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Achieving sustainability involves implementing a circular economy model and decarbonizing the waste man-
agement sector. The development of innovative technologies that enable the reduction of emissions and resource
recovery is one of the sector’s greatest challenges. From this perspective, the waste-to-methanol (WtM) process
represents a viable prospect, the potential environmental impacts of which have never been studied from a life-
cycle perspective. A cradle-to-grave LCA analysis was conducted, studying WtM technology and its potential
implementation of green hydrogen (WtM-GH) in the process, through a comparison with traditional waste-to-
energy (WtE).

The results showed that WtM-GH performs best for global impacts, with a global warming potential of
3.52.107 kgCOz¢q instead of 1,04-108 kgCOzeq proper of the WE. Positive effects take place also for the fossil
resource scarcity. Looking for non-toxic regional/local impacts WtE represents the best scenario, with the best
performance on water consumption (7.96~107 m3) and ionising radiation (2.82~107 kBq Co-60eq). Cumulative
impact results, obtained through the normalization, found that WtM is the best scenario, thanks to the less toxic
impact compared to the other two, especially for freshwater ecotoxicity (5.26-10° kg 1,4-DCB) and marine
ecotoxicity (6.73-10° kg 1,4-DCB).

WtM-GH allows the production of 1366 kg of methanol per ton of Refuse Derived Fuel, thanks to the con-
version of the entire CO, contained in the waste, enhancing the value of by-products and carbon credits on the
market and making the process more economically sustainable.

1. Introduction

In 2018, Europe produced 223 Mt of Municipal Solid Waste (MSW),
with 104 Mt recycled, 58 Mt incinerated for energy recovery, and 52 Mt
disposed in landfill (European Commission. Statistical Office of the
European Union., 2020).

In the transition towards more sustainable development, treatment
technologies for Municipal Solid Waste (MSW) have made considerable
progress (Ferronato et al., 2019). As a result, the landfilling rate in the
EU dropped from 61% in 1995 to 24% in 2018 (European Commission.
Statistical Office of the European Union., 2020). Today, waste inciner-
ation represents the most mature and robust technology for energy re-
covery from municipal solid waste and can be considered an essential
part of a sustainable waste management system (Kumar and Samadder,
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2017).

The environmental impacts and greenhouse gas (GHG) emissions
associated with the gradual increase of fossil fuel use have increased the
awareness to search for clean energy sources (Salem and Paul, 2023).
The impacts generated by improper waste management and the failure
to valorize resources and energy have led to a focus on the study and
development of circular economy models aimed at valorizing waste
through the production on new sustainable products (Castagnoli et al.,
2024; Gianico et al., 2021).

Until recently, incineration has been the most widespread Waste-to-
Energy (WtE) technology with more than 1400 incineration plants in
operation worldwide (Leckner, 2015). However, even the latest gener-
ation of MSW incinerators is limited by low electricity efficiency, up to
about 20-24% (Lombardi et al, 2015). Although modern and
well-operated incinerators can meet the requirements of
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List of abbreviation

RDF Refuse derived fuel
WtE Waste to energy
WtM Waste to methanol

WtM-GH Waste to methanol with green hydrogen
WGS Water gas shift

MSW Municipal solid waste

MM Methanol module

LCA Life cycle assessment

LCIA Life cycle impact assessment
CCu Carbon capture and utilization
GW Global warming

SOD Stratospheric ozone depletion
IR Ionising radiation

OFH Ozone formation, human health

FPMF Fine particulate matter formation
OFT Ozone formation, terrestrial ecosystems
TA Terrestrial acidification

FE Freshwater eutrophication

ME Marine eutrophication

TE Terrestrial ecotoxicity

FET Freshwater ecotoxicity

MET Marine ecotoxicity

HCT Human carcinogenic toxicity
HNCT  Human non-carcinogenic toxicity
LU Land Use

MRS Mineral resource scarcity

FRS Fossil resource scarcity

WC Water consumption

tw tons of waste

environmentally sound technology, the potential risk of polychlorinated
dioxins and furans (PCDD/Fs) remains a public concern. Consequently,
technological development towards more environmentally friendly and
energy-efficient alternative WtE options is still required. In recent years,
there has been considerable interest in new WtE technologies, particu-
larly pyrolysis and gasification, which offer the possibility of obtaining
syngas suitable for various applications (Mukherjee et al., 2020).

Syngas proves to be a highly versatile resource; it can be exploited for
the production of heat and energy or for the production of chemicals,
including methanol, which can be the final product or a possible inter-
mediate (Abdoulmoumine et al., 2015; An et al., 2017; Chen et al.,
2015). In addition, some of its specific applications allow CO2 seques-
tration, potentially enabling the coupling of waste recycling with carbon
capture and utilization (Farooqui et al., 2018).

Pyrolysis and gasification have the potential to diminish PCDD/Fs
(Noma et al., 2012), thus reducing the overall generation of pollutants if
the downstream syngas oxidation is processed efficiently. However,
using newly developed waste-to-chemical (WtC) options does not
automatically guarantee the total sustainability of the whole multi-stage
thermal conversion and energy utilization chain (Dong et al., 2018;
Wang et al., 2015). The “raw” syngas, which contains various contam-
inants such as HjS, tar, NH3 and particulate matter (PM), needs to be
purified to meet the stringent requirement for engine use (Richardson
et al., 2012).

The gasification process is researched using a variety of experimental
and/or numerical modelling platforms (Salem Original Draft, 2023).
Experiments, however, are time-consuming and not a cost-effective tool
(Salem and Elsherbiny, 2022). As a result, modelling is becoming
increasingly popular, with various tools and approaches such as equi-
librium, kinetic, and Computational Fluid Dynamics (CFD) models
(Salem et al., 2019). Equilibrium models accurately depict and optimize
the gasification process (Basu et al., 2013).

Plant configuration and flow management can influence the various
environmental impacts: the fuels and chemicals used for syngas gasifi-
cation and purification, the electricity consumption for the trans-
formation of syngas into methanol, and the management of residual
flows affect the environmental efficiency compared to usual incineration
(Borgogna et al., 2021; Dong et al., 2018). A comprehensive assessment
of different Waste to methanol (WtM) process configurations is neces-
sary to understand if pyrolysis/gasification-based WtM may become a
potential alternative or improvement for the current waste-to-energy
treatment.

Life Cycle Assessment (LCA) is an essential tool for proper planning
and achieving sustainable development goals (Pujara et al., 2019). It
assesses the potential environmental impacts and resources use in a
waste management system, encompassing all relevant waste types and

considering an integrated system from waste generation to the transport,
treatment, and disposal of various fractions and residues. It also iden-
tifies process hotspots and evaluates alternative technological and
management scenarios (Astrup et al., 2015; Pasciucco et al., 2023). An
LCA approach to MSW technologies will assist in identifying environ-
mental impacts associated with alternatives in a ‘cradle to grave’
approach, pinpointing the most sustainable options (Mulya et al., 2022).
Guided by ISO standards, LCA benefits from quantifying the entire life
cycle impacts (International Organization for Standardization, 2021a, p.
14040). This helps identify critical processes for environmental burdens
(Millward-Hopkins et al., 2018) and provides a benchmark for new
technologies.

Few studies in the literature have analyzed the WtM process from a
life cycle perspective and according to the main guidelines on the sub-
ject (International Reference Life Cycle Data System (ILCD) Handbook
general guide for life cycle assessment, 2010). Iaquaniello et al. (2017)
focus on the impacts related to the use phase alone. Keller et al., 2015
comprehensive analysis compared the impacts from methanol produc-
tion for olefins using different feedstocks, including Refuse Derived Fuel
(RDF), without detailing the main process and supply chain impacts. A
more in-depth assessment was conducted in a recent study, analyzing
only global warming impacts (Keller et al., 2015, 2020). Finally, a
recently published study carries out an LCA and a techno-economic
analysis of the Waste to Methanol process, identifying generic plastic
waste as feedstock, which is not otherwise valorized and is destined for
landfill (Afzal et al., 2023).

This work aims to compare the impacts of traditional waste-to-
energy processes with those of a gasification scenario involving meth-
anol production. Two different plant configurations are presented: the
first involves the internal production of hydrogen through a water gas
shift reaction carbon monoxide recovery only, while the second involves
hydrogen production through electrolysis and complete carbon con-
version into methanol, creating a carbon capture and utilization process
(CCU). The main impact factors are identified to determine the most
critical parts of the process. Sensitivity analysis explores alternative
configurations, management, geographical and plant engineering op-
tions. Finally, the results are compared with similar studies to under-
stand the main advantage of this configuration, productivity, and to
validate the achieved results.

2. Materials and methods

The analysis was performed according to the main technical stan-
dards and guidelines (International Organization for Standardization,
2021a, 2021b, International Reference Life Cycle Data System (ILCD)
Handbook general guide for life cycle assessment, 2010).
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2.1. Goal and scope

The purpose of this research is to assess the potential environmental
implications of the WtM technology, which combines waste gasification
and methanol synthesis to recover the chemical carbon and hydrogen
found in MSW.

The chosen functional unit is the amount of feedstock treated by the
plant in a year, which equates to 300.000 t of RDF producible from re-
sidual MSW. Table 1 shows the RDF features that were chosen from
Turconi et al. (2011). The database Ecoinvent 3.8 provides the
remaining indirect loads of background systems (Wernet et al., 2016).

2.2. System boundaries, life cycle inventory and scenarios

The input of waste into the treatment plant and the outflow of waste
and by-products designated for the specific market activity define the
boundaries of the system described in this study (Fig. 1). The following
processes are included: MSW pre-treatment, thermochemical conver-
sion, use of acquired products, and waste and emission management
from treatment operations.

MSW can be landfilled directly without pretreatment or converted
into RDF and routed to a thermochemical plant. This could be a standard
incinerator, where the MSW is oxidized into process heat (WtE), or a
gasifier, which produces syngas, which is then used to produce methanol
following a purification step (WtM). Finally, methanol production can
rely solely on syngas components or an additional source of hydrogen.

Four distinct scenarios were investigated as a result of this. The zero
scenario (S0) represents the functional unit’s current fate, with 70% of
waste going to landfill and the remaining 30% going to pre-treatment
and incineration. The second option (WtE) involves pre-treating for
the complete functional unit before incineration with energy recovery.
WtM involves waste pre-treatment and subsequent application to
methanol technology, with hydrogen produced via WGS (Borgogna
et al., 2019). Finally, WtM-GH has the same design as WtM but uses
hydrogen generated by water electrolysis (green hydrogen) (Carmo
et al., 2013).

The waste-to-energy scenario was modelled through the process
available on Ecoinvent and literature data on energy recovery, as
described in Section 2.3.2. The WtM and WtM-GH scenarios consist of
two separate sections. The first section is the gasification process,
modelled through a specific Matlab model extensively described in
Sections 2.3.3 and 2.3.4, which calculate the syngas produced using the
identified functional unit. The second section corresponds to syngas
purification and related conversion to methanol, for which the various
inputs and outputs were calculated based on the gasification results
described in Section 2.3.5. The oxygen required for gasification was
produced through an Air Separation Unit (ASU), as shown in Fig. 1,
modelled through cryogenic distillation process for oxygen production
available on Ecoinvent database. The syngas purification and methanol
production processes are deeply described in Section 2.3.6.

The life cycle inventory for each scenario is reported in Tables S1, S2
and S3.

The study was conducted through the physical allocation of impacts,

Table 1

RDF characterization (Turconi et al., 2011) and relative elemental composition.
Product fractions Percentage Elemental composition Percentage
Organic 12.70 C 43.53
Paper 39.20 H 5.62
Plastic 27.60 o 25.48
Glass 3.90 N 0.58
Wood 5.90 S 0.48
Ferrous metals 1.6 Inert 24.32
Nonferrous metals 0.8 Humidity 13.29
Others 8.3 Biodegradable 35.05

Total 100.00 Dry 86.71
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fully allocated to the treatment of the functional unit, as there are no
competing processes within the system boundary. RDF composition was
assumed constant throughout the process life cycle, including impacts
related to the pre-treatment process. The WtM-GH scenario involves the
complete conversion of carbon (COyx) to methanol, due to the feeding
back of residual COx for methanol production. Co-products from the
treatment of the functional unit were quantified through system
expansion, identifying them as avoided impacts derivable from their
traditional production.

2.3. Process description

2.3.1. MSW pre-treatment

It is believed that a pre-treatment phase will be performed before the
incineration and gasification processes. The waste metal component is
first removed. Following that, the waste is put through ballistic sepa-
ration and screening operations, allowing it to be dimensionally ho-
mogenized. Finally, the waste is delivered to a stabilization phase,
where some of the moisture is removed, and to final pressing, where RDF
is produced as an input to the plant. Energy and resource consumption of
this process are computed using real plant data from Tuscany.

2.3.2. Waste to energy

This study’s incineration method is Ecoinvent’s process for Italy,
modified as follows. Based on data from the "Silla 2" incineration facility
in Milan (Italy), which represents a typical case of modern incineration
(Dong et al., 2018; Turconi et al., 2011), the generation of electricity and
heat was included. In addition, fossil CO2 and biogenic CO, emissions
were redefined, based on the following equations:

Cozbiogenic = COs¢t* (O/OCorg + O/OCpaper + 0/‘)Cwood) (1a)
COZfossil = COZ[ot - COZbiogenic (23)

2.3.3. Gasification - mathematical model description
The modelling process is assumed as a one global reaction with
balancing both sides of reactants and products.

2.3.3.1. Air to fuel ratio. The theoretical (stoichiometric) amount of air
to fuel (AF) ratio was calculated from Basu et al. (2013):
(0]
0.1153 C + 0.3434 (H— §> (kg air / kg biomass) (1b)
And the actual amount based on equivalence ratio (&) is calculated
from eqn. 2

(AF) o1 = P (AF) (kg air / kg biomass) (2b)

theoretical

_ Mbiomuss
actualmoles ~—
M

m= (AF) (AF)acwal (3)
Where M is the molecular weight.
The chemical formula of biomass (C, H, O4 N,) was calculated based
on its elemental composition from its ultimate analysis as following.

_ O*Mc
" C*M,

_ N*Mc

=M, (4a)

,and e

Where H, O, C and N indicate respectively the amount (%) of
hydrogen, oxygen, carbon, and nitrogen content in biomass from its
ultimate analysis and Mc, My, Mo and My are their molecular weight.
The water molar fraction in biomass is calculated as

h*Mbioma:x

Y= Mo (1—h) ®

Where h is the moisture content of biomass.
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System Boundaries
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Fig. 1. System boundaries of the four scenarios: Zero scenario, Waste to Energy, Waste to Methanol with Water gas shift hydrogen, Waste to Methanol - Green
Hydrogen. White blocks are process steps and process intermediates, red squares are the resources and orange blocks are the end-of-life blocks (waste, wastewater
and emission in atmosphere). Blue boxes are elements analyzed by sensitivity analysis and described in paragraph 3.5. The main flows are represented with bold
lines. Blue blocks relative to end-of-life life cycle step are indicated by EoL in brackets. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

2.3.4. Gasification - formation of stoichiometric model
The global reaction of the model is introduced as following based on
1 mol of waste/biomass.

CHy O. N.+m Oy +2 CHs +w Hy05y — X3 CO+ x5 CO; +x3 CHy

(6)
+x4 Hy 4+ x5 HyO + X6 N>

The m, z values are the no. of moles of oxygen and methane provided
during the gasification process. Nitrogen is assumed to undergoes no
further reactions i.e., (x6 = e). To estimate the values of produced gas
composition (x1:x5), mass balance calculation is introduced by
balancing C, H, and O in both sides of the equation. Additionally, two
further equations (methanation and water gas shift reactions) are added
to estimate the unknowns by calculating equilibrium constant for this
reaction; Keq= (-AG/(RT))(Zainal et al., 2001). The equilibrium con-
stants are calculated from (Zainal et al., 2001) as following where eqn. 7,
and 8 are representing the equilibrium constants of methanation and
water gas shift reactions respectively.

*10-©6
In K1 708284 6.567 In T+ 0.0027466 B 2.1646 10 -
0.701%10°5
132541 7
+ 372 + @)

5870.53 58200

InK2= +1.86InT+2.7%107* T+ +18.007 (€)]

To predict temperature of the gasification processes, heat balance
between reactants and products (eqn. (1)) is carried out by energy bal-
ance as following.

(hf) biomass +W(hf + CP'AT)HZO,L-q = ZXi' (hf + CPAT) products (9)

Where X; is the concentration of products in mole, AT temperature
difference between input and products in K, C, is the specific heat at
constant pressure (J kg~! K™1) and hyis the heat of formation of different
species (kJ/mol) from Chase (1996).

2.3.5. Gasification model — boundary condition

The RDF used is a mixture of plastics and waste industrial materials.
Mixtures of oxygen and methane are used as a gasifying medium as
illustrated by Table 2. Biological sources of methane (i.e. biogas) with
lower impact could be adopted in a circularity and sustainable para-
digm. However, given the presence of methane as process output, it was
chosen to keep natural gas as the feeding element following what was
done by laquaniello et al. (2017). The feeding rate indicated by Table 2
is for model validation. However, the model will be further used for
carrying out a sensitivity analysis to study this effect on produced gas
composition and quality.
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Table 2
Feedstock’s data and boundary conditions (Borgogna et al., 2019).

Ultimate analysis db. % Proximate analysis db. %

C H o N Vol. FC Ash MC

RDF 57.36 7.94 31.78 1.25 60.54 7.24 16.52 15.70

RDF (o2} CH4

mass flow rate, kg/hr 8000 4905 284

The model does not account tar and higher hydrocarbons formation. The
model aims to simulate the producer gas products with significant
amounts which affect the proceeding calculations of the assessment.
Also, the model does not consider tar formation at this stage for more
accuracy and lack of data for one global reaction mechanism. Tar in-
cludes hundreds of species with complicated kinetics of formation, and
as a result, this has been ignored in the current OD model. Additionally,
the use of oxygen and methane as gasifying medium in such systems
provides higher temperatures (~1600-2000K) which is effective in
reducing tar amounts as advised by Borgogna et al. (2019). As a result,
the authors focused more on the main parameters that lead to the
optimal production of methanol.

2.3.6. Syngas purification and methanol production

To prevent the production of undesirable components, the produced
syngas is immediately cooled with water. Following that, an acidic
column sedimentation phase begins, allowing the elimination of current
metals. After that, the gas is routed through an alkaline scrubber, an
electrostatic precipitator, and a sub-cooling column. The cleaned syngas
is subsequently transferred to purification sections, where additional
pollutants are removed. The syngas is now ready for methanol produc-
tion, however depending on the hydrogen source (internal or green
hydrogen), the stoichiometric ratios must be adjusted. The produced
syngas also contains a moderate amount of methane, which is separated
through membranes and recovered as a by-product.

In reality, the value of the Methanol Module (MM) must be adjusted
for optimal production by the stoichiometry of the relevant processes as
given by Borgogna et al. (2019), which is defined as follows:

MM = (H, — CO,) / (CO+ CO,) (10)

As reported in the literature, an industrial plant should have a value
between 2.0 and 2.4 (Maréchal et al., 1997). Because of the simulta-
neous excess carbon and hydrogen deficit, the model-produced syngas
has an MM of 0.35. As previously stated, there are two options for
achieving the needed composition: raise the hydrogen content via a
WGS process and eliminate the entire CO5 content, or inject an external
hydrogen source. The described processes and syngas composition
allowed the ideal MM value of 2.1 to be determined. The procedure is
described in depth in the literature by Borgogna et al. (2021) and clear
flow diagrams are depicted in Figs. S2 and S3. As with the
waste-to-energy process, data from Ecoinvent processes were used to
model the consumption of chemicals, waste produced and atmospheric
emissions for the methanol production stage.

2.4. Life cycle impact assessment

The method selected for this step is ReCiPe 2016, as it provides a
large number of midpoint indicators and where possible, uses impact
mechanisms that have global scope (Huijbregts et al., 2017). Different
from other methods, it distinguishes the consumption of fossil resources
from the consumption of mineral resources, a valid peculiarity when the
focus of the study is on plants aimed at recovering energy and/or re-
sources. Among the various models proposed, Hierarchist was used, as it
allows to evaluate of long-term impacts, crucial to a correct LCIA
(Laurent et al., 2014) and finds its greatest application in scientific
studies (Huijbregts et al., 2017, p. 201).
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All impact categories have been considered and calculated: Global
warming (GW); Stratospheric ozone depletion (SOD); Ionising radiation
(IR); Ozone formation, human health (OFH); Fine particulate matter
formation (FPMF); Ozone formation, terrestrial ecosystems (OFT);
Terrestrial acidification (TA); Freshwater eutrophication (FE); Marine
eutrophication (ME); Terrestrial ecotoxicity (TE); Freshwater ecotox-
icity (FET); Marine ecotoxicity (MET); Human carcinogenic toxicity
(HCT); Human non-carcinogenic toxicity (HNCT); Land use (LU); Min-
eral resource scarcity (MRS); Fossil resource scarcity (FRS); Water
consumption (WC).

Normalization was performed through Recipe normalization scores
(Table S11) and allowed quantification of impacts in terms of person-
equivalents (PE), which relate to the average annual impact of one cit-
izen’s participation in all activities required to maintain the current
standard of living (European Commission. Joint Research Centre.
Institute for Environment and Sustainability., 2014). The results based
on normalized values were used to identify the best scenario and define
the most relevant impact categories. Sensitivity analysis was performed
on the results to investigate the influence of different plant configura-
tions and locations.

3. Results and discussion
3.1. Model results

The boundary conditions stated in Table 2 are used in model vali-
dation with the experimental work of Borgogna et al. (2019). The results
in Fig. 2 represent the producer gas composition (mol.%), and the cor-
responding higher heating value (MJ/Nm?®). The results find a good
agreement as illustrated in the figure with slight variations. CO, COs,
and Hj variations are found to be <3.5%, while CH,4 variations are <8%.
Methane variations are found to be slightly considerable, however, the
equilibrium model usually predicts such values within this range of
variations (Deng et al., 2017; Formica et al., 2016). On the other hand,
the predicated heating value found a strong agreement with the exper-
imental results with negligible variations (<0.6%). As a result, this

40

B Model
Exp (Borgogna et al.)

35
30
25
20
15
10 I
0
co co H, CH,

2

Produced gas (mol%)

O

HHV, MJ/Nm?

Fig. 2. Syngas composition and heating value for the model and experiment.
The model outputs are reported in blue and experimental results of Borgogna
et al. (2019) are reported in orange. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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depicts the model’s ability to simulate the gasification process within
this system and using the selected feedstock. Additionally, the calculated
gasification temperature was 1003.4 °C. The experimental data showed
the gasification and downstream temperature are ranging between
(600-800) °C and (1000-1200) °C respectively. As a result, the model
demonstrates good agreement with both producer gas composition and
gasification temperature. Furthermore, such values of temperature
achieve the chemical equilibrium of the model.

3.2. LCA general findings

First, the performance achieved by each scenario illustrated in
Tables S4 and S5 was evaluated through a pair-by-pair comparison.
Table 3 shows the results, expressed according to the following
equation:

A% =(S; —S3) /S| (4b)

Where S1 represent the impact for each category for the reference
scenario and S2 represents the impact for each category of the compared
scenario.

Positive values indicate that S1 has better performance than S2 for
the specific impact category, while negative values stand for better
performance for S2 than S1.

When compared to SO, the WtE scenario has the greatest number of
categories suffering a reduction in potential impact. 16 of the 18 cate-
gories show a decrease in levels, with SOD and HCT being the only ex-
ceptions. The WtM and WtM-GH scenarios, on the other hand, result in
significant decreases in only a few categories, 10 for WtM and 8 for
WtM-GH, respectively, while the impact on others, such as SOD or WC, is
more than 10,000%. Comparisons with SO are characterized for many
impact categories by high percentage differences. This is because 70% of
FU is destined for landfill disposal, which is characterized by high local-
scale impacts and the absence of resource recovery. The high percentage
differences resulting from the comparison between WtE and the two
scenarios WtM and WtM-GH are the result of the strong difference be-
tween these technologies, where in the former case waste is minimized
to recover energy and heat, without the use of external energy and re-
sources, while in the latter water, energy and chemicals are used to
minimize emissions and maximize resource recovery through methanol
production. GW, FET, MET and FRS are reduced in all three scenarios.
The lower GW and FRS are due to the by-product compensation while
the reduced amount of waste going to landfill led to reduced emissions
to soil and water, inherent in the landfilling process, with reduced FET
and MET.

When the WtM scenario is compared to the WtE scenario, the former
provides for a reduction in aquatic ecotoxicological and toxicological
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impacts, as well as a net scarcity of fossil resources, but at the expense of
a large number of indicators, including GW (+25%). The WtM-GH
alternative, on the other hand, underperforms the WtM scenario in
several effect categories while allowing for significant reductions in GW,
FRS, SOD, and IR at the expense of the other impacts.

The four scenarios were then compared in terms of cumulative
impact, calculated as the sum of normalized values of individual impact
categories. The zero scenario was found to have the highest cumulative
impact of 9.38 x 10° PE. The better scenario was found to be WtM, with
a cumulative impact of 1.43 x 10° PE. Finally, WtE and WtM-GH were
found to be comparable, with values of 6.33 x 10% and 6.27 x 10°,
respectively.

The acquired results are based on the assumption that the weight of
each category is equal, as this is a broad study designed to investigate
the pure performance of technologies.

To facilitate the understanding of the results and provide an answer
as clear as possible about the convenience of one scenario over another,
a comparison was made by dividing global impacts from regional/local
impacts.

3.3. Global impacts

Fig. 3 shows the normalized global impacts (Global warming,
Stratospheric ozone depletion, Mineral resource scarcity and Fossil
resource scarcity) for the WtE, WtM and WtM-GH scenarios and the
different contributions for each life cycle step: Resource consumption,
Emissions, Supply chain transports, End-of-Life, Facilities, Energy con-
sumption and By-products.

The normalization operation, carried out according to the scores
provided by Recipe for worldwide normalization, resulted in the SOD
and MRS categories having almost no relative impact compared to the
others. As shown in Fig. 3, the normalized impacts for SOD and MRS are
close to zero, with values ranging from 2014.90 to 29.23 for the first
category and from 18.60 to —0.90 for the second one. Therefore, the
categories that drive the judgment of global impacts are Global warming
and Fossil resource scarcity. The first as we see is always positive, with
higher impact for WtM (1.29-108 kgCO2¢q equal to 1.61-10* PE) and
lower impact for WtM-GH (3.52-107 kgCO2¢q equal to 2.89-10% PE). The
latter also turns out to be the best scenario for FRS (—2.44-10° kgoileq
equal to —2.49-10° PE), for which there is a strong offset of impacts due
to high methanol production (409,822 t). Unlike the previous category,
WLE performs worse in this case.

Fig. 4 shows that for WtE, CO3 direct emissions represent the largest
source of impact for the GW category, while for the WtM scenario the
contributors are more distributed across steps, with resources as most
impactful. WtM-GH presents a peculiar situation, with a high

Table 3

Environmental performance of each scenario for each impact category, expressed as percentage differences.
Impact categories U.M. SO - WtE SO0 - WtM SO WtM-GH WtE - WtM WtE - WtM-GH WtM - WtM-GH
Global warming (GW) kg CO3 eq —46% —32% —81% 25% —66% ~73%
Stratospheric ozone depletion (SOD) kg CFC11 eq 156% —33% —63% —74% —86% —50%
Ionising radiation (IR) kBq Co-60 eq —661% 18834% 16122% 2563% 1465% —57%
Ozone formation, Human health (OFH) kg NOx eq —490% 405% 1017% 152% 249% 146%
Fine particulate matter formation (FPMF) kg PM2.5 eq —293% 390% 909% 174% 304% 154%
Ozone formation, Terrestrial ecosystems (OFT) kg NOx eq —490% 584% 1228% 182% 283% 98%
Terrestrial acidification (TA) kg SOz eq —279% 481% 715% 200% 261% 50%
Freshwater eutrophication (FE) kg P eq —94% —74% —70% 314% 363% 15%
Marine eutrophication (ME) kg N eq —99% —95% —88% 520% 296% 62%
Terrestrial ecotoxicity (TE) kg 1,4-DCB —270% 216% 7298% 131% 2035% 5183%
Freshwater ecotoxicity (FET) kg 1,4-DCB —30% —96% —69% —94% —56% 568%
Marine ecotoxicity (MET) kg 1,4-DCB —31% —96% —69% —94% —55% 597%
Human carcinogenic toxicity (HCT) kg 1,4-DCB 28% 17% 474% —9% 339% 380%
Human non-carcinogenic toxicity (HNCT) kg 1,4-DCB —42% —94% —78% —90% —63% 276%
Land use (LU) m?a crop eq —266% 257% 2640% 143% 793% 1442%
Mineral resource scarcity (MRS) kg Cu eq —378% —445% 12317% —14% 2511% 2175%
Fossil resource scarcity (FRS) kg oil eq —299% —1984% —4659% —423% —1078% —114%
Water consumption (WC) m? —555% 50919% 42444% 7856% 8858% 80%
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Fig. 3. Normalized global impacts for WtE, WtM and WtM-GH scenario: Global
Warming, Stratospheric Ozone Depletion, Mineral Resource Scarcity and Fossil
Resource Scarcity. Note that the negative scale has values 10 times greater than
the positive one.

contribution dictated by the energy consumed, completely offset by the
production of methanol and natural gas.

Different results for FRS: WtE presents varied impact sources that are
well offset by the heat and energy produced, while on the other hand
WtM and WtM-GH present well-defined impact sources, mainly repre-
sented by resource consumption for the first and energy consumption for
the second.

Based on these results, on a global level the WtM-GH scenario is
undoubtedly the best, as it combines a significant reduction in CO2
emissions with a large compensation of fossil resources. Between WtE
and WtM it is difficult to define which of the two is better, as the impacts
of the former are essentially due to direct emissions, which however
could also be limited through carbon capture and storage systems, while
in the latter the impacts are governed by energy consumption and the
resources used. Unlike the latter, the continuous increase in renewable
energy and the consequent progressive decarbonization of the energy
sector allows us to hypothesize a reduced impact when the plant is
active. In this regard, it is necessary to highlight how the impacts of
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these scenarios and their assessments are strongly affected by the energy
component, which will be studied in detail in section 3.6.

3.4. Regional and local impacts

Fig. 5 shows the normalized regional/local impacts for the WtE, WtM
and WtM-GH scenarios.

Toxicity and ecotoxicity impacts (Fig. 5B) are separated from the
others (Fig. 5A).

WHE is the scenario that presents the lowest non-toxicological envi-
ronmental impacts, counting 5 impact categories with negative values.
WtM-GH appears to be the worst-performing scenario in this group,
mainly due to the WC and FE categories. WtE is also characterized by
positive impacts for 6 categories, due to the by-products and the water
reintroduced in the environment. Moving on to the toxicological cate-
gories, the situation is very different. The WtM scenario have a better
performance for each impact category and the WtE scenario presents
very high impacts, especially for FET and MET. WtM-GH higher toxicity
compared to WtM is mainly due to the photovoltaic energy used for the
electrolysis, due to the chemicals and resources used in their life cycle.

Fig. 6 depicts the contribution for each life-cycle step of the most
impacted category previously defined.

Emissions represent the major source of impact for WtE, which are
partially compensated only for FE and HCT. The heat and electricity
produced allow the complete compensation of the impacts deriving from
pre-treatments for IR, which instead represent a source of positive
impact for WCs, due to the excess of water discharged compared to that
taken from the environment.

The resources consumed represent a major source of impact for WtM,
due to the costs of supplying oxygen through cryogenic distillation.
WtM-GH is mainly governed by the impacts due to energy consumption,
which is higher than WtM due to the greater quantity necessary for the
complete conversion of CO, into methanol.

The WtE scenarios produce different by-products than the WtM
scenarios, and the WtM-GH scenario produces more methanol, resulting
in a different composition of consequences and, more importantly,
different mitigation. Recovering energy and heat from incineration re-
duces impacts for more categories, as predicted by Lazarevic et al.
(2010) and Turconi et al. (2011), but does not fully offset the conse-
quences of emissions for the most affected and frequently used as
benchmarks. Each scenario has three steps that significantly impact its
outcomes: emissions for WtE, resource use for WtM, and energy con-
sumption for WtM-GH. This case demonstrates how the use of a specific
scenario for end-of-life care must necessarily go through a study phase
that allows for the mitigation of these unique implications. Specifically,
the energy impacts of WtM-GH are highly dependent on factors such as
location, energy source selection, and, over time, the energy sector’s

(A) (8)

1200% 200%j

600%) 100%i
g
c
9
. — I
£ I
,E ol —— 0 ——
Q
o
kst
©
Q
E

-600%| -100%|

& % -200%

e WEE WtM WtM-GH 200 WLE WtM WtM-GH

Fig. 4. Comparison of Global warming (A) and Fossil resources scarcity (B) for WtE, WtM and WtM-GH scenarios through contribution analysis.
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Fig. 5. Normalized regional/local impacts for WtE, WtM and WtM-GH sce-
narios. A) Impacts for non-toxic categories: Ionising radiation, Ozon formation
Human health, Fine particulate matter formation, Ozone formation Terrestrial
Ecosystems, Terrestrial acidification, Freshwater eutrophication, Marine
eutrophication, Land use, Water consumption; B) Impacts for Terrestrial eco-
toxicity, Freshwater ecotoxicity, Marine ecotoxicity, Human non-carcinogenic
toxicity and Human carcinogenic toxicity. The WtE scenario impacts are re-
ported in blue, WtM scenario impacts are reported in green and WtM-GH sce-
nario impacts are reported in yellow. Note the y-axes are note equally spaced.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

decarbonization process (Asdrubali et al., 2015; Fawzy et al., 2020;
Shiva Kumar and Himabindu, 2019; Turconi et al., 2013).

The toxicological and ecotoxicological impacts are mainly due to
zinc and copper emissions. Because of their potential contamination,
heavy metal emissions have a major influence on these impact cate-
gories of each scenario (Castagnoli et al., 2022; Rahman and Singh,
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2019). They are mostly associated with stack emissions in the case of
WtE, and with emissions associated with energy generation in the case of
WtM-GH. These findings emphasize the need to introduce technologies
that allow the sequestering and abatement of specific contaminants into
life cycle activities without causing additional environmental conse-
quences (Qasem et al., 2021; Quina et al., 2008). Biofilters and EPS are
promising for heavy metal sequestration in flue gases and discharges
(Brunner and Rechberger, 2015; Pagliaccia et al., 2022). For WtE, the
emission of large amounts of metals at a single point opens up potential
recovery scenarios, either through established processes such as bottom
ash recovery or through innovative processes that could allow the re-
covery of metals present in fly ash or discharges (Gautam et al., 2014;
Quina et al., 2018).

3.5. Influence of plant configurations

The WtM scenario is characterized by a consistent emission of COo,
biogenic and fossil both. According to Borgogna et al. (2019) this flow
has such purity that it can be recovered and utilised for some applica-
tions. For example, through zeolite membranes (Nugent et al., 2013).
Table S6°s WtM - CO2 column reports the impact decrease owing to CO2
separation and recovery as a co-product, expressed as a percentage of
the effect. As highlighted in Figs. 4 and 6, energy source plays a pivotal
role on WtM-GH, due to the high consumption of electrolysis for Hy and
O, production. Fig. 7 illustrates the main results of the sensitivity
analysis conducted on plant configuration, showing impact variation
(expressed in percentage) of the three main global categories identified
in section 3.2 relative to a CO, recovery system and different energy
source for electrolysis (biomethane and wind). MRS and TE have the
highest percentage decreases, but as demonstrated, GW has a 179%
reduction, implying that the effect of this probable configuration has a
potentially avoidable impact on this category.

The energy source used for electrolysis in the WtM-GH scenario is a
photovoltaic system, with the required energy calculated according to
Tenhumberg and Biiker (2020).

Wind energy and energy from biomethane combustion were then
considered as additional renewable energy sources for electrolysis. The
results show that biomethane is a poor choice for several categories,
whereas using wind energy reduces electrolysis-related consequences
for all categories except HCT. The impact categories that might poten-
tially gain the most from this choice are GW and SOD, with effect re-
ductions of 431% and 409%, respectively.

The CO, recovery sensitivity analysis demonstrates how prospective
sequestration and recovery of this gas has potential favourable effects
not only on GW but also on other categories. This emphasizes how the
use of carbon capture and utilization (CCU) systems like zeolites and
amine-based solvents could make certain technologies more ecologically
friendly (Bui et al., 2018; Cavallo et al., 2023). Furthermore, they might
be added to existing plants, reducing their environmental impact. Water
recovery is another activity that provides undeniable benefits and in-
creases the process’s sustainability; it also, as mentioned by Williams
and Grafton (2019), provides better economic stability and would pro-
vide the plant with greater social acceptability. The effects of a water
recovery plant with a 90% efficiency in the WtM and WtM-GH scenarios
are reported in Fig. S1, with the comparison between the Water con-
sumption indicator (ReCiPe, 2016) and the results of Water Footprint
(AWARE).

Indeed, there are crucial difficulties in the COy recovery process,
such as the composition of the recovery gas and the extraction of the
molecule from the capture medium. Furthermore, each technology will
have an impact on the relevant supply chain, such as the natural zeolites
mining process or the chemical extraction process from amine-based
solvents (Fugiel et al., 2017; Veltman et al., 2010).

Given these issues, the WtM scenario may be preferable to the WtE
scenario since the CO,-containing gas has already been through
numerous rounds of cleaning and purification that have broken down its
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pollutants.

In this setting, the WtM-GH scenario avoids these issues by acting as
a CCS system by turning CO; into methanol. As a result, it is the most
ideal method for decarbonization, with even greater outcomes
depending on the energy mix used for electrolysis. Sensitivity analysis
indicates that wind energy is preferable as the energy source for elec-
trolysis. As a result, using only wind sources for electrolysis or a
renewable mix following the International Energy Agency (IEA) decar-
bonization scenarios would improve the WtM-GH scenario (IEA, 2022).

3.6. Influence of plant locations

To assess the real impacts that the allocation of the functional unit to
WtE would currently have, a market analysis was conducted to define
the actual facilities available to incinerate 300,000 t of RDF. The relative
results are reported in Table S8 of the supplementary material, while the
sensitivity analysis results are outlined in Table S7 and depicted in
Fig. 8.

The alternative scenario has an impact on a wide range of areas. It
results in a significant rise in OFH, OFT, and TE while significantly
lowering IR and FRS. The factors of the GW impact have been analyzed
for a better understanding of the outcomes. The use of various plants
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could have a significant impact on global warming, due not only to
transportation but also to the many effects of co-products. These results
are due to the treatment of 210,000 t of RDF in Germany, which is
characterized by a different energy mix, a different life cycle of some of
the resources used (e.g., some chemicals), and the road transportation of
waste to incineration plants.
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Although the German energy mix has a higher GW potential, as seen
below in Fig. 9b, the positive impact of by-products is significantly
lower. This is essentially due to the lower positive influence of by-
product heat. The limitation of this assessment are the energy effi-
ciencies adopted for the calculation of heat and electricity production,
which are peculiar to each plant while for the calculations herein they
were assumed to be identical to the reference WtE plant.

The possible implications of the two WtM scenarios in different
countries were investigated by adjusting energy usage. Electricity and
natural gas use was specifically adjusted based on Ecoinvent methods for
the following areas: Italy (standard scenario), France, Germany,
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Fig. 9. Sensitivity analysis of WtM and WtM-GH scenarios about the influence
of different energy mix: Italian (reference case), France, German, European
Union, United States and Global. A) evaluation of the influence of different
country energy mixes on the cumulative impact; b) evaluation of the influence
of different country energy mixes on the GW impact.
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European Union, United States, and Globally.

Tables S9 and S10 show the impact changes for each category and
the main results are reported in Fig. 9.

France presents generally reduced implications for both scenarios,
with certain categories avoiding impacts entirely. In contrast, the
German and worldwide scenarios have significantly bigger impacts than
the Italian scenario, while the European and US scenarios are
equivalent.

The WtM-GH scenario has comparable implications for all choices,
except for the German option, which has higher effects in practically all
categories, even when compared to a global scenario.

Using the GW category as a guide (Fig. 9B), the WtM-GH scenario is
always preferable, except for Germany. As previously said, it is a
possible avoidable impact in France. When the cumulative impacts are
calculated by adding the normalized values, the WtM-GH scenario has a
greater potential impact in each of the scenarios studied (Fig. 9A).

These findings highlight the significance of conducting site-specific
analyses during the design process. Indeed, energy is critical in deter-
mining total consequences, particularly for GW. According to Berrill
et al. (2016) and the IEA report (IEA, 2022), power from renewable
sources, as in the case of Italy, or nuclear fission in the case of the United
States, greatly minimizes the possible influence on GW. Furthermore, a
mix dominated by nuclear fission, such as that of France, could result in
a carbon-negative process. On the other hand, the presence of high
emissivity sources such as coal in the mix substantially conditions the
consequences, both on GW and total, as seen in the German and
worldwide mixes (Turconi et al., 2013).

Moreover, the beneficial effects of co-products vary based on their
geographical location, particularly concerning electricity generated by
WtE plants (Ding et al., 2021; Astrup et al., 2015) also note that the
advantages of electricity and heat recovery vary depending on a coun-
try’s specific demand for the latter.

These factors have a major impact on proper waste management
planning. In that a low-carbon energy supply benefits technologies that
consume energy to convert waste into new resources, rather than tech-
nologies that produce additional energy with a high carbon footprint.
These factors, combined with U.S. and EU energy sector decarbonization
programs, makes WtM and, in particular, WtM-GH configurations more
appealing (Child et al., 2019; Jacobson et al., 2015).

Finally, transportation is a critical component of the overall process’s
impacts. The market research and sensitivity analysis highlight the need
to situate the plants as close to the waste-generating sources as possible.
This would have two benefits: it would reduce the environmental, eco-
nomic, and social impacts of transportation (Vinyes et al., 2013), it
would increase transparency for companies (Gopalakrishnan et al.,
2021), and it would allow the treatment plants to harvest co-products
that would otherwise be enjoyed by external markets, resulting in a
significant loss of value for those who generated it (Iaquaniello et al.,
2017; Wang et al., 2019).

3.7. Literature comparison

The results were first compared with similar work conducted by
Dong et al. (2018).

Starting from a very similar RDF, the syngas they obtained had a
different composition, being more abundant in CO, and CH4 (36.56%
and 14.42%) rather than in CO and H, (19.47% and 19.07%). This
composition is more favourable for conversion to energy rather than
conversion to methanol, as pursued in the present work. Despite the
different compositions and fates of syngas, the results of the LCA show
some similarities. Notably, WtE demonstrates better performance than
gasification (in our case WtM) in terms of global warming potential.
Contribution analysis supports our findings: the gasification process has
a considerable impact on resource and energy usage, making incinera-
tion a less impactful and more reliable technology because it is less
dependent on external sources (Rajaeifar et al., 2017). Therefore, for
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gasification to be a viable process for sector decarbonization, it requires
complete chemical conversion of syngas, CO5 storage, and the use of
low-carbon energy sources. The advantage of conversion to methanol
over energy production is the ability to abate impacts related to CO and
CO, emissions completely (Acquarola et al., 2021). Additionally, when
examining other impact categories, a parallel is observed in toxicity
impacts, where WtE performs worse than gasification.

The results obtained in this study for the WtM and WtM-GH scenarios
were also compared with the main waste-to-methanol and waste-to-
ethanol studies available in the literature. Before delving into the dis-
cussion, it is important to highlight that the functional units differ
among these studies. For instance, Papadaskalopoulou et al. (2019)
consider organic waste, while Prifti et al. (2023) focus on the conversion
of waste composed exclusively of plastic. Moreover, the various RDF
streams exhibit variability, as RDF by its nature presents inherent het-
erogeneity. The results from these studies were compared in terms of
chemical production per ton and global warming potential (GWP), both
normalized to the ton of input waste.

The methanol production observed in this study is significantly
higher than that reported in the first three studies referenced
(Papadaskalopoulou et al., 2019; Stichnothe and Azapagic, 2009; Sun
et al., 2022), while it is comparable to the results of Borgogna et al.
(2019) and lower than those obtained for plastic-only waste. These
differences are attributed to the distinct nature of the gasification pro-
cess, where the consumption of oxygen and high temperature enables
greater syngas production, specifically of CO, which is then converted
into methanol. A primarily plastic composition yields syngas with higher
CO and CO; contents, leading to greater methanol production per ton of
waste, but also a higher contribution to global warming potential.

While methanol and ethanol production are primarily influenced by
the different syngas production technologies and the varying charac-
terization of the functional units, the global warming potential is
affected by the system boundaries. Indeed, all the referenced studies are
not LCA analyses; they only consider the use phase or the main process
flows (e.g., emissions avoided from methanol production or direct CO,
emissions), making direct comparisons challenging. What is evident,
however, is that higher methanol production correlates with an
increased global warming potential due to greater consumption of
chemicals and resources.

A different scenario applies to the WtM-GH process, which, through
the complete conversion of CO and CO,, achieves better results in terms
of both methanol production and carbon footprint, although at the
expense of other impact categories as previously defined.

A comparison with similar configurations reveals that the plant’s GW
potential (430 kgCOqeq/tw and 117 kgCOqeq/tw) is comparable to
others (502.79 kgCOyeq/tw) but significantly higher than those found in
studies involving different configurations or feedstocks, as shown in

Table 4
Literature comparison of different environmental assessments for similar ther-
mochemical biorefinery processes.

Functional Product GW potential Reference
Unit
RDF 116 kg Eth/tw  86.5 gCO%eq/ Stichnothe and Azapagic
MJ (2009)
Biowaste 83 kgEth/tw —15 kgCOzeq/ Papadaskalopoulou et al.
tw (2019)
RDF 37 kgMeth/tw ~ 51.08 kgCOzeq/  Sun et al. (2022)
tw
RDF 419 kgMeth/ 502.79 Borgogna et al. (2019)
tw kgCOqeq/tw
Plastic waste 1272 kgMeth/ 788 kgCOzeq/ Prifti et al. (2023)
tw tw
RDF 647 kgMeth/ 430 kgCOoeq/ This study (WtM)
tw tw
RDF 1366 kg 117 kgCOqeq/ This study (WtM-GH)
Meth/tw tw
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Table 4. However, all of the studies cited thus far have only undertaken a
use-phase study, not a complete life cycle analysis. Additionally,
reduced GW emissions are linked to decreased methanol production per
ton of waste.

3.7.1. Technology perspective for waste to methanol integration

Waste-to-Methanol (WtM and WtM-GH) technology integration in
Italy and Europe represents a promising alternative to traditional WtE,
particularly due to its ability to convert waste into high-value com-
pounds like methanol. Italy’s waste composition is ideal for this tech-
nique, as it comprises a high number of biodegradable materials
(35.05%) and plastics (27.6%), both of which are important feedstocks
for refuse-derived fuel (RDF) gasification. Across Europe, however,
waste composition varies, as do local energy policy. These factors
contribute to the variation in the possible benefits that WtM can provide,
as highlighted in paragraph 3.5. Countries with a strong renewable or
nuclear energy sector are better inclined to benefit from the WtM-GH
scenario, which incorporates green hydrogen into the process. This en-
ables the entire conversion of CO: into methanol, thus improving the
value of by-products such as collected CO2, which can be capitalized
through carbon credits (Dong et al., 2018; Iaquaniello et al., 2017).

Countries with more biogenic waste may have worse syngas quality,
affecting methanol production efficiency (Borgogna et al., 2019; Papa-
daskalopoulou et al., 2019). These variabilities indicate that WtM
technology is heavily reliant on local waste profiles and energy in-
frastructures. Furthermore, the geographic distribution of waste pro-
duction is critical in deciding which regions are best suited for WtM
integration. Industrial eco-parks and urban regions with substantial
waste output are suitable candidates for the deployment of WtM plants,
as they can benefit from synergistic by-product recovery and more
effective waste management operations (De Corato et al., 2018; Neves
et al., 2019). This technology is also suitable for the development of
integrated biorefineries, where both fossil and biogenic waste can be
recovered as valuable organic products (Naik et al., 2010).

3.7.2. Methanol application and market

Methanol has numerous applications, including chemical feedstock
for formaldehyde, acetic acid, and Methyl tert-butyl ether (MTBE)
manufacturing, as well as developing areas like biofuels and hydrogen
storage (Stichnothe and Azapagic, 2009). According to Prifti et al.
(2023) and Sun et al. (2022), the global methanol market is estimated to
be $36 billion in 2023, with China alone accounting for nearly 60% of
global consumption. Methanol is used for transportation fuels and
chemical manufacture. Germany and the Netherlands are Europe’s
leading consumers of methanol, which is used in cleaner fuel generation
and the chemical industry. Methanol has the potential to cut CO2. and
SOx emissions in the maritime industry, making it an appealing option
for decarbonization efforts (Papadaskalopoulou et al., 2019).

Looking ahead, both the WtM and WtM-GH scenarios present
considerable commercial opportunities. WtM-GH is unique in that it
uses green hydrogen to sequester CO2 while also producing marketable
by-products like natural gas and sulfur granules (Iaquaniello et al.,
2017). As nations look to reduce their reliance on fossil fuels, the In-
ternational Energy Agency (IEA) predicts that biofuel will play an
increasingly important role in the energy transition, especially in Europe
(IEA, 2022). This possibility is further improved by the WtM-GH sce-
nario, which uses green hydrogen to produce almost negligible COy
emissions. WtM-GH is an economically feasible and sustainable option
since it can also generate $79.23 per ton of waste from the sale of
methanol market sales and an additional $181.83 per ton from the sale
of CO, allowances on the Emissions Trading System (ETS) (Prifti et al.,
2023; Salladini et al., 2020).

3.7.3. Future performance evaluation based on energy perspectives
WtM and WtM-GH scenarios are expected to perform better than
conventional Waste-to-Energy (WtE) plants soon, especially as Europe
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continues to reduce its energy mix’s carbon emissions (IEA, 2022).
Among these, WtM-GH stands out because of its capacity to incorporate
green hydrogen. The WtM-GH scenario is anticipated to outperform
standard WtE technologies as Europe moves toward an infrastructure
that is more dependent on renewable energy, especially in terms of
possible global warming (Acquarola et al., 2021; Dong et al., 2018).

The synthesis of methanol by WtM-GH is expected to have a lower
carbon intensity as the importance of renewable energy sources con-
tinues to rise. WtM-GH is therefore anticipated to become a preeminent
waste valorization and resource recovery technology. This change is in
line with larger European objectives to attain net-zero emissions, which
makes WtM-GH a very appealing choice for decarbonization and waste
management plans. Furthermore, according to IEA scenarios, incorpo-
rating green hydrogen into the methanol manufacturing process may
lessen the need for outside energy sources even further, making WtM-
GH a self-sustaining technology in regions with a lot of renewable en-
ergy sources available (Iaquaniello et al., 2017; [EA, 2022).

Furthermore, WtM-GH may profit from legislative incentives meant
to advance low-carbon technology, such as carbon capture and utiliza-
tion (CCU) systems (Bui et al., 2018), as the European Union advances
with its energy transition. These regulations will probably hasten the
implementation of WtM-GH technologies, which support waste man-
agement systems’ financial viability in addition to their environmental
advantages. The long-term viability and competitiveness of these tech-
nologies will be influenced by site-specific factors, which include the
availability of renewable energy, the makeup of local waste streams, and
the infrastructure for green hydrogen production. These factors will play
a significant role in the future success of WtM and WtM-GH (Borgogna
et al., 2019; Rajaeifar et al., 2017).

4. Conclusions

This study compares the environmental implications of treating
300,000 tons of RDF using Waste to Energy, Waste to Methanol with
Water Gas Shift hydrogen, and Waste to Methanol with green hydrogen
over the life cycle, relative to the existing path of the functional unit. The
WLE scenario were generated using literature data from current plants
and background data from Italian plants derived from Ecoinvent,
whereas the WtM scenarios were constructed using the Matlab model,
literature data, and background data from a pilot plant available on
Ecoinvent.

The combustion of 300,000 t RDF would produce 179.9 GJ of ther-
mal energy and 791,3 GJ of electrical energy while emitting over
203,000 t of fossil CO5 into the environment. The WtM scenario would
generate approximately 194,000 tons of methanol and emit 82,648 tons
of fossil CO5. Using green hydrogen (WtM-GH) would enable the com-
plete conversion of both fossil and biogenic CO, into methanol, resulting
in a COa-free process during the use phase and an overall production of
nearly 400,000 tons of methanol at a CH3OH:RDF ratio of 1.36.

The results indicated that the WtM scenario had a lower total po-
tential environmental impact. Considering global impacts, WtM-GH is
the most favourable, whereas for regional/local impacts, WtM is ad-
vantageous primarly for toxic categories. Given that the major impacts
of WtM-GH are energy-related and considering the progressive decar-
bonization of the energy sector, WtM-GH could become the best solution
in the future. WtE, on the other hand, is a well-established technology
with well-known uncertainties and operational costs (Astrup et al.,
2015).

Overall, the findings underscore the necessity for resource recovery
in end-of-life waste management, thereby favoring a WtM setup. In this
context, the import/export of energy and materials is critical, rendering
landfilling an activity that should be phased out as soon as possible,
especially for resources that can already be valorized. The placement of
plants and the choice of plant configuration for WtM are crucial. The
need for nearby thermal and electrical energy might make a WtE
approach more practical, whereas the demand for methanol might make
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a WtM approach more convenient. These assessments must also consider
the available raw material, i.e, the waste generated in the target area.
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