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Worldwide population growth and improvements in living standards are leading to a significant increase in
municipal solid waste production, particularly in developing countries. In these regions, a well-established waste
management strategy is often lacking, and alternatives to illegal landfills must be explored. Pyrolysis is a
technology that can be used for the valorization of MSW to produce high-value products. However, several
aspects require further elucidation for industrial application. This study aims to assess the valorization of un-

sorted MSW from Morocco, focusing on the production of methanol, hydrogen, or electrical power. To this end,
both pyrolysis of MSW and gasification of the residual char were experimentally investigated to generate raw
syngas. Computer-aided process simulations were then conducted to evaluate the technical and environmental
aspects of converting the resulting syngas mixtures into the desired products: methanol, pure hydrogen, or

electricity.

1. Introduction

The heterogeneous mix of refuse generated daily by urban residents,
known as municipal solid waste (MSW), encompasses a range of mate-
rials. This includes organic remnants like food scraps, along with paper,
plastics, metal containers, textiles, glass, and other discards. The precise
makeup of MSW varies considerably across different municipalities and
is subject to seasonal and temporal fluctuations [1,2]. Establishing an
effective system for MSW collection is the foundational step towards
recovering or recycling valuable resources, thus fostering a circular
economy model.

However, many developing nations face substantial challenges in
managing MSW, leading to significant adverse socioeconomic and
environmental effects [3]. Morocco, a developing country with around
32 million people, with 51 % residing in urban areas and an annual
population growth rate of 2.85 %. The combination of rapid population
increase and growing urbanization is driving a marked escalation in
MSW production, causing serious environmental concerns, particularly
in cities. Morocco's MSW output is on a steady rise, currently reaching 9
million tons annually. Waste handling in the country is hampered by
inadequate collection practices, largely delegated to the private sector,
and the proliferation of unregulated landfills. These illegal sites are
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estimated to process roughly half of the total MSW generated. Such
mismanagement has detrimental impacts on economic progress,
tourism, and overall living standards [4-8].

To mitigate the problems associated with uncontrolled and hazard-
ous landfilling, it's vital to explore and implement efficient MSW man-
agement strategies. In this context, the National Municipal Waste Plan
(PNDM) was initiated in 2008, with the goal of regulating all urban
landfills in Morocco by 2015. This objective was not achieved, leading to
an extension of the deadline to 2020. However, the current situation
remains far from the desired outcomes. Furthermore, the PNDM outlines
the following objectives: achieving 100 % MSW collection by 2030;
attaining a 20 % recycling rate of produced MSW by 2022; improving
waste sorting and recovery; and creating at least 70,000 jobs within the
waste management sector [9]. This plan draws inspiration from the
sustainability principles of the circular economy, which, within the
European Union, is manifested through “Waste hierarchy actions,”
providing a tiered framework for waste management. This is often
referred to as the “4-R hierarchy,” which includes Reduce, Reuse,
Recycle, and Recovery [10]. Various techniques, including combustion,
pyrolysis, gasification, anaerobic digestion, and landfill gas extraction,
are being utilized to extract valuable resources (e.g., energy, chemicals,
or fuels) from MSW [11-14].
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Pyrolysis, a well-established method traditionally used for producing
charcoal from biomass, involves heating solid feedstock in an oxygen-
free environment to yield solid, liquid, and gaseous fuels [15]. More
recently, relatively uniform waste materials such as tires, automotive
shredder residue, and plastics have been employed as feedstock for
industrial-scale pyrolysis. However, the significantly more diverse
composition and size of MSW compared to these materials makes its
pyrolysis more complex, especially when collection is limited, as is
common in developing countries. Makarichi et al., using Harare as a case
study, assessed the composition, moisture content, thermochemical
properties, and energy content of MSW in a typical African city [16].
Their findings suggested that the quality of MSW is comparable to that in
regions outside Africa where waste-to-energy initiatives have been
successful. He et al. examined the effect of temperature on the pyrolysis
of Chinese MSW using calcined dolomite as a catalyst in a bench-scale
fixed-bed reactor [17]. Raising the temperature from 750 to 900 °C
resulted in increased MSW conversion to product gas, with notable in-
creases in Hy and CO content, reaching 36 and 30 mol%, respectively.
Char and tar yields decreased, while dry gas yield and carbon conversion
increased, with a minimal impact on the syngas's lower heating value
(LHV) of approximately 13 MJ/Nm®. Calcined dolomite enhanced gas
yield and reduced oil and char yields compared to non-catalytic pro-
cesses [17]. Li et al. conducted separate pyrolysis of various solid wastes
(paper, cardboard, plastics including PVC and PE, rubber, plant mate-
rials, wood, and orange peel) in an externally heated rotary kiln [18].
They observed that higher temperatures promoted the breakdown of
larger molecules, and the gas's heating values peaked at different tem-
peratures for each waste type. Moisture content was identified as a
critical factor influencing gas yields. Luo et al. (2010) performed lab-
scale fixed-bed reactor pyrolysis tests on MSW from Wuhan, China, to
evaluate the influence of particle size (up to 20 mm) and bed tempera-
tures on product yield and composition [19]. They discovered that
smaller particles yielded more gaseous products and less tar and char,
though this effect diminished with increasing temperature. Smaller
MSW particles also resulted in higher H2 and CO yields, improving gas
quality and yield.

The charcoal produced from MSW pyrolysis still constitutes a waste
product, requiring further valorization techniques to minimize its vol-
ume. In this context, the remaining organic material can be subjected to
gasification. Gasification transforms solid carbonaceous material into a
fuel gas, primarily composed of carbon monoxide, hydrogen, and
methane. This process involves the reaction of the carbonaceous mate-
rial at temperatures between 700 and 900 °C with a controlled, sub-
stoichiometric amount of oxidant (air/oxygen or steam), leaving
behind an inorganic residue (ash). Numerous studies have investigated
the gasification of biomass-derived char, evaluating the impact of
various parameters (e.g., temperature, pressure, catalyst presence,
gasifying agent type, char textural properties) on gas yield and quality
[20-24].

This study aims to evaluate the potential for valorising uncollected
MSW from Agadir, Morocco, using thermal treatment methods. Specif-
ically, MSW was initially pyrolyzed at varying temperatures
(350-550 °C), and the resulting charcoal was subsequently gasified in
air to maximize total gas yield and minimize residual solids.

The originality of this research stems from the scarcity of existing
literature on fuel recovery from MSW in Morocco or other developing
countries through thermal treatments. It is essential to recognize that
feedstock type, temperature, and other variables significantly affect
both pyrolysis and gasification processes. Therefore, experimental in-
vestigations are crucial to gain new insights into the potential of these
thermal processes for uncollected MSW valorization.

Furthermore, a techno-environmental assessment, utilizing
computer-assisted simulations, was conducted to assess the valorization
of the obtained raw syngas into fuels (e.g., hydrogen), chemicals (e.g.,
methanol), or electricity. This work aims to promote a waste-to-
chemicals strategy, even for challenging, uncollected MSW. Globally,
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the novelty of the work is related to both experimental and simulation
approach and results. A common problem for developing countries like
Morocco is indeed huge population and poor resources, such as elec-
tricity. Therefore, an investigation about the conversion of uncollected
MSW into valuable products for the country, also going beyond the
electricity, such as methanol or hydrogen, represents one of the most
significant approaches for viewing MSW as a resource, also contributing
to the sustainability and technological advances. In developing coun-
tries like Morocco, agriculture is a fundamental industry, therefore the
production of hydrogen could be also considered as potential interest for
the production of ammonia or e-chemicals like methanol [25]. As re-
ported below, the thermochemical conversion to syngas was experi-
mentally investigated by using uncollected MSW with no significant pre-
treatment and adopting a dual-stage concept consisting in pyrolysis
followed by gasification of residual char with a rotary kiln. This
approach allows to propose a promising technology for the valorization
of the selected feedstock, and simulation demonstrates the environ-
mental benefits in terms of carbon dioxide emission savings. Studies on
the same topic are usually focused on the valorisation of refused derived
fuel (RDF), whose production requires several steps, such as shredding,
magnetic stirring, grinding, screening and sometimes pelletizing
[26-29]. In the present study, the uncollected MSW was used as received
with no pre-treatment directly converted in the pyrolysis unit. At the
best of the authors' knowledge, for the first time a facile route for
thermochemical valorisation of uncollected MSW has been experimental
demonstrated, and the further valorisation of the gas obtained by both
pyrolysis and gasification step assessed by comparing three different
scenarios, i.e. production of hydrogen, methanol or electricity, useful for
future advances in process development.

2. Experimental
2.1. Feedstock supply

Approximately 33 kg of municipal solid waste (MSW) from Agadir,
Morocco, were utilized in this study. The waste was collected from open
areas, representing a significant and representative sample of unsorted
municipal waste from two distinct neighbourhoods: Tikiouine and
Elfarah. To create an analytical sample of roughly 5 kg, the collected
waste underwent a quartering process. The as-received sample exhibited
a slight malodor, likely due to fermentation, and was subsequently
stored in a fume hood for stabilization. Visual inspection identified the
following material classes: plastics, paper, organics, fines, inerts, metals,
and textiles. A manual separation of these classes was performed, and
the gravimetric amount of each class was determined using an analytical
laboratory balance to quantify the waste's material composition.

Ultimate analysis of the sample was conducted using a Perkin Elmer
Series II 2400 CHN/O elemental analyzer, following ISO 16948. Spe-
cifically, sulfur, fluorine, chlorine, phosphorus, and bromine were
quantified by bubbling the exhaust gas from the calorimetric bomb
through an alkaline buffer solution of Na,CO3 and NaHCO3, where they
were absorbed as anions (C1~, SOF~, F~, PO3~, Br7). The anion con-
centrations were then measured using High Performance Ion Chroma-
tography (Dionex DX 300). The metal concentrations of the inert-free
MSW were determined as follows: the sample was mineralized with aqua
regia, hydrogen peroxide, and hydrofluoric acid. The resulting mixture,
filtered through 0.45 pm cellulose paper, was analyzed using an Agilent
ICP-EOS 720. The metals measured included Al, Co, Cr, Cu, Mn, Mo, Ni,
Pb, Ti, T1, V, Zn, Ca, K, Mg, Na, Si, and Fe.

Moisture content was determined according to UNI EN 15414, ash
content according to UNI EN 14775, and fixed carbon and volatile
matter were estimated using UNI EN 15148. The heating value was
measured using an IKA C4000 Bomb Calorimeter, following UNI EN
14918.
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2.2. Pyrolysis and gasification tests

Pyrolysis tests were carried out in a semi-batch plant with a fixed bed
reactor hosted in a modified Lenton tube furnace of 5 kW, equipped with
a temperature controller. The schematic diagram of the experimental rig
is showed in Fig. 1.

The experimental setup for the pyrolysis test includes a nitrogen gas
cylinder (1) equipped with a pressure reducer (2) and a flow meter
controller (3). A furnace (5) encloses an alumina reaction tube (7.6 cm
internal diameter, 100 cm in length), within which a cylindrical and
perforated sample holder (4) is positioned. This holder has a diameter of
7 cm and a height of 50 cm. To aid in the removal of pyrolysis vapors by
the carrier gas and prevent the loss of char, the reactor holder feature
perforations with a diameter of 1 mm. The process temperature is
controlled by a Temperature Indicator and Controller (TIC) (6), which
receives its input from a thermocouple located inside the furnace. A
second thermocouple (7) is placed directly within the sample holder to
monitor the temperature of the sample as it undergoes treatment. The
generated pyrolysis gas is then passed through three bubbler flasks (8)
containing a 1 M sodium hydroxide alkali solution, which is kept at
—20 °C using a laboratory-prepared ice bath with sodium chloride to
dissolve organic vapors and water. Most of the vapors are condensed in
the first flask, and the second and the third is used to further clean the
gas to be sent for analysis. The calculated oil yield refers to the total oil
collected by weighting the flasks before and after the test. Following
this, the gas stream flows through a biomass biological filter (9), is
quantified using a gas volumetric meter, and is analyzed every three
minutes by an Agilent 3000 A gas chromatograph to determine the
volumetric composition of hydrogen, carbon monoxide, carbon dioxide,
methane, and other light hydrocarbons.

In a typical test, about 430 g of MSW inert free were put in the sample
holder. Once, that the sample holder was assembled inside of the
furnace, 1 I/min of nitrogen fluxed the semi batch plant to create an
inert atmosphere. The furnace heated the reactor at 10 °C/min up to the
set temperature that was measured by a thermocouple placed inside the
feedstock. The test run for about 120 min, and during this time the
temperature was monitored obtaining an average process temperature
value with a variation of +10 °C during the test. At the end of the test,
the electrical heating was switched off. When the furnace reached
environmental temperature, the residual char was recovered and
weighted for the mass balance and stored for the chemical-physical
analyses, i.e. proximate analysis, elemental analysis and LHV determi-
nation. The three bubbler flasks were weighted to determine the bio-oil
fraction.

Gasification of the char obtained from pyrolysis (pyro-char), was
performed in a bench scale rotary kiln plant as schematized in Fig. 2
[30]. The rig is very similar to that used for pyrolysis, but a different
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thermochemical unit was adopted as described below.

The bench-scale rotary kiln reactor was produced by Lenton (PTF
16/75/610 model) having an internal alumina pipe with an inner
diameter of 78 mm and length of 1.2 m, equipped with a feeding hopper
with a capacity of 5 It. The char was continuously fed to the alumina
reactor by means of a water-cooled screw-driver device. The furnace was
heated by three independent electrical resistances. Three thermocouples
measured the temperature of each heated zone along the wall of the
reactor.

The residual char was continuously discharged into a reservoir at the
outlet of the reactor. The raw gas flow throughout a plenum chamber
and successively, it crossed the cleaning system to condense tar, par-
ticulate and water. The cleaning system was composed of three bubblers
of 1 1t. Each of them was filled with 500 ml of ethanol and kept in a bath
of water-ice at temperature of 0 °C (element 8 in Fig. 2). The gas crossed
a biological filter composed of a fixed bed of dry biomass (element 9 in
Fig. 2).

Downstream of the cleaning system, a volumetric gas meter
measured the dry gas flow. A portion of the gas was then analyzed using
the same micro gas chromatography system employed for the pyrolysis
tests. The reactor operated under a slight positive pressure (5-10 mbar),
maintained by the liquid depth in the bubblers. The following procedure
was implemented for the gasification tests. In a typical test, 110 g/h of
pyro-char was gasified with 60 standard liters per hour (STD 1/h) of air,
with the kiln maintained at a 3° slope and a rotation speed of 5 rpm. This
resulted in an equivalence ratio of approximately 0.5. The oven was
heated at a rate of 5 °C/min until reaching the target temperature of
800 °C. Subsequently, the char feed and air flow were initiated. During
the test, particulate matter, tar, and water were removed using ethanol-
filled bubblers. At the test's conclusion, the ethanol solutions were
collected and weighed. Approximately 200 mL of the mixture was
filtered through a 10 pm pore diameter fiberglass filter. The filter's
weight difference was recorded to determine the particulate content.
This procedure for particulate determination is more efficient than
standard isokinetic sampling, particularly when dealing with relatively
low gas volumes, as in this study. Generally, it yields results comparable
to isokinetic sampling. The water content was measured by Karl Fischer
titration of the ethanol solution. The gravimetric tar content was
determined according to CEN15439. The filtered ethanol solution was
prepared for gas chromatography-mass spectrometry (GC-MS) analysis.
Chromatographic analyses were performed using an Agilent Technology
5975 B GC-MS system, equipped with an HP-5MS cross-linked 5 %
PhMe-siloxane 30 m x 0.25 mm x 0.25 pm film thickness column.
Helium (99.9999 %v) was used as the carrier gas. For tar molecule
quantification and identification, a 6-level calibration curve and multi-
standard solutions were employed. Tar sampling was conducted with
slight modifications from CEN/TS 15439, due to logistical constraints.
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Fig. 1. Scheme of experimental rig for pyrolysis tests.
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Fig. 2. Scheme of experimental rig for gasification tests.

The test duration was approximately 2 h. To terminate the test, the
screw feeder inverter, kiln rotation, electrical heating, and air flow were
shut down. The plant was purged with nitrogen inert gas. Once the
reactor cooled to room temperature, the residual char was collected
from the reservoir. The gas produced during gasification was analyzed
with the same procedure used for pyrolysis tests. During the gasification
test no slagging was observed, and a low tar content detected as
described later, indicating a promising suitability of the proposed
technology for the selected feedstock.

2.3. Flowsheets and process simulation

Process design tools [31] were utilized to identify all process streams
in plants designed to valorize pyrogas and syngas derived from MSW
pyrolysis. As previously mentioned, both pyrogas and syngas obtained
from gasification can be employed to generate energy or high-value
products, including chemicals and fuels such as methanol, dimethyl
ether, Fischer-Tropsch hydrocarbons, and hydrogen [32-37]. Therefore,
the gas streams produced during pyrolysis at 341 °C and gasification are
assumed to be mixed, cleaned and used for downstream processing. A
flowrate of 100000 t/y of uncollected MSW is adopted for simulation.
This section assesses three distinct scenarios for gas stream valorization.
Specifically, this paper considers the production of electricity (Case-EL),
methanol (Case-MeOH), and pure hydrogen (Case-H2). For this purpose,
the process simulation software CHEMCAD was employed. The Redlich-
Kwong-Soave thermodynamic equation of state was selected to simulate
high-pressure systems, while the NRTL-RK equation was used for
distillation columns and flash separation units.

In particular, the liquid stream from pyrolysis was considered
capable of sustaining the endothermic pyrolysis process. By burning the
high mass flow rate of bio-oil, the pyrolysis was maintained at the same
temperature as the experimental tests.

For Case-EL the gas streams produced from both pyrolysis of MSW
and gasification of residual char were mixed to be sent as fuel to an
internal combustion engine for the production of electricity, according
to the scheme reported in Fig. 3.

After mixing the gases are considered free of particulate or tars. An
engine [38] is considered for the combustion of syngas after mixing with
air. Air flowrate was optimized in order to maximize the electricity
production. The simulation software can model the coupling of gas
compression, combustion, and turbine operation using an ideal isen-
tropic hypothesis as a conventional endothermic engine burning gases.
By optimizing the discharge pressure and flame temperature through
adjustments in air mass flow rate, the best gas turbine efficiency was

Hot gas
Flue gas
Bio-oil Air
Y Mixed Clean
MSW ‘ Pyrogas syngas | gyngas | syngas
| Pyrolysis 7Y > Cleaning >
Biochar
{ Flue gas
Air
— Gasification
Syngas

Fig. 3. Flowsheet of valorization of MSW for producing of electrical power.

identified.

Methanol is one of the most important compounds of the chemical
industry, with an annual production of about 40 million tons and an
annual market increase rate of 4 %. Currently, methanol is mainly
produced from syngas obtained via steam reforming of fossil carbon
sources, mainly natural gas and coal. In particular, a higher CO3 amount
is emitted from coal-based plants. Aiming to reduce both CO, emission
and fossil source supply, alternative carbon sources may be considered
in the light of a sustainable energy economy. In this concern, the syngas
obtained from gasification of biomass, residuals and waste may be
considered as raw streams to obtain methanol.

At this regard, for Case MeOH considered in this work, the clean
syngas (pyrogas+syngas after gas treatment) was sent to a (i) WGS
section to convert CO into CO, and hydrogen, followed by (ii) a carbon
capture section by Selexol process to obtain a (H3-CO3)/(CO + COg2)
ration equal to 2. After that, (iii) a methanol production and purification
section were considered for producing high pure methanol. A flowsheet
scheme is reported in Fig. 4. Herewith, such sections are briefly detailed.

The high-pressure capture of carbon dioxide and the production of
methanol or pure hydrogen require the conversion of carbon monoxide
and steam into COy and Hy, coming with the clean syngas stream, by
means of the Water Gas Shift (WGS) reaction.

The WGS reaction is carried out in two steps, namely High Tem-
perature Shift (HTS) and Low Temperature Shift (LTS) [12]. The main
operating parameter of this process is the HyO/CO molar ratio (Steam to
Carbon, SC). The clean gas is mixed with a superheated steam (1 bar,
400 °C). The adopted feed ratio was chosen to obtain a HoO/CO molar
ratio (Steam to Carbon, SC) equal to 2.5. The two fixed bed reactors
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Fig. 4. Flowsheet of valorization of MSW for producing methanol.

modeled as equilibrium reactors. The pressure drop in the sequence of
the two catalytic fixed bed, was assumed of about 2 bar [39].

The methanol synthesis was simulated using an equilibrium
approach, consistent with the exothermic reaction approximation for
well-studied methanol synthesis. WGS was used to convert CO contained
in syngas into CO, and Hj, increasing the CO3 molar fraction and
consequently its partial pressure, to facilitate COy absorption by the
Selexol process. The final upgrading to pure Hy must be achieved via
Pressure Swing Adsorption PSA, which removes residual CO, and CO.
Figs. 4 and 5 illustrate the CO5 capture process using Selexol®. All en-
ergy requirements and capture rates were evaluated and optimized.
However, the localization of the storage was not considered, in line with
the hypothesis of a simple storage of compressed CO3 at up to 110 bars.

For the case of the traditional process sketched in Fig. 4, the section

for CO, separation with the Selexol® technology is located after the
WGS reactor and, thus, the inlet stream to the section is a clean syngas
enriched in Hy and CO; [39]. Differently, for the case of the innovative
process sketched in Fig. 3, the Selexol® section is located after the
partial Hy separation by membrane and, thus, the inlet stream is richer
in COz.

The separation of CO; from the enriched syngas stream is carried out
by absorption in the proprietary solvent Selexol®, a mixture of dimethyl
ethers of polyethylene glycol (CH30(CoH40)nCHgs), where “n” is be-
tween 3 and 9, in a packed tower with 75 mm IMTP® packing of Koch-
Glitsch®.

The Selexol® solvent is compressed and sent to the top of the tower
30 °C. Solvent regeneration is carried out downstream the absorption
tower to separate carbon dioxide and to recycle the solvent. However, a
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Lo | v
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Fig. 5. Flowsheet of valorization of MSW for producing hydrogen.
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small make-up stream is necessary to replace the solvent entrained in the
gaseous stream leaving the packed tower. In particular, the regeneration
is performed by lowering the pressure in two stages by means of two
expansion valves up to 1 bar.

A flash is used to recover the CO, from the solvent. The regenerated
solvent is mixed with the make-up stream and recycled back to the ab-
sorption tower after proper recompression. Low pressure captured COy
is considered emitted for the comparison with case of CO5 captured and
stored at 110 bar. In this last case, the recovered CO,, which has the
required purity (at least 98.5 % by weight), is compressed up to 110 bars
by a compressor train, formed by three compressors with intercooling by
two heat exchangers, for storage conditions.

Reactor for methanol production was modeled as equilibrium unit by
considering formation of methanol via hydrogenation of both CO and
CO,. Water gas shift is included as well.

In addition, unwanted side reactions, such as formation of methane,
dimethyl ether, higher alcohols, and other oxygenates, e.g. aldehydes,
also can take place. In this paper, WGS was considered as side reaction
only. Because methanol formation is an exothermic reaction, methanol
synthesis is favoured at low temperature, from a thermodynamic point
of view. Nevertheless, kinetic aspects have to be considered. For these
reasons, methanol synthesis is usually carried out in the temperature
range 250-280 °C by using Cu-ZnO/alumina as catalyst. Inlet stream to
methanol reactor is mixed with recycle stream (unreacted syngas),
heated up to 200 °C and fed to the methanol synthesis adiabatic reactor.
A pressure drop equal to 2 bar was assumed along the reactor [12].
Concerning operating pressure, a 80 bar pressure is considered to favor
thermodynamics.

As mentioned before, crude methanol needs to be purified from
water and impurities. As WGS is considered only, dissolved gases, such
as COqg, CO and Hy, are the mainly impurities that need to remove from
methanol stream. At this purpose, the output stream of methanol syn-
thesis reactor was cooled down at 40 °C and the light gases are separated
in a flash-phase-separator. A part of the separated gases was re-
compressed at 80 bar and recycled to the reactor, while the rest was
used as fuel for electricity production. The liquid streams, mainly con-
sists of methanol and water, was expanded in a throttling valve at 2 bar
and distilled to produce a methanol rich stream which was further pu-
rified in a flash phase-separator to obtain a 99 % methanol.

Hydrogen is considered one promising alternative to fossil fuel,
especially because its combustion release energy with water as “by-
product”. The great interest towards hydrogen as energy carrier is
because it can be generated from a wide variety of renewable or non-
renewable primary energy sources. Actually, most of the hydrogen is
produced by fossil source-based processes, such as (i) steam reforming of
methane, (ii) partial oxidation, (iii) auto-thermal reforming and (iv) dry-
reforming [12]. Although most of the hydrogen is actually produced
from fossil sources (about 95 %), the utilization of renewables, such as
biomass, has received considerable attention in recent years. In partic-
ular, biomass gasification may be used as a suitable technology to pro-
duce syngas and then hydrogen. In fact, the syngas produced from
gasification may be converted into a H2-rich stream by water gas shift
reaction [40,41].

At this regard, for Case-H2 considered in this work, the clean syngas
streams obtained from both pyrolysis and gasification unit were mixed
and, after WGS and Selexol carbon capture process, they were sent to the
Pressure Swing Adsorption (PSA) for purifying and then producing
99.99 % hydrogen. A scheme of the simulated process is reported in
Fig. 5.

The PSA is a batch process consisting of a sequence of four steps:
adsorption, depressurization, purge and pressurization [39]. The
adsorption pressure and the purge ratio (P/F) are the operating variables
of the PSA process. In our case, the operating pressure was fixed equal to
the output pressure from the absorption column. In the Adsorption step
the adsorption time is a fraction of the breakthrough time of Ny. In the
Purge step the pure hydrogen, obtained during the adsorption step, is
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sent, in countercurrent, through the bed in order to allow further
desorption of previously adsorbed species, N» and CO primary. Purge
gas is sent to the engine to produce electricity. A lower content of H, in
the purge corresponds to higher pure hydrogen recovery and lower
power output. Purge gas and air are mixed before compression and
engine section. Engine pressure was optimized to maximize the elec-
tricity production.

2.4. Environmental impact analysis

For each process case, a final environmental impact analysis was
conducted in terms of total COs-equivalent emissions [42], using the
values provided in Table 1. In particular, a negative CO»-equivalent
emission value is associated with Municipal Solid Waste (MSW),
considering the CO5 emitted from the landfill during MSW disposal [43].
The estimated environmental savings for the bio-methanol production
plants investigated were compared to the methanol production from
fossil sources, which is 1643 kgCO2eq/tMeOH when coal is used as
feedstock [44]. The environmental savings for pure hydrogen produc-
tion were based on the case of a mixed-source feedstock [45]. Finally,
the electricity production savings were assumed to be equal to those of
the fossil-based energy production system [43]. The use of process water
in the Water-Gas Shift (WGS) reaction has a relatively low environ-
mental impact, even when considering the detoxification and deminer-
alization processes.

The main direct CO, emission points are:

- Flue gases of the combustion of the bio-oil [46];

- Flue gases of the combustion of purge gas or of syngas for the case EL;

- CO2 derived by carbon capture section for the cases without CO2
compression and storage.

Table 1 then shows the COeq savings (indicated with a minus sign)
and emissions (indicated with a plus sign) used to calculate the impacts
of the proposed process. In particular, landfill avoidance and the sub-
stitution of fossil-based methanol or hydrogen were the main parameters
of the analysis.

3. Results
3.1. Waste characterization

A merceological analysis was carried out by considering the
following classes: plastics, paper, organics, fines, inserts, metals and
textile.

The inerts and metals merceological class is composed of waste such
as coarse metal pieces, glasses, tins etc. having dimension above 30 mm.
It is reasonable to assume that they could be easily removed from the
native waste before to feed it to the thermal plant. Therefore, the
chemical physical analysis was executed after having ruled out manually
the inerts and metals class. Anyway, to have a complete frame on the
waste composition along its cycle, the experimental values of the anal-
ysis measured on the MSW inerts and metals free (here onwards MSW
inert free), were mathematically rearranged to derive the values of the
chemical physical analysis on the as received “unsorted” MSW.

Table 1
CO, equivalent emission parameters.

Process item CO;, equivalent emission

MSW (kgCO2eq/t) [43] —-1'821
Electricity (kgCO2eq/MWhe) [43] —-600

MeOH (kgCOqu/t) [44] —1'643
Pure hydrogen (kgCOzeq/t) [45] —12'000
Process water (kgCOaeq/t) [43] 6.5
Biochar residual (kgCOaeq/t) [43] 1'821
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The results reported in Table 2 show that the received waste has a
highly complex and heterogeneous nature, primarily consisting of or-
ganics and paper. Its particle size distribution ranges from centimeters to
millimeters. It is noteworthy that materials from all the classes are
brown in color due to contamination with sand and ground powder. It is
reasonable to assume that these materials were collected from piles of
garbage left in the streets for a prolonged period, leading to soil
contamination. The sand and ground powder mainly consist of inert
materials, which reduce the energy density of the waste and increase the
energy demand of thermal processes. This factor is crucial for assessing
the technical and economic feasibility of the process. Therefore, it is
strongly recommended to implement a waste collection system that
prevents contamination with soil. The fines fraction, with a millimetric
particle size distribution and a dark brown color, cannot be easily
classified into specific material classes. In other words, it cannot be
distinguished as plastics, textiles, paper, organics, or inerts, and thus,
was classified as fines. After separating the waste into material classes,
each class was milled using a Retch laboratory hammer mill. Fluffy
powders were obtained, and a representative sample of the MSW fluffy
powder was recomposed according to the relative material classes from
Table 2, excluding the inert and metal classes. The images of the as-
received municipal solid waste and the milled, inert-free samples are
shown in Fig. 6.

Proximate and elemental analysis, heating value were carried out on
the fluffly powder of MSW inert free. The results are shown in Table 3.

The proximate analysis reveals the presence of a significant amount
of both moisture and ash. Nevertheless, after drying and the removal of
inerts and metals fraction, the waste showed an interesting low heating
value of 17.8 MJ/kg, which is comparable with the heating value of
lignocellulosic biomass. As matter of fact, the merceological analysis of
Table 2 shows a cellulosic-like fraction, sum of papers and organics of
about 60-70 wt%. The heating value together with a volatile content of
71.6 %, set the waste as interesting feedstock for thermal processes
addressed to secondary fuels production. Results in terms of metal
concentration are reported in Table 4.

The most abundant metals in inert-free MSW are in the following
order: Fe, Ca, Si, Na, and K. Alkali and earth alkali metals (Na, K, Ca, Mg)
are known to be highly reactive, especially when present as oxides,
hydroxides, chlorides, sulfides, and sulfates. The high ash content and
their elemental composition must be carefully considered, as they can
lead to undesirable thermal phenomena such as softening, melting, and
fly ash formation, particularly in processes where high-temperature
spots can be reached in the reactor [47,48]. Specifically, MSW-derived
fly ash consists of particles that are generally spherical in shape and
range in size from a few micrometers to several hundred micrometers.
These particles, due to their Cu(II) and Fe(IIl) content, can catalyze the
chemical synthesis of harmful dioxins in the temperature range of 200 to
450 °C [49].

3.2. Pyrolysis tests

Pyrolysis tests were conducted at four different temperatures (350,
450, 500, and 550 °C). The temperature was increased from room
temperature to the desired level. During the heating phase, pyrolysis
vapors began to form at approximately 200 °C, likely due to moisture

Table 2
Merceological analysis of investigated waste.

Fraction Distribution (wt%)
Organics 42.3

Papers 24.1

Textiles 5.9

Plastics 6.8

Fines 6.5

Inerts and metals 14.4
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release and the initial devolatilization of the waste.

Fig. 7 illustrates the distribution of pyrolysis products—pyro-char,
pyro-oil, and pyro-gas—as a function of pyrolysis temperature. The char
yield slightly decreased with increasing temperature, dropping from
approximately 38 % at 350 °C to 30 % at 550 °C. This trend aligns with
the increasing kinetic rates of MSW devolatilization at higher
temperatures.

Conversely, the yield of pyrolytic oil increased with temperature
from 350 °C to 500 °C, reaching a peak of 50 % at 450-500 °C, before
declining at 550 °C. Above 500 °C, the thermal cracking of pyrolysis
vapors likely leads to the formation of non-condensable gases such as
carbon monoxide, hydrogen, carbon dioxide, and light hydrocarbons.
This hypothesis is supported by the significant increase in gas yield at
550 °C. While the gas yield remains around 10 % between 350 °C and
500 °C, it rises to approximately 20 % when the MSW is heated to
550 °C.

From an experimental perspective, the material loss was approxi-
mately 10 % across all four tests. A visual inspection revealed a tarry,
sticky deposit in the cold zones of the tube furnace and within the
pipelines, which can undoubtedly be attributed to the condensation of
pyrolysis vapors. The formation of such deposits may pose a techno-
logical challenge that needs to be addressed.

As previously described, the oil fraction was recovered by quenching
in cold water, achieved by bubbling the pyrolysis vapors through three
consecutive flasks. However, this method did not allow for efficient oil
recovery necessary for proper characterization. Oil recovery remains
one of the major technological challenges in a pyrolysis plant. Con-
ventional heat exchanger condensers cannot be used due to rapid and
severe fouling of the equipment. Additionally, upon cooling, pyrolysis
vapors tend to form aerosols, making effective separation from gases
more difficult.

A rapid quenching process is essential to preserve the bio-oil's
chemical compounds, preventing further cracking into permanent gases
or polymerization into char. Industrially, simple columns or Venturi
scrubbers can be employed for oil recovery from pyrolysis vapors.
However, oil recovery is just one of several critical challenges in py-
rolysis plants.

Pyrolysis oil derived from biomass or municipal solid waste (MSW) is
a complex mixture containing a wide range of organic compounds,
including hydroxyaldehydes, hydroxyketones, sugars, phenols, and
carboxylic acids. These compounds significantly alter the physico-
chemical properties of the oil during storage. In particular, bio-oil aging
is primarily characterized by a substantial increase in viscosity due to
polymerization reactions, leading to the formation of a multiphase
system composed of tars, sludge, waxes, and aqueous phases.

Furthermore, MSW-derived bio-oil exhibits a broad range of prop-
erties and compositions, depending on the pyrolysis technology, process
conditions, and feedstock characteristics. However, some common fea-
tures of pyrolysis oils have been identified in the literature: they are
highly acidic (pH 2-4), contain a high water content (15-30 wt%), have
a moderate heating value (15-24 MJ/kg), and possess very low ash
content (0.05-0.1 wt%) [50].

The organic phase of pyrolysis oil has the potential to be upgraded
for use as a fuel in heat and power generation. However, significant
technical challenges remain. Unlike crude oil, bio-oil cannot be frac-
tionated by conventional distillation. Upon heating, both light volatiles
and water evaporate, while the remaining fraction undergoes poly-
merization, forming a residual solid phase. Over the past few decades,
various bio-oil upgrading techniques have been proposed, including
hydrotreating, hydrocracking, supercritical fluid extraction, solvent
addition, esterification, emulsification, and steam reforming. Despite
their potential, none of these technologies have been commercialized
due to technical limitations and high costs. Consequently, bio-oil
upgrading remains one of the major drawbacks of pyrolysis plants.

Currently, pyrolysis oil is primarily used as a low-quality, low-value
fuel for heat production, but it presents several challenges in terms of
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Fig. 6. a) The municipal solid waste (as received); b) Milled MSW inert free.

Table 3
Chemical physical analysis of MSW.

Proximate analysis

MSW as MSW inert free Method
received
Moisture, wt% 45 modified UNI EN
15414
Fix carbon, wt% 3.4* 4.0+0.3 UNI EN 15148
dry
Ash, wt% dry 35.3* 24.40 + 2.32 UNI EN 14775
Volatiles, wt% dry 61.3* 71.6 + 0.3 UNI EN 15148
Elemental analysis
C, wt% dry 29.79
H, wt% dry 5.46
N, wt% dry 1.35
S, wt% dry 0.13 + 0.01
0.0049 +
F, wt% dry 0.0003 ISO 16948
Cl, wt% dry 0.91 + 0.01
Br, wt% dry Not detected
P, wt% dry Not detected
0, wt% dry 38.0
Heating value
HHV, MJ/kgdry 16.2% 18.9 + 0.2
LHV, MJ/kgdry - 17.8 + 0.2 UNLEN 14918

" Calculated from the experimental measure of MSW inert free.

Table 4
Metal concentration (expressed in mg/kg) in inert free MSW.
Al Co Cr Cu Mn Mo
4267.2 2.1 52.9 32.6 139.9 2.8
(224.1) 0.2) 4.4 (0.5) 9.4 (0.3)
Tl v Zn Ca K Mg
3.1 7.4 84.7 30,602.0 9500.1 1873.5
(0.1) (1.2) (5.8) (3710.1) (805.2) (138.0)
Ni Pb Ti Na Si Fe
9.1 61.7 298.3 10,951.6 15,095.0 31,848.8
(2.1) (3.9) (37.0) (491.9) (1183.1) (2340.8)

efficiency, operability, cost, and safety [51]. As a result, bio-oil is often
burned within the pyrolysis plant itself to sustain the process. Although
exploring alternative strategies for the sustainable valorization of bio-oil
is crucial, this topic falls beyond the scope of the present study. There-
fore, the produced bio-oil was not extensively characterized, and only its
yield was reported.

In contrast, the solid residue from pyrolysis, known as bio-char
(pyro-char), is commonly utilized as an alternative to charcoal for pro-
ducing high-value products such as carbon black and activated carbons.
Additionally, bio-char can serve as a soil amendment, enhancing soil
properties by retaining water, nutrients, and agricultural chemicals,
thereby preventing groundwater contamination and soil erosion. The
application of bio-char in agriculture also aids in carbon sequestration,
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Fig. 7. Product distribution as a function of pyrolysis temperature.

contributing to a reduced carbon footprint [52].

The pyro-char obtained from pyrolysis tests at different temperatures
was characterized through proximate and elemental analyses, with the
key results presented in Table 5. The notation CharT is used to indicate
the average pyrolysis temperature T at which the municipal solid waste
was processed.

It is particularly noteworthy that the ash content in the char in-
creases with pyrolysis temperature. This experimental observation
supports the progression of MSW pyrolysis as the temperature rises.

Regarding the heating value, a decreasing trend was observed with
increasing pyrolysis temperature. This decline is directly linked to the
increasing ash content and the decreasing organic fraction at higher
temperatures.

The elemental composition of the char exhibits a non-monotonic
trend for each element (C, H, N, O) as the pyrolysis temperature
changes. Understanding this behavior is challenging and is likely due to

Table 5
Char proximate analysis and heating value.

Proximate analysis wt%

Char341 Char456 Char496 Char554 MSW
volatile 28.8 22.8 20.6 15.8 71.6
ash 50.2 54.6 54.6 62.7 24.40
fixed Carbon 21.0 22.6 24.8 21.5 4.0
Elemental analysis wt%
C 13.69 9.54 15.52 14.67 29.79
H 2.61 1.86 4.41 2.52 5.46
N 0.66 0.56 0.84 1.04 1.35
(o} 32.8 33.4 24.6 19.07 38.0
LHV MJ/kg 13.4 12.1 10.8 10.6 17.8
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the complex physicochemical phenomena governing the pyrolysis pro-
cess. However, some insightful conclusions can be drawn by comparing
the elemental composition of the chars with that of the original MSW.
The carbon content in char is approximately half or less than that of
MSW at all pyrolysis temperatures.

The oxygen content decreases to about half of its initial value in MSW
when the pyrolysis temperature reaches 550 °C. This suggests that
dehydrocarbonization primarily occurs at lower pyrolysis temperatures,
while at temperatures above 500 °C, dehydroxycarbonization becomes
more pronounced.

Several studies in the literature have identified various chemical
mechanisms governing devolatilization through thermal analysis.
However, due to the heterogeneous nature of MSW, its components may
interact with one another during degradation. As a result, defining the
precise decomposition temperature range for each component and
explaining their individual degradation mechanisms remains
challenging.

Fig. 8 presents the average composition of pyrolysis gas (pyro-gas) as
a function of process temperature.

The primary compounds detected in the pyrolysis gas stream are CO,
CHa, CO2, Hz, and light hydrocarbons (mainly C>-Cs). The product dis-
tribution is strongly influenced by process temperature. Carbon mon-
oxide is the most abundant component (approximately 40 %) across the
entire temperature range, followed by methane (20-25 %).

A clear increasing trend is observed for both hydrogen content and
the total fraction of hydrocarbon molecules. Specifically, hydrogen
content rises from 10 % to 15 % as the temperature increases from
341 °C to 554 °C, while the total hydrocarbon content (including
methane, ethane, ethylene, and propane) increases from 36 % to 41 %.
Conversely, carbon dioxide concentration decreases significantly with
increasing temperature, dropping from 15 % at 341 °C to 7 % at 554 °C.
The formation of CO: is typically associated with decomposition
carboxyl groups, which occur at relatively low temperatures [53,54]. At
higher temperatures, secondary reactions of volatiles predominantly
produce CHs and CO rather than CO-, leading to a reduction in CO:
content.

The concentrations of ethane and ethylene appear largely unaffected
by temperature, while a slight increase in propylene production is
observed at higher temperatures.

Similar results have been reported in literature. Fu et al. associate the
reduction of CO, with the temperature mainly to the cracking and
reforming of carboxyl groups, while secondary reactions of volatiles at
higher temperature cause the generation of CO and CH4 [55]. Gao et al.
with a study on the pyrolysis of sewage sludge claim that higher con-
centrations of Hy, CH4, and CO, at higher temperature could be related
to the occurring of secondary thermal decomposition reactions of the
primary volatiles that are favoured at higher temperature. The authors
also observed the reduction of CO; at higher temperature that could be
also related to secondary reaction of bio-oil and further formation of
char via polymerization [56]. The decreasing of CO; concentration
could be then related to Boudouard reaction that is favoured at higher
temperature, where CO5 can be consumed through reaction with solid
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Fig. 8. Pyrolysis gas composition as function of the average process
temperature.
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carbon forming CO [57].

The lower heating value (LHV) of pyrolysis gases increases from 23.7
MJ/kg to 34.2 MJ/kg as the temperature rises from 341 °C to 496 °C. At
554 °C, the LHV slightly decreases to 33.7 MJ/kg. Nevertheless, the
obtained values suggest that pyro-gas is a viable energy source for heat
production, either within the pyrolysis process itself or for power gen-
eration. Additionally, pyro-gas can be further upgraded to achieve a
composition suitable for chemical production, as will be discussed later.

3.3. Gasification tests of pyro-char

Both the high ash content and the low heating value of the obtained
pyro-char (see Table 5) limit its suitability as a solid recovered fuel for
heat production [58]. However, the residual carbon can be further
valorized and converted into higher-value products, such as syngas.

To both reduce and utilize the pyro-char, gasification tests were
conducted under air flow, following the procedure outlined in the
Experimental section.

Fig. 9 illustrates the raw gas composition as a function of time (light
hydrocarbons, such as C2-C3, lower than 0.1 %). At time zero, when the
char is introduced into the kiln, it undergoes combustion due to the
presence of a highly oxygen-rich environment. As a result, the molar
concentration of CO: increases while the oxygen content decreases.

A steady-state condition is reached after approximately 40 min, at
which point the gas composition stabilizes. The raw gas contains a
relatively high nitrogen concentration (approximately 60 mol%),
resulting in a low heating value of about 3.8 MJ/Nm®.

At steady state, the primary gasification products are carbon mon-
oxide (approximately 20 mol%), hydrogen (approximately 10 mol%),
and carbon dioxide (approximately 10 mol%), with trace amounts of
methane and light hydrocarbons (<1 %). The total volume of produced
gas was 1.4 Nm® per kg of char, with an average char conversion of 60
%.

The gas obtained from gasification can be utilized for: (i) energy
production (heat and power) or (ii) chemical synthesis.

For energy applications, properly purified gasification gas can be
used in gas engines, turbines, or fuel cells for power generation. Internal
combustion gas engines are commonly employed in relatively small-
scale plants (up to 10 MW) due to their lower capital and mainte-
nance costs. However, a major challenge in commercializing biomass-
based combined heat and power (CHP) systems is the presence of tars
and particulates in the gas. These contaminants cause damage to process
equipment and engines, significantly increasing maintenance costs.

Similar challenges arise when syngas is used in chemical synthesis,
such as hydrogen, methanol, olefins, or Fischer-Tropsch fuels via con-
ventional catalytic processes. In these cases, the presence of tars, par-
ticulates, and sulfur- or nitrogen-containing compounds must be
minimized to prevent catalyst deactivation. Various syngas cleaning
strategies can be implemented to address these issue [59].

The raw gas produced from char gasification contained approxi-
mately 0.95 g/Nm® (dry gas) of gravimetric tar and 0.28 g/Nm?® (dry
gas) of particulates. These values are quite promising, considering that
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Fig. 9. Producer gas molar composition from char gasification.
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commercial technologies for tar and particulate removal—such as cy-
clones, barrier filters, high temperature treatments, wet electrostatic
precipitators (ESPs), and wet scrubbers—typically achieve removal ef-
ficiencies above 90 % [60,61].

The low tar concentration is primarily attributed to the fact that the
char used as feedstock for the gasifier was obtained through pyrolysis, a
process in which most of the MSW volatiles were already vaporized (as
evidenced by the volatile content in Table 4). These volatile compounds
include alcohols, ketones, aldehydes, and carboxylic acids, collectively
referred to as primary tars [62,63].

In addition, organic contaminants were analyzed using GC-MS
techniques. The identified aromatic compounds included pyridine,
naphthalene, phenanthrene, fluoranthene, and pyrene, with their rela-
tive abundances shown in Fig. 10.

The most abundant molecule is naphthalene (50 wt%), followed by
pyrene (21 wt%) and fluoranthene (16 wt%). Naphthalene is thermo-
dynamically a very stable tar component, primarily formed from
phenolic molecules in the primary tar [64]. The relative distribution of
tar molecules aligns with the findings of several researchers who iden-
tified naphthalene and non-substituted polycyclic aromatic hydrocar-
bons (PAHSs) as the most abundant molecules [65,66].

The concentration of chromatographic tar in the raw gas was 1.74 g/
Nm® dry gas. The discrepancy between the chromatographic and
gravimetric data is attributed to the experimental procedure used for the
gravimetric tar measurement. It is likely that, during the evaporation of
the ethanol solution containing the tar, lighter molecules with higher
vapor pressure, such as naphthalene and phenanthrene, were partially
volatilized [67].

3.4. Process simulation for gas stream valorisation

As previously mentioned, the valorization of both pyrolysis and
gasification gas streams was evaluated by simulating the production of
electricity, methanol, or pure hydrogen. The gas composition was based
on experimental observations. Specifically, for the pyrolysis step, data
collected at 456 °C were used to maximize the CO concentration in the
gas stream. The gas composition and key parameters used in the simu-
lation are reported in Table 6 and Table 7, respectively. A plant size of
100,000 t/y of MSW was considered as the medium size for an MSW
treatment plant.

Table 8 presents the process results for the three cases considered.
HTS-WGS and LTS-WGS conversions were 45 % and 37 %, respectively.
HTS-WGS conditions are favorable due to the higher CO concentration,
while LTS-WGS conditions are thermodynamically optimal due to the
lower temperature, though the reactant concentration is lower than in
the HTS-WGS reactor. To achieve a (H5-CO5)/(CO + CO5) ratio of 2, an
87 % carbon capture section was required. As a result, a rich-CO, syngas
at 35 bar was obtained. The same results were observed for the Case-H2.

The total carbon (CO + CO5) conversion in the MeOH reactor was 56
%. This corresponds to a 12 % conversion considering a single pass
through the MeOH reactor. A purge split ratio of 10 % was set to
maintain a (H»-CO5)/(CO + CO») ratio of 2 at the reactor inlet.

In the PSA process, an 85 % hydrogen recovery was achieved, with
an inlet pressure of 35 bar. The chemical yields were approximately 4 %
(3732 t/y) for methanol and about 1 % (1000 t/y) for pure hydrogen.

The reported yields are calculated considering the “unsorted” MSW,
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Fig. 10. Relative distribution of tar from GCMS analysis.
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Table 6
Pyrogas and gasification syngas compositions (%yoldry)-
Pyrogas Syngas
CO, 10 11.0
C,Hg 2 0.2
CoHy 8 0.0
CsHg 5 0.0
H, 11 111
CH,4 20 0.9
Cco 43 17.2
Ngy 0 59.6
Table 7
Process simulation parameters.
EL MeOH Hy
MSW flowrate (t/y) 100'000
Pyrogas yield (t/tysw) 0.07
Biochar yield (t/tysw) 0.35
Bio-oil yield (t/tmsw) 0.58
MeOH reactor pressure (bar) - 80 -
CO2 captured pressure (bar) [39] - 110 110
DEPG/CO2-rich syngas ratio (mol/mol) [31] - 2.8 2.8
MeOH purification columns pressure (bar) - 2 -
Steam to CO ratio in WGS (mol/mol) [39] - 2.5 2.5
Pyrolisys temperature (°C) 456
Gasification temperature (°C) 800
Selexol separation temperature (°C) - 35 35
Table 8
Process simulation main results.
EL MeOH H2
CO,, captured by Selexol® (%) - 87 87
Engine inlet pressure 35 80 97
Selexol® separation pressure (bar) 35 35 35
CO,, captured by Selexol® (kt/y) 0 22,5 225
CO conversion in HT-WGS reactor (%mol) - 45 45
CO conversion in LT-WGS reactor (%mol) - 37 37
Global CO + CO conversion to MeOH (%mol) - 56 -
Pure hydrogen recovery in PSA (%) - - 85
Pure hydrogen production (kt/y) - - 1.0
Methanol production (kt/y) 3.7
GEn (GJ/y) 95386 94784 137'117

including moisture, ash and inerts of the feedstock. By considering the
elemental analysis of the sample, the hydrogen and carbon flowrates
with the feedstock are around 2500 t/y and around 13,400 t/y,
respectively, indicating a yield equals to 40 % on hydrogen basis for the
hydrogen production, and 10 % on carbon basis for methanol produc-
tion. These values are lower than those usually obtained through gasi-
fication of lignocellulosic biomasses, especially for methanol
production. For instance, Kumabe et al. obtained a methanol yield in the
range 30.9-47.7 % by steam gasification of wood, and similar results
were obtained with oxygen-steam gasification of Solid Recovered Fuel
and Lignite mixture, or Refuse Derived Fuel (RDF) [68-70]. Higher
hydrogen yields were obtained for biomass gasification, but in the case
of gasification of waste, similar results are obtained, especially with air
as gasifying agent [71-73]. Higher hydrogen yields are obtained if steam
is as gasifying agent [74]. In the present study, the high ash content of
the feedstock, the internal energy use, i.e. combustion of bio-oil, and
relatively low C conversion efficiency due to syngas dilution with ni-
trogen, are the main causes of low yields. On the other hand, the utili-
zation of a nitrogen-free gasification, like oxygen-steam gasification, or
the direct gasification of the MSW would reasonably increase the
complexity of the concept, from a technical and process point of view.
Following the adopted approach, a simpler route for the waste valori-
zation is obtained with benefits from an environmental point of view, as
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also described below.
Similarly,
The global energy of the products is calculated as follows:

GEn = 3.6 P+ 0.12 nig, + 0.0197 nipeon

Where GEn represents the global energy produced in the year (GJ/y),
P is the green power produced for the investigate case and niy, and fiyeon
are the hydrogen and methanol production rate, respectively.

As reported in Table 8, the global energy is higher for the Case-H2
due to the higher LHV of pure hydrogen.

Electricity production in the EL case was 3.68 MWe, i.e. around 300
kWhe/tonysw. Higher values are obtained in the case of incineration of
higher quality waste, i.e. Solid Recovered Fuel (SRF), also considering
internal energy consumption [75]. In respect to conventional incinera-
tion, the proposed two-step scheme, i.e. pyrolysis followed by gasifica-
tion, causes a loss of stream as bio-oil, that is used as fuel for supporting
the pyrolysis unit. However, while the electricity yield might be lower
than direct incineration in some cases, pyro-gasification offers potential
advantages such as the production of higher-value chemical feedstocks
(methanol, hydrogen) and the possibility of more efficient CO2 capture
integration and avoid ash melting due to the lower temperature [76,77].

In the MeOH case, the combustion of purge gas generated a gross
power output of 4.05 MWe. However, power consumption for carbon
capture (—2.31 MWe), the methanol reactor (—0.86 MWe), and gas
recycling (—0.06 MWe) reduced the gross power to a net output of 0.82
MWe.

In the H: case, only the power required for carbon capture was
considered. Here, the combustion of purge gas resulted in a gross power
output of 2.96 MWe.

For both the MeOH and H: cases, the compression of captured CO2
was also taken into account, requiring an additional 0.31 MWe of
electrical power.

The net power outputs for all cases are summarized in Fig. 11.

The annual CO; equivalent emissions are presented in Fig. 12. Direct
emissions include those from the combustion of bio-o0il, CO5 captured in
the Selexol® process (if it is not compressed and stored), and the flue
gases generated from the combustion of syngas or purge gas.

Indirect emissions include the disposal of solid char residue post-
gasification and process water from the Water-Gas Shift (WGS) reac-
tion. The orange bars in the figures represent savings achieved by
avoiding landfilling of Municipal Solid Waste (MSW).

The largest emission source is the combustion of bio-oil, which
supports the pyrolysis reaction. Approximately 25 % of these emissions
are attributed to solid residue disposal. Direct emissions from syngas
combustion significantly exceed those from purge gas combustion,
reflecting the greater amount of combustible material involved. The
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Fig. 12. Annual CO, equivalent emissions for EL, MeOH and H2 cases. Savings
from MSW (orange bars), emissions from solid residual after gasification (black
bars), bio-oil combustion (gray bars), process water (yellow bars), CO, captured
in Selexol process (red bars), combustion of syngas/purge gas (rose bars).
Calculation base: 100 kt/y of MSW. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

captured CO2 is roughly equivalent to the difference between the flue
gas emissions in the Electricity (EL) case and the emissions from purge
gas combustion (for Methanol (MeOH) and Hydrogen (H2) production).

Fig. 13 illustrates the total emissions from Fig. 12, categorized as
“Emissions and MSW savings.”

Without CO, storage, Case-H2 exhibits the highest emissions, while
MeOH shows the lowest. This is due to the high emissions in Case-H2,
resulting from purge gas combustion. In Case-H2, green power pro-
duction is reduced as the hydrogen's calorific value is diverted from the
Pressure Swing Adsorption (PSA) process, and the CO; is released into
the atmosphere via the purge gas flue.

With CO; storage (Fig. 13, left), both MeOH and Hy cases show
negative values, indicating that the savings from utilizing MSW instead
of landfilling outweigh direct and indirect emissions. In this scenario,
the MeOH case demonstrates a greater overall saving. Fig. 13 also pre-
sents savings from MeOH and pure H; products (“Product savings”) and
green power production. The total savings (product + electricity) are
highest in the EL case and lowest in the MeOH case. This is attributed to
the higher green power savings in the EL case compared to the combined
product and green power savings in the other cases. This disparity stems
from the low overall yields of MeOH and pure Hj, at 4 % and 1 %,
respectively. Chemical production reduces electricity output but yields
limited product quantities.

CO;, storage significantly impacts CO, emissions, as evident from
Fig. 13. Without storage, the EL case achieves the highest savings, while
Case-H2 shows the lowest. This is due to the low product savings in the
MeOH and H2 cases and the high emissions from purge gas combustion
in Case-H2. In Case-H2, green power production is reduced due to the
hydrogen's calorific value being diverted from PSA, with the CO
released in the purge gas fumes. Conversely, in the MeOH case, the post-
capture residual CO; is partially converted into MeOH.

With CO-, storage, the highest savings are observed for MeOH and H,
(nearly identical), and the lowest for EL. This occurs because the 22.5
kt/y of captured and stored CO; represents 12 % of the total emissions in
the MeOH and Hj cases, and 462 % and 212 % of the net emissions
(considering MSW savings) for MeOH and Hy, respectively.

Further studies should be focused on the assessment of char gasifi-
cation with different gasifying agent, such as oxygen/steam mixture.
Indeed, while air gasification is suitable for electricity generation, it
could be no advantageous for methanol synthesis, where a high pressure
of reactants is requested for synthesis. Indeed, the presence of nitrogen
dilutes the gas and higher reaction pressure are requested to obtain the
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this article.)

same methanol yields of nitrogen-free processes. However, alternative
gasifying agents like oxygen/steam mixture usually increase the gasifi-
cation costs due to the needs to produce steam and pure oxygen [78,79].
The utilization of pure oxygen as side-product of green hydrogen pro-
duction via water electrolysis could be considered for further simulation
assessments [80].

Furthermore, albeit no issues related to the high ash content, i.e.
slagging, were observed, the management of ash could be a potential
issue in full-scale system. At this regard, a good control of temperature
during gasification could avoid ash melting in the reactor and additional
assessment should be carried out to assess potential application of re-
sidual ashes [81,82]. Also other aspects should be addressed in details
for full-scale application like chlorine management. The presence of
chlorine in the feedstock can indeed create corrosion issues, especially in
the units downstream of pyro-gasification unit [83]. Strategies have
been developed to address this issue, like hot gas cleaning techniques
with inorganic sorbents [55,84,85].

Moreover, in order to assess in more details the reliability of the
proposed scheme for the valorization of the investigated MSW, addi-
tional studies at pilot scale should be carried out. Investigation at higher
scale indeed would allow to consider aspects that can hardly be
addressed at lab-scale, like the achievement of autothermal conditions
in the gasifier or the real energy demand of the pyrolysis unit, in order to
evaluate the scalability of the process [86]. These studies could provide
realistic data for a preliminary economic assessment of the plant.
Finally, the proposed scheme should be tested with other feedstocks, i.e.
plastic waste, residual biomass, digestate and also with other technol-
ogies, i.e. catalytic pyrolysis, with the aim to assess their effect on the
final product yield and environmental benefits [87-89].

4. Conclusion

This work proposes the valorization of unsorted municipal solid
waste (MSW) from Morocco for the production of chemicals (i.e.,
methanol or hydrogen) and green electrical power, integrating both
experimental tests and simulations.

In the experimental part, the pyrolysis of MSW was studied over a
wide temperature range (350-550 °C). The resulting pyro-char was then
gasified with air to produce syngas and reduce the solid residue. The gas
streams produced from both the pyrolysis and gasification units were
used as input material streams for simulating the production of meth-
anol, hydrogen, or electric power.

Pyrolysis temperature significantly influences the product distribu-
tion. In particular, both the oil and char yields decrease with increasing
temperature, favoring gas production, though this trend becomes more

pronounced at higher temperatures. The gas yield ranged from about 10
% in the 350-500 °C range, increasing to 20 % at 550 °C. The liquid
fraction obtained from pyrolysis (bio-oil) was considered for combustion
to support the endothermicity of the pyrolysis reactions. On the other
hand, the obtained pyrolysis char was gasified at 800 °C with sub-
stoichiometric air, resulting in a syngas mainly containing CO (about
50 vol% Nz-free), H2 (about 20 vol% Nz-free), and CO2 (about 20 vol%
Ne-free).

Computer-assisted process simulations considered the gas streams
produced from both pyrolysis and gasification units as starting mate-
rials. After applying the water gas shift and carbon capture processes,
calculations indicate that from the obtained syngas, approximately 4000
tons/year of methanol and 1000 tons/year of hydrogen can be produced
from 100,000 tons/year of MSW. Additionally, syngas can be used to
produce 300 kWh(e)/ton of MSW.

Notably, the production of green electricity results in the highest CO:
equivalent savings, about 60 tco,eq/ktMSW. When CO: storage is added
to capture, the optimal COzeq savings are similar for methanol and pure
hydrogen production, with reductions of 48 tco,eq/ktMSW and 42
tCOzeq/ktysw, respectively.
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