047. https://doi.
org/10.1007/511367-013-0556-6.

Ompeco, 2019. Ompeco. https://www.ompeco.com/ last access 2.04.2023.

Paes, M.X., de Medeiros, G.A., Mancini, S.D., Bortoleto, A.P., Puppim de Oliveira, J.A.,
Kulay, L.A., 2020. Municipal solid waste management: integrated analysis of
environmental and economic indicators based on life cycle assessment. J. Clean.
Prod. 254, 119848 https://doi.org/10.1016/].jclepro.2019.119848.

Plotka-Wasylka, J., Mako$-Chelstowska, P., Kurowska-Susdorf, A., Trevifio, M.J.S.,
Guzman, S.Z., Mostafa, H., Cordella, M., 2022. End-of-life management of single-use
baby diapers: analysis of technical, health and environment aspects. Sci. Total
Environ. 836 https://doi.org/10.1016/j.scitotenv.2022.155339.

Ragaert, K., Delva, L., Van Geem, K., 2017. Mechanical and chemical recycling of solid
plastic waste. Waste Manag. 69, 24-58. https://doi.org/10.1016/j.
wasman.2017.07.044.

Rajesh, R., 2021. Optimal trade-offs in decision-making for sustainability and resilience
in manufacturing supply chains. J. Clean. Prod. 313 https://doi.org/10.1016/j.
jclepro.2021.127596.

Rossi, V., Cleeve-Edwards, N., Lundquist, L., Schenker, U., Dubois, C., Humbert, S.,
Jolliet, O., 2015. Life cycle assessment of end-of-life options for two biodegradable
packaging materials: sound application of the European waste hierarchy. J. Clean.
Prod. 86, 132-145. https://doi.org/10.1016/j.jclepro.2014.08.049.

Scipioni, A., Mazzi, A., Niero, M., Boatto, T., 2009. LCA to choose among alternative
design solutions: the case study of a new Italian incineration line. Waste Manag. 29,
2462-2474. https://doi.org/10.1016/j.wasman.2009.04.007.

Somers, M.J., Alfaro, J.F., Lewis, G.M., 2021. Feasibility of superabsorbent polymer
recycling and reuse in disposable absorbent hygiene products. J. Clean. Prod. 313,
127686 https://doi.org/10.1016/j.jclepro.2021.127686.

Takaya, C.A., Cooper, 1., Berg, M., Carpenter, J., Muir, R., Brittle, S., Sarker, D.K., 2019a.
Offensive waste valorisation in the UK: assessment of the potentials for absorbent
hygiene product (AHP) recycling. Waste Manag. 88, 56-70. https://doi.org/
10.1016/j.wasman.2019.03.022.

Takaya, C.A., Cooper, L., Berg, M., Carpenter, J., Muir, R., Brittle, S., Sarker, D.K., 2019b.
Offensive waste valorisation in the UK: assessment of the potentials for absorbent
hygiene product (AHP) recycling. Waste Manag. 88, 56-70. https://doi.org/
10.1016/j.wasman.2019.03.022.

Thushari, 1., Vicheanteab, J., Janjaroen, D., 2020. Material flow analysis and life cycle
assessment of solid waste management in urban green areas,Thailand. Sustain.
Environ. Res. 30 https://doi.org/10.1186/542834-020-00057-5.

Tsigkou, K., Tsafrakidou, P., Zafiri, C., Soto Beobide, A., Kornaros, M., 2020.
Pretreatment of used disposable nappies: super absorbent polymer deswelling. Waste
Manag. 112, 20-29. https://doi.org/10.1016/j.wasman.2020.05.028.

Vakalis, S., Sotiropoulos, A., Moustakas, K., Malamis, D., Vekkos, K., Baratieri, M., 2017.
Thermochemical valorization and characterization of household biowaste.

J. Environ. Manag. 203, 648-654. https://doi.org/10.1016/j.jenvman.2016.04.017.

Velasco Perez, M., Sotelo Navarro, P.X., Vazquez Morillas, A., Espinosa Valdemar, R.M.,
Hermoso Lopez Araiza, J.P., 2021. Waste management and environmental impact of
absorbent hygiene products: a review. Waste Manag. Res. https://doi.org/10.1177/
0734242X20954271.

Willskytt, S., Tillman, A.M., 2019. Resource efficiency of consumables - life cycle
assessment of incontinence products. Resour. Conserv. Recycl. 144, 13-23. https://
doi.org/10.1016/j.resconrec.2018.12.026.

World Bank. What a Waste: an updated look into the future of solid waste management.
https://www.worldbank.org/en/news/immersive-story/2019/09/20/what-a-wast
e-an-updated-look-into-the-future-of-solid-waste-management last access
10.04.2023.

Zagklis, D., Tsigkou, K., Tsafrakidou, P., Zafiri, C., Kornaros, M., 2021. Life cycle
assessment of the anaerobic co-digestion of used disposable nappies and expired
food products. J. Clean. Prod. 304 https://doi.org/10.1016/j.jclepro.2021.127118.

Zagrodnik, R., Seifert, K., 2020. Direct fermentative hydrogen production from cellulose
and starch with mesophilic bacterial consortia. Polish J. Microbiol. 69, 109-120.
https://doi.org/10.33073/pjm-2020-015.



