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Abstract
Marine litter is a major environmental problem, with widespread responsibility and effects on
ecosystem, food chain, health, energy, and economy. The true solution is to stop producing waste. In
the meantime, small plastic items are continuing to damage the environment and human activities:
remediation will remain still an issue for decades. PACmEN aims to be the turning point: is a selfsufficient system able to detecting, collecting and converting marine litter, mainly present in coastal
areas and ports, into 100% renewable energy with high efficiency, low emissions, low costs. PACmEN
is an innovative thermal conversion unit developed and successfully demonstrated (TRL7) for the
energy recovery from marine litter in the H2020 CLAIM project. The system is compact to be installed
in a vessel equipped with a waste collection system, automatically activated inside the litter zones,
capable of collecting and separating waste from sea water and fish. The marine litter is pyrolyzed in an
innovative induction reactor at high temperatures (up to 900° C) and in the absence of oxygen and
converted in renewable high-quality syngas which, after being filtered and purified from any harmful
molecules, can be converted into heat and electricity. This system coupled with solar panels and a
Lithium battery is completely self-sufficient: it allows to carry out marine cleaning campaigns without
external energy.
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1. Introduction
The problem of marine litter is steadily gaining importance in the last decade at the
global, regional, and national levels. Several research studies have been published so far,
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reporting high densities of litter even in remote and uninhabited places, from poles to the
equator. Anthropogenic debris have been found also in different environmental
compartments, including waters, beaches, deep sediments, and marine biota, thus increasing
concern about risks and possible adverse effects to organisms and human health. Increasing
knowledge on the fate, presence, and cause of marine litter in the environment offers a solid
basis for effective actions and possible solutions on the problem.
CLAIM is an European H2020 project that develops and demonstrates innovative
technologies and approaches, suitable for removing visible and invisible litter at their point
of introduction to the marine environment (e.g. river runoff and wastewater treatment plants WWTPs) and in the marine environment. The primary objective of the CLAIM project is to
provide practical tools for a step change towards the mitigation and efficient ecosystem
management of marine litter pollution in the Mediterranean Sea and Baltic Sea. CLAIM is
developing 5 innovative marine cleaning technologies and will prevent litter from entering
the sea at two main source points: WWTPs and river mouths. Right after an effective prefiltering system has sorted and collected litter, a photocatalytic nanocoating device will
degrade microplastics in wastewater treatment plants.
Mounted on vessel a small-scale thermal treatment device (PACmEN thermal
conversion unit) will be used to turn collected litter into energy powering vessel. The
pyrolyser exploits induction-induced high temperature for transforming solid waste into a
combustible gas, called syngas, and a recyclable solid residue. The process does not produce
dioxins and furans, an issue with many thermal processes, and the produced syngas, in turn,
can be re-used to fuel ships and heat ports. The small scale, transportable in 10"containers
and able to treat of up to 100 kg of waste per day (5kg/h), makes the device suitable for
mounting on small boats that can work closer to shore and collect marine litter nearer the
point of entry. The solid marine litter can be transformed into a syngas that can be used
immediately on-site as an energy source for ships and lighting and heating in ports. This
technology is suitable for marine litter that cannot be recycled due to contamination and
multi-material composition.
2. Material and methods
The PACmEN pyrolysis thermal conversion unit (TCU) is an innovative evolution of
the Plasma Pyrolyser (EP3023693), owned by IRIS. The technology was successfully
demonstrated for the energy recovery from marine litter in the H2020 project CLAIM (GA
number 774586), reaching TRL7.

Fig. 1. PACmEN thermal conversion unit
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PACmEN is composed with an induction assisted pyrolyser reactor (5 kg/h) with
residual collection tank integrated in a plug and play and complete skid in steel (AISI316L)
with high mechanical resistance, with walls both thermally and acoustically with highperformance fibres materials and different masses (reduction of a wide range of acoustic
frequencies). The skid is complete with a pre-treatment system, induction pyrolyser, syngas
conditioning station, and energy conversion system. There is also a general electric panel
(GEP) capable of connecting all the devices and auxiliaries of the station. The induction
heating furnace is composed by a cylindrical steel reactor insulated with a 1.5 cm of highperformance rock wool and with outside a heating coil. The thermocouples measure the
temperature trend (a) inside the reactor, (b) in the expansion chamber (c, d, e) in the output
syngas, sending the data to the GEP. An automatic intelligence consequently modulates
current and voltage (0V-48V; 0A/100A) and manage the ON/OFF of the power supply to the
inductor. In the worst conditions the maximum absorption of the system is 5 kWe. This
system allows to have a temperature in the reactor of 750° (hysteresis < 50°C managed
automatically), reducing electricity consumption to a minimum. The system is also supported
by a partial air inlet (<10% in volume - pyro-gasification). The plant is always be kept in
depression with a syngas blower capable of sending the syngas to the engine with a pressure
between 3 and 5 kPa. The Lower heating value (LHV) of syngas is higher when the
pyrolyser operates at higher temperature. This is due to the fact that the LHV syngas is
calculated from mole fraction of CO, CH4 and H2 and thus, it has a similar trend of CO and
H2 mole fraction profile. Since only H2, CO and CH4 are combustible, the LHV of syngas is
the calorific value of these three gases. When the gasification reaction tends to be completed
at temperature of 850°C-900 °C, the LHV becomes stable at about 11.36 MJ/m3 (Dang et al.,
2020; He et al., 2009).
Instantaneous pressure fluctuation measurements (dominant frequency, standard
deviation) allow to identify the insurgence of agglomeration and sintering phenomena within
the bed promoted by ash melting. The Syngas conditioning box-station reduce the residual
compounds content in the gas exiting the pyrolysis problematic for the longevity of the
power generator: tars, particulate, sulphur, halogens, and alkali metals (Hagos et al., 2013).
The conditioning system is designed to allow the use of syngas on both Power Generator
Unit (f-PGU) and SOFC. The quantity of tar will be kept low thanks to pyrolisation at
temperatures above 600°C. In fact, when the temperature increases beyond 600°C, the tar
yield will generally decrease due to tar cracking at higher temperature (Coq and Ashenafi,
2012). For the TAR and particulate removal is used a cyclone separator combined a
carbon/ceramic barrier filter after the induction pyrolyser. Tar condensation during this
particulate removal is avoided by maintaining the synthesis gas temperature above the tar
dew point (375-400°C) (Talmadge et al., 2013). For the reduction of H2S and HCl is used
two type of adsorbent materials (Lee and Feng, 2012): ZnO able to react with hydrogen
sulphide in a wide range of temperatures and pressures, CaO or K2CO3 for the reduction of
HCl. The beneficial effect of HCl on desulphurisation using a calcium-based sorbent
involves the formation of CaCl2.
According to the studies the breakthrough time of the commercial sorbent in the
industrial condition has been estimated around 215 days. A final Tar reformer (with Ni-based
catalysts) allows almost full conversion of tar (98.8%-99.9%) and considerably low amount
of coke deposited in the form of amorphous and filamentous carbon (15.9-178.5 mg gcat-1)
(Tan et al., 2019). The combination of hot syngas conditioning system with Induction
assisted pyrolyzer allows to have a high-quality syngas (LHV > 2.5 kWh/Nm3) (Dang et al.,
2020; Parandi and Rashidi, 2018). The cleaned syngas supplies a 6 kWe flexi-Power
Generator Unit (f-PGU). This is believed to have benefits like low capital cost, reliability,
good part-load performance, high operating efficiency, and modularity and is quite safe to
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use. Thanks to a regulating valve placed before entering f-PGU, the syngas pressure is
monitored, and its modulation allows the engine rpm to be modulated. The f-GPU conditions
are: engine heat value ≥ 4MJ/Nm3; Syngas temperature ≤ 40°C; Gas pressure 3~5kPa,
pressure change rate ≤ 1kPa/min. The f-GPU is open-cooled.

Fig. 2. Syngas conditioning Box-station

The TCU is composed of three heat exchangers: (i) water-water, (ii) syngas-air, and
(iii) exhaust fumes-air) that allow the maintenance of the right temperatures of the system by
recovering the excess heat to dry the waste thanks to an air fan. The water-water exchanger is
used to cool the inductor temperature (from 80° to 60°C – 0.8 kWth -), the syngas-air
exchanger is used to cool the syngas temperature (from 400° to 40°C – 2.8 kWth), the third
exchanger allows the cooling of the engine exhaust fumes (1.5 kWth). The hot air (40°C 2800 m3/h) deriving from the exchangers is conveyed to the shredded waste tank to allow
their drying. The system will include a 20 kWhe Lithium-ion battery that can follow
commands from the GEP to contribute to: (i) power the electric engine of the vessel even in
the absence of sun and waste (ii) regulate changes in electricity production from f-GPU
(waste reduction) and from PV (reduction of production) (iii) return to the base of the vessel
for maintenance and control operations. The roof of the TCU is composed with n°6 High
Efficiency monocrystalline solar panels with a 2.2 kWpeak electric peak production - (Module
Cells: 6 x 10 in Tempered Glass with AR Coating - efficiency> 21%).
An automotive commercial catalytic converter is integrated to treat exhaust in order to
minimize NOx and CO. The exhaust will also pass through the pre-chambers of the induction
reactor, increasing the temperature and drying the waste. The exhaust pipe sizes is DN100,
and the engine exhaust pipe in the generator room shall be wrapped with two layers’
insulations: the inner layer by aluminium silicate ceramic tube shell with thickness at 50mm,
and the outer layer by galvanized iron with thickness at 0.4 mm. After insulation, the surface
temperature should not be over 60°C. Residual emissions are fully compliant with Stage V
NRE standard.
3. Experimental
The system was tested in the IRIS laboratory with different type of waste (PET, PP,
PELD, PEHD), and other several type of commercial plastic The tests were aimed at
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verifying the operation of the plant, verifying the functionality of the automations,
identifying the optimal relationship between electrical power and absorbance and
temperature trends inside the reaction chamber. PACmEN was also successfully tested in the
last week of July 2020 at the National Research Council (CNR) marine station in Genoa,
Italy. These tests were aimed at testing and validating PACmEN under operating conditions
(TRL6). The system shredded, transported and pyrolyzed continuously (3 hours) marine
waste collected in the port of Genoa and in the coastal areas. A flowrate of 5 kg/h of nondifferentiable dirty waste were treated (Table 1).

Fig. 3. PACmEN in National Research Council (CNR) marine station in Genoa
Table 1. Tests conditions
Test conditions
Waste in pyrolyser
Environment conditions
Reactor chamber temperature

5 kg/h
Wind speed of 10 km/h and 30oC
750 °C

4. Results and discussions
During the tests the composition by volume of the syngas after the treatment systems
was measured by gas chromatography. The really measured syngas parameters have been
integrated into a CFD simulation useful for determining some numerical parameters: density,
specific heat, calorific value (as the pyrolysis temperature varies), normalized flow rate
(Table 2).
Due to high temperature gradients, to find the specific heat of the gas, there is a
need to consider the effect of the temperature. This is calculated for the range of 20 – 750oC
using Eqs. (1, 2):

(1)
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(2)
n: for each specie in the mixture.
Y: VF% of the specie.
[kg/m3]: density of the specie (as function of the temperature).
[kg/m3]: density of the gas.
[J/kgK]: specific heat of each species (as function of the temperature).
Table 2. Real tests and CFD simulation results
Final results
Syngas flow rate
Syngas composition (%volume)
Syngas LHV

10 Nm3/h
30% H2, 40% CO, 5% CO2, 5%CH4 and 20% N2
2,85 kWh/Nm3.

The average syngas composition deriving from of the pyrolysis of marine litter with
the induction chamber at 750°C was: 30% H2, 40% CO, 5% CO2, 5%CH4 and 20% N2. This
syngas will have an average LHV of 10.28 MJ/Nm3 equal to 2,85 kWh/Nm3 (Fig. 4).

a)

b)

Fig. 4. Syngas features: a) specific heat as function of the syngas temperature b) LHV as function
of reactor temperature

5. Conclusions
Test campaigns conducted in an experimental laboratory in a real marine environment
under operating conditions have demonstrated the effectiveness of high temperature
pyrolysis (plasma and induction) for the treatment of non-differentiable marine litter.
This is confirmed by the composition of the syngas, with its high hydrogen content,
which is optimal for use in internal combustion engines or fuel cells.
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