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About 80% of the total pollution from ships is caused by operational oil discharges into
the sea, often made deliberately and in violation of international rules; the main reasons
can be due to cost savings or lack of adequate facilities in ports to receive waste oils.
Therefore, reducing waste oil discharges is crucial for a proper protection of the marine
environment. In this regard, the paper presents the preliminary feasibility of a particular
waste recycling technology, aimed at obtaining marine fuel oil from sludge, through a
pyrolysis process to be carried out in a small reactor onboard. The originality of the
research consists in the adaptation of pyrolysis to oily waste produced by ships, since
this technology is traditionally applied to solid waste and biomass. Furthermore, the
plant has to be designed for operation on board the ship, therefore under very different
constraints compared to traditional land plants. Although the preliminary lab tests and
simulation results in the chemical process are promising enough, there are still some
technical criticalities due to the energy optimization of the reactor for an efficient use
onboard of the whole system. In addition, the possibility of recycling waste, directly
onboard ships, is not yet covered by mandatory regulations, which is why shipowners
generally still feel unmotivated to invest in such technologies.

Keywords: ship waste recycling, pollution, diesel oil, sludge, pyrolysis, energy efficiency, rules

INTRODUCTION

International shipping covers over 80% of global trade (IMO, 2020), thus proving to be an
essential component of any program for future sustainable economic growth. Currently, the world
relies on a safe, sustainable, and efficient international shipping industry, as guaranteed by the
regulatory framework developed by the International Maritime Organization (IMO)—the United
Nations specialized agency with responsibility for the safety and security of shipping, including the
prevention of marine and atmospheric pollution from ships.
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Despite IMO rules, marine pollution from ships is still a
reality, as it accounts for around 20% of the total sea pollution,
and it can be caused both by accidents and ships daily activities.
About 80% of the total pollution from ships is estimated to be
originated from operational discharges (such as discharges of
waste oils or tank cleaning operations), made deliberately and in
violation of international rules due to several reasons, including:
lack of adequate facilities in ports to receive ships’ wastes, cost-
savings (the costs for delivery to shore may be prohibitive and
may cause significant delays to ships), or mere convenience of the
ship’s crew (European Maritime Safety Agency, 2008).

In this framework, the present work shows a preliminary
feasibility analysis of a waste recycling system to produce
additional fuel from sludge (mainly generated by the diesel oil
treatment). Nowadays, waste oil is collected and unloaded in
reception facilities provided by port authorities, but they could
be transformed into marine fuel oil, leading to environmental
benefits and energy savings. It can be made by a pyrolysis process,
that is, a thermal decomposition of organic materials that occurs
in the absence of oxygen. The chemical process produces gaseous,
liquid, and solid compounds. Onboard, the oil produced from
pyrolysis can be used directly as fuel, while gas could feed the
boiler onboard and solids could be sent to incinerator.

The pyrolysis technology is traditionally applied to biomass
and solid waste, while in the present study the investigation is
focusing on oil sludge. Currently, there are very few works in
the scientific literature regarding pyrolysis used for liquids; some
examples concern waste cooking oil (Romero et al., 2016), waste
automobile lubricating oil (Kim and Kim, 2000), and oil sludge
from the petroleum industry (Chang et al., 2000; Shie et al., 2002;
Punnaruttanakun et al., 2003; Wang et al., 2007; Hu et al., 2013).

As far as the authors are aware, there are no studies concerning
the use of this technology in the case of oil sludge from ships.
Therefore, the innovation in the present research mainly consists
in the new field of application of pyrolysis, trying to develop
an onboard system that is simple to operate and as efficient as
possible, compatibly with the ship requirements. To this end, the
main challenge is to design a space-saving pyrolysis reactor that
can possibly be powered by the free energy resources available
onboard. This option would provide a double advantage: an
immediate availability of free fuel for the ship and a shorter
chain of waste disposal, with consequent reduction in costs and
risk of pollution. A similar idea has been recently proposed by
Eslam (2019), which describes a special coastal vessel, capable
of receiving and recycling onboard sludge from other ships in
transit in the Suez Canal, using a catalytic distillation plant.

Both solutions require appropriate legislation to encourage
shipowners to use these new waste recycling technologies. In fact,
current regulations provide for compliance with limits on air
emissions and onboard waste management procedures, excluding
waste recycling. In this light, the possibility of obtaining new fuel
from sludge does not entail a real fuel reduction, which means
a lower emission of pollutants. Then the technology presented
in this report does not facilitate compliance with the current
regulatory limits about emissions from ship’s engines, although
the environmental benefits due to the recycling process are
obvious. Therefore, it would be important that at least economic

sustainability is demonstrated, pending desirable regulations that
reward shipowners in adopting these waste recycling solutions.

MATERIALS AND METHODS

The present work focuses on the feasibility to threaten onboard
oil waste produced by a passenger ship. In this case, oil waste
mainly consists of sludge (derived from engine fuel and oil
purification) and cooking oil, while the amount of exhausted
lubricating oil from the ship’s engines is negligible, and it is often
stored together with oil sludge.

In this work, the waste recycling is concentrated on sludge oil
because it is produced in a bigger quantity by merchant ships.

Although the pyrolysis process is mainly applied to biomass
and solid waste, the choice of using this technology also for waste
oils has been supported by the preliminary lab tests carried out
by the authors at Genoa University (Cadenasso and Fabbri, 2017;
Vigna et al., 2020). In fact, experimental results show a conversion
factor into fuel around 32% (viscosity equal to 2.77 Cst), while the
remaining products are water (30%), gas (17%), and solid waste
(21%). In this regard, it is important to point out that these results
were achieved through a thermocatalytic pyrolysis process. As an
alternative, to simplify the installation onboard, in this study a
pyrolysis without the use of a catalyst is investigated here.

Before undertaking new expensive experimental tests, it was
decided to preliminarily analyze the efficiency of the process by
numerical simulation, through the commercial software Aspen
Plus (one of the leading process simulation software products in
the field of chemical and process industry).

Simulation Assumptions
Aspen simulation requires defining the components involved in
the process and their specifications and to choose the property
methods to calculate thermodynamic properties, such as fugacity
coefficient, enthalpy, entropy, Gibbs energy, and molar volume.
Then it is possible to represent the process diagram regarding
flows and main units (reactors, mixers, exchangers, etc.).

Regarding the property method, the Peng-Robinson model
has been chosen because it is recommended for hydrocarbon
processing applications such as gas processing, refinery, and
petrochemical processes (AspenTech, 2010).

With respect to the composition of sludge oil produced
onboard and necessary for simulation, no references were found
in the literature. However, oil sludge from refinery plant (a stable
emulsion of hydrocarbons compounds, water, solids and heavy
metals) may be considered the most similar waste-to-oil residues
on board (Hu et al., 2013).

In addition, for the present work, a chemical analysis of
a sludge sample, kindly provided by GNV (an Italian Ro-Ro
ferry company) has been carried out by the Renewable Energy
Consortium for Research and Demonstration (RE-CORD),
Florence, Italy. A comparison between RE-CORD results and the
chemical composition of oil sludge from refinery plant, reported
in Hu et al. (2013), is shown in Table 1.

In summary, different sources have been considered to identify
the composition of marine sludge:
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TABLE 1 | Comparison between chemical analyses carried out by RE-CORD
and Hu et al. (2013).

Experimental
analysis

(RE.CORD)

Hu et al., 2013

Hydrocarbon compounds %wt 15–50

Carbon % wt 30.4

Hydrogen % wt 11.3

Nitrogen % wt 0.02 <3

Sulfur % wt 0.3 0.3–10

Water % wt 63.4 30–85

Higher heating value kJ/kg 15,225

Lower heating value kJ/kg 12,754

Acid number mg KOH/g 4.12

Viscosity at 40◦C mm2/s 405.97

• Data from the literature (Hu et al., 2013);
• Results from chemical analysis (RE-CORD);
• Typical composition of marine heavy fuel, being contained

in oily sludge.

This result in the following list of elements, adopted for
simulation in terms of weight percentage: Octane (0.0154%),
Tridecane (0.0006%), Tetradecane (0.0009%), Pentadecane
(0.0011%), Hexadecane (0.0012%), Heptadecane (0.0013%),
Octadecane (0.0011%), Nonadecane (0.0012%), Eicosane
(0.0011%), Heneicosane (0.0001%), Docosane (0.0009%),
Tricosane (0.0008%), Tetracosane (0.0007%), Pentacosane
(0.0006%), Hexacosane (0.0005%), Heptacosane (0.0004%),
Octacosane (0.0005%), Nonacosane (0.0004%), Triacontane
(0.0004%), Hentriacontane (0.0004%), Dotriacontane (0.0005%),
3-Ethyloctadecane (0.0218%), Dodecylcyclopentane (0.0349%),
Bicyclohexyl (0.1033%), Benzene (0.0073%), 1-Pentyltetralin
(0.0073%), Indene (0.0073%), 1-Methylnaphthalene (0.0109%),
Acenaphthene (0.0109%), Acenaphthalene (0.0250%),
Phenanthrene (0.0440%), 2-Benzyl-1-phenylheptadecane
(0.0600%), Benzothiophene (0.0030%), Acridine (0.0002%), and
Water (0.6340%).

For the pyrolysis reaction simulation, in Aspen Plus there are
different possible types of reactors to be considered. Ward et al.
(2014) suggests that the RYIELD reactor block is the most suitable
for the pyrolysis process, which involves solid, liquid, and gas
phases. Moreover, in this kind of process, the number of reactions
involved is large and, usually, their kinetics are unknown; thus
the RYIELD block is appropriate because it calculates the yield
distribution of the products without the need to specify reaction
stoichiometry and kinetics (Atnaw et al., 2011), unlike other
reactor models contained in Aspen Plus.

To define the product yield, it was referenced to experimental
results from literature (Wang et al., 2007). A fitting carried out in
a MATLAB environment has been made to correlate yield (gas,
solid, water, and liquid fractions) and reaction temperature. The
comparison between the obtained correlation and literature data
(Wang et al., 2007) is shown in Figure 1.

Subsequently, the correlation was inserted in Aspen Plus
as an embedded Excel sheet, which determines the yields of
the RYIELD reactor.

Process Scheme
A process scheme of the simulated pyrolysis plant is shown in
Figure 2.

In Wang et al. (2007) water is removed from sludge before
the pyrolysis process, and in Hu et al. (2013), the authors report
the need for dewatering of oily sludge before pyrolysis treatment.
Therefore, at first, sludge was sent to a decanter (DECANTER)
where almost all water (H2O) was separated. After that, heater
exchanger (HEATER) was used to raise the temperature reaction
and, then, sludge (HEATOIL) was sent into a jacketed and
agitated reactor (REACTOR) where the feed was converted
into three separate fractions: gas, liquid, and solid (GLS). The
residue (SOLID) was discharged from the bottom of the reactor
(SEPARSOL) and separated from liquid and gaseous products
(VAP). The latter were cooled (COOLER) and sent to a condenser
(CONDENS) to eliminate water (WATER) and to a flash drum
(SEPAR) in order to separate the condensable compounds (OIL)
from the incondensable (GAS) ones.

International Rules on Ships Pollution
and Energy Efficiency
In 1973, IMO adopted the International Convention for the
Prevention of Pollution from Ships, known as MARPOL, which
has been amended by the Protocols of 1978 and 1997 and kept
updated with relevant amendments. The MARPOL Convention
addresses: pollution from ships by oil (Annex I) and by noxious
liquid substances carried in bulk (Annex II), harmful substances
carried by sea in packaged form (Annex III), sewage (Annex
IV), garbage (Annex V), and the prevention of air pollution
from ships (Annex VI). MARPOL applies to 99% of the world’s
merchant tonnage.

Other treaties address anti-fouling systems used on ships
(“The International Convention on the Control of Harmful
Anti-fouling Systems on Ships,” 2008), the transfer of alien
species by ships’ ballast water (Ballast Water Management “BWM
Convention,” 2017), and the recycling of ships (“The Hong Kong
International Convention for the Safe and Environmentally
Sound Recycling of Ships,” the Hong Kong Convention 2009).

In MARPOL Annex VI, the Energy Efficiency Design Index
(EEDI) was made mandatory for new ships since 2011 (this was
the first legally binding climate change treaty to be adopted since
the Kyoto Protocol). The EEDI is expressed in grams of carbon
dioxide (CO2) per ship’s capacity by mile (the smaller the EEDI,
the more energy efficient ship design) and is calculated by a
formula based on the technical design parameters for a given ship.
It is quite detailed, but the general structure can be more simply
summarized as follows:

EEDI =

CO2 main and auxiliary engines
−CO2 saved due innovative technologies

Ship capacity× Ship speed
(1)
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FIGURE 1 | Comparison between simulation results and literature data (Wang et al., 2007).

FIGURE 2 | Flow sheet of the Aspen Plus simulation.

representing the energy efficiency of a vessel, expressed as the
ratio between the environmental cost (CO2 emitted) and the
benefit produced for society (transport work).

The EEDI requires a minimum threshold, which is tightened
incrementally every 5 years to stimulate innovation and technical
development toward the use of more energy efficient (less
polluting) technologies, for different ship type and size segments.

In addition, IMO also suggests an approach for shipping
companies to manage ship and fleet efficiency performance
over time, through the Energy Efficiency Operational Indicator
(EEOI) computation. It is a possible monitoring tool, defined as
the ratio of mass of CO2 emitted per unit of transport work:

EEOI =

∑
j FCj × CFj

mcargo × D
(2)

where Fcj is the consumption of fuel j per voyage; CFj is
the conversion factor for fuel j to estimate CO2 mass (e.g.,
diesel oil = 3.206); mcargo is the cargo carried (tons) or work

done (number of TEUs or passengers); and D is the distance
in nautical miles.

RESULTS AND DISCUSSION

Simulation Results
A 5,000-passengers ship has been examined for the case
study of the pyrolysis process, given the greater quantities of
waste it can produce.

Considering for the cruise ship an average sludge
production of 1,175 m3/year (data available by courtesy
of Costa Crociere), corresponding to about 1,000 t/year,
the pyrolysis process is supposed to take 4 h a day, with
a sludge flow rate of 755 kg/h. Since the water content in
sludge is approximately 60%, after the initial sedimentation
phase, the flow rate to the pyrolysis reactor becomes
around 280 kg/h. Under this assumption, an equipment
volume less than 1 m3 should be sufficient for the system
arrangement onboard.
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It was assumed that the reaction occurs at atmospheric
pressure and 450◦C temperature within the range of the study
reported by Wang et al. (2007) and considered as the optimum
pyrolysis temperature for oily sludge by Cheng et al. (2016).

The main results of the simulation process are reported
in Table 2. The pyrolysis process allows a liquid fuel
yield around 30%, similar to preliminary experimental
results of Genoa University (Cadenasso and Fabbri,
2017). However, the liquid fuel obtained in wet sludge
condition is only 11% because the water content in
sludge is usually high, and it should be eliminated
before pyrolysis (in this case, the actual feed to the
pyrolysis reactor would drop to around 40% of the initial
sludge quantity).

Thermal Power Sources Analysis
As previously mentioned, sludge needs to be heated to
reaction temperature (450◦C). Moreover, the pyrolysis reaction
is endothermic; therefore, a thermal power is needed to allow
the reaction proceeding. According to simulation results, the heat
required is 146 kW:90 kW to preheat sludge up to 450◦C and
56 kW for reaction proceeding.

The thermal power required by the pyrolysis process may be
delivered by different sources, each one with pros and cons:

TABLE 2 | Simulation results for sludge pyrolysis process at T = 450◦C.

Stream (see Figure 2) Mass flow
(t/y)

Sludge to decanter (SLUDGE) 1,057

Water from decanter (H2O) 667

Sludge to reactor (SLUNOH2O) 390

Gas (GAS) 67

Liquid (OIL) 117

Residue (SOLID) 124

Water from condenser (WATER) 81

Yield distribution (% wt) of components in the different phases of pyrolysis reaction

Gas 16.61

C1−4 alkanes 5.98

CO2 6.98

CO 3.32

H2 0.33

Liquid 30.57

Gasoline

C5−12 alkanes 5.43

Diesel oil

C13−18 alkanes 4.01

C13−18 cyclic alkanes 6.02

C13−18 aromatics 3.34

Heavy oil

Eicosane (C20H42) 2.35

Pentadecylcyclopentane (C20H40) 5.30

Tetradecylbenzene (C20H34) 4.12

Water 20.90

Solid (coke) 31.92

- by the exhaust gas from diesel engine, downstream of the
turbocharger. This option would be energy-free; however,
the available temperature (usually about 350◦C in typical
engines for passenger vessels) is lower than the reaction
temperature of the pyrolysis process. Therefore, this heat
source would be only suitable for a pre-heating phase.

- by the exhaust gas from the main engines, at the turbine
inlet. The gas temperature is higher (around 540◦C) than
in the previous case; however, the engine should be
appropriately modified.

- by the waste incinerator, already installed onboard
passenger ships, as it could supply all the required thermal
power; for instance, the power of a typical incinerator of a
Costa Crociere ship is around 1,600 kW, with a combustion
temperature of about 850◦C (Costa Crociere Group, 2015).
Furthermore, the incinerator stays on for about 11 h/day,
so its heat could be used for the pyrolysis process
throughout the pyrolysis process duration estimated at
4 h/day.

Therefore, the exploitation of the heat released by the
incinerator seems to be the best option, although the incinerator
needs some small modifications in its geometry. In fact, an
integrated reactor-incinerator system could be created and the
exhaust gas flow from the ship incinerator could be used for the
reaction. Then, the same gases could preheat the sludge.

To move the oil sludge from the tank to the reactor, a small
pump could be sufficient, given the low vertical distance between
sludge tank and incinerator. Once the reaction is completed, the
solid part could be directly incinerated, while the liquid product
could be easily moved to the fuel tanks by gravity.

Energy Efficiency
The liquid product, about 117 ton/year, is certainly suitable as fuel
for marine engines because it meets the requirements established
by the ISO standard (ISO 8217:2010 RMK280); in this regard, the
details of the chemical composition of the product obtained from
the pyrolysis reaction by simulation are reported in Table 2.

Assuming a 50-week trip for the examined ship, the marine
fuel consumption would be 40,000 ton/year; therefore, through
the pyrolysis process, the saving in the fuel purchased by the
shipowner is around 0.3%.

Unfortunately, this small economic advantage may not be
enough for the diffusion of this technological solution; however,
it is proper to consider that also the disposal sludge costs could
be eliminated, or at least significantly reduced, with resulting
environmental advantages.

In particular, taking into account the fuel oil price1 and also
considering the elimination of the cost of oily waste disposal
(an average cost of 65€/m3 can be assumed in the case of
Italian port reception facilities), an annual savings of about 22%
of the construction cost is estimated. The investment cost for
the construction of the plant is deduced from literature data
reported in Ringer et al. (2006) and Cheah et al. (2017), and
it can, therefore, be recovered in about 4–5 years of operation.

1http://www.bunkerindex.com
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In addition, the sludge discharge into port often involves an
important logistical organization: for example, the fuel supply
is not allowed at the same time as the waste oils discharge.
Therefore, the onboard oil reuse might be also convenient for
ship management at the port area.

This solution would become even more practical if its
undoubted environmental value would also be recognized by
current legislation. In this regard, IMO rules are provided for the
computation of the EEOI (Eq. 2), as previously defined. However,
the sludge conversion into fuel does not allow a real CO2 emission
reduction because a real fuel consumption reduction for the ship
engines is not involved. In order to enhance waste recycling
on board, an increase in ship cargo has been recently proposed
by the authors for the EEOI computation of a passenger ferry,
equipped with a possible waste oils treatment plant, adopting
pyrolysis technology (Vigna et al., 2020). In the reference study,
the new fuel produced from sludge is supposed as a sort of
additional cargo, in order to increase the denominator of Eq. (2)
and then decrease EEOI; but also in this new interpretation of
IMO indicator, a significant reduction in EEOI computation is
not found (less than 0.05%).

CONCLUSION

The present technical report deals with the important problem
concerning the disposal of waste on board passenger ships, trying
to transform this into an energy resource that would otherwise
have to be delivered in port reception facilities, with significant
costs for the shipowners and risks of pollution.

Considering only waste oils generated through the treatment
of the engine fuel and lubricating oil, a small pyrolysis plant can
be installed onboard to produce additional fuel from sludge. As
far as the authors are aware, the present research represents the
first application of a pyrolysis technology to oily waste from ships;
therefore, preliminary experimental tests and simulation have
been carried out. The results show a pyrolysis process conversion

factor into fuel of around 30% in dry sludge condition, decreasing
to about 11% in the case of wet sludge.

Although further investigations are still needed on some
critical issues (e.g., design of a particular waste incinerator to be
exploited to supply the necessary thermal power for the pyrolysis
reaction), the transformation onboard of the waste into new fuel
for the ship seems feasible.

On the other hand, the amount of economic savings cannot
be considered a strong stimulus for the spread of this technology
on board ships, unless new environmental policies are initiated.
The current regulations on ship pollution are in fact not
yet effectively applicable for a real enhancement of waste
recycling on board ships.
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