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ABSTRACT: Plastic pollution in the ocean has become a serious
threat to the health of marine life and even terrestrial life. It is also a
challenge to transport it landside for recycling. A system to recycle
the plastics in situ on an island was proposed with the aim to
convert the plastics to fuel gases, such as H2, CH4, and CO. As one
of the most abundant thermoset plastics in the ocean, epoxy plastics
were recycled in this system. They were gasified in supercritical
water driven by concentrated solar energy. A heat exchanger and
turbine were used for electricity. The fuel gas could be stored in the
gas tank at 4 MPa. The energy and exergy efficiency in this system
were analyzed, and the effects of temperature, pressure, and
feedstock concentration were discussed. The typical conditions were
as follows: temperature 600 °C; pressure 25 MPa, and feedstock
concentration 5 wt %. The mole fractions of these products were 48.13%, 22.97%, 0.84%, and 28.06%, respectively. Additionally, the
energy and exergy efficiency were 51.75% and 45.22%, respectively.
KEYWORDS: supercritical water gasification, epoxy plastics, ploy-generation system, flue gas production, energy and exergy efficiency,
optimal operating condition

1. INTRODUCTION
Plastics have caused a lot of pollution, which seriously threaten
the marine environment and ecosystem. It has been
econfirmed that plastics can be found in the oceans all over
the world.1−4 One study assessed the quality and quantity of
macrodebris and microplastics at six beaches in 2014.5 It was
found that plastics accounted for over 64% of the macrodebris
and microplastics were ubiquitous. Plastics could also be found
at the most remote beaches in the North Pacific.6 Even worse,
plastics, especially microplastics, are accumulating in terrestrial
and aquatic systems, becoming an emerging problem in
scientific and social areas.7

Traditional methods to deal with plastics used to be divided
into three types,8,9 sanitary landfill, burning, and recycling.
Sanitary landfill and burning also caused a lot of pollution.
Therefore, recycling was regarded as the best way to deal with
plastics in the future.

Different from thermoplastics, glass, and metals, thermoset
plastics were thought to be difficult to recycle or reuse because
of their excellent physical and mechanical properties.10

However, this view changed as methods such as hydrolysis
and glycolysis were proven to successfully recycle thermoset
plastics.11 It has also been difficult to dry microplastics from
the ocean. As a result, technology that can recycle or reuse
plastics without dewatering or drying has been considered.
Microplastics floating on the ocean could be gasified by

supercritical water on an island. In this way, elements that
easily form acids could be converted into harmless inorganic
salts and the emission of pollutants such as NOx and SOx could
be avoided. The special flow and heat transfer characteristics of
supercritical water played a positive role in the promotion of
gasification reaction. In addition, the process of dewatering and
drying for feedstocks was avoided in this way.12 Great cost
savings could be achieved using this technology.

As an island energy system, many challenges, such as the
weak connection to the mainland, congestion, and stability
problems need to be resolved, and hydrogen technologies
could be the key to these problems.13 Hydrogen-rich syngas, as
the main products of supercritical water gasification could fit
the island energy system well and become the main type of
energy generation in this system. In addition to these
challenges of output, the limit of input energy was also
considered. Solar energy was a viable energy alternative.14,15 In
the system of supercritical water gasification, external heat
supply in the processes of heating water to supercritical and
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maintaining constant temperature in the reactor could be
obtained by concentrated solar energy.

Therefore, a solar-powered poly generation system could be
envisaged, in which plastics collected nearby in the ocean were
used to cogenerate electricity, heat, and gas. It was expected to
have many application scenarios on the island. The
thermochemical analysis of such a system was seldom analyzed.

This work focused on a system on the island based on
plastics gasification in supercritical water, in which fuel gases
such as H2, CH4, and CO were produced. Epoxy plastics and
water were heated by solar energy and a pump provided the
pressure of the reaction, while electricity, heat, and fuel gas
were generated continuously in the pipelining system. The
working conditions of gasification, such as temperature,
pressure, and the feedstock concentration, were changed, and
then their effects on products distribution, energy efficiency,
and exergy efficiency could be investigated, respectively.

2. EXPERIMENTAL SECTION
2.1. Materials. Epoxy plastics, the most abundant thermoset

plastic in the ocean,16 were widely used in adhesives, coatings, shells,
and other fields.17 The chemical structure was shown in Figure 1. It

was shown that there were eight degrees of unsaturation (double
benzene ring) in the monomer. As a result, large quantities of
permanent gas, such as CO and CH4, would be released during
pyrolysis.18

The elemental and proximate analysis of epoxy plastics (EP)
measured in the laboratory was shown in Table 1. The migration of N
and S elements was a significant method for studying the mechanism
of gasification, and many researchers have investigated the migration
of N and S elements.19−23 However, the deviation between the two
results was not obvious in this paper. In addition, the mass fraction of
N or S was lower than 1 wt %. Therefore, the existence of N and S
elements was ignored in this paper. Three elements of C, H, and O in
the pure epoxy plastic account for 76.06, 7.04, and 16.29 wt %,
respectively, according to the structural formula.
2.2. Structure of System. It was proven that plastics could be

gasified in supercritical water and the gas products were made up of
CO2 and flammable gas, such as H2, CH4, and CO.24−29 As a result,
products in gas phase after the gasification consisted of H2, CH4, CO,
CO2, and H2O. And the physical energy and chemical energy of these
products could be recycled and stored in the form of electricity, heat,
and fuel gas. The flowchart of the system was shown in Figure 2.
Contents in each flow were shown in Table 2. The process of the
system and measurement parameters were discussed in detail in the
Supporting Information (SI.2).

3. RESULTS AND DISCUSSION
In this investigation, the typical conditions were as follows:
temperature of 600 °C; pressure of 25 MPa; and feedstock
concentration of 5 wt %. On this basis, the temperature
changed in the range of 540 °C to 675 °C, the pressure would
change from 23 to 29 MPa. The main mass flow, the sum mass
flow of flow 1 and flow 4, was kept at 1000 kg/h. The
feedstock concentration was 1 wt % to 9 wt %.
3.1. Effect of Reaction Temperature. The increase of

reaction temperature led to the increase of the product yield
from 81.59 kg/h at 540 °C to 105.43 kg/h at 675 °C, as shown
in Figure S1. The conversion rate of hydrogen increased at the
same time. It was explained that gasification was endothermic.
As a result, the heat added into the reactor would promote the
reaction and more water would be reacted. The mole fraction
of H2 increased from 33.33% at 540 °C to 55.85% at 675 °C,
while the fraction of CH4 decreased from 31.15% at 540 °C to
11.84% at 675 °C. The mole fraction of CO increased and that
of CO2 decreased. HE was 257.9% at 540 °C, and it increased
to 323.9% at 675 °C. Research on lignocellulosic biomass
components showed that temperature was the most dominant
factor affecting the yield of products, especially the yield of
H2.

30

On the one hand, free-radical reactions, such as the pyrolysis
reaction, led to the release of H• from H2O and the reaction.
At the same time, ion reaction led to the conversion from H•

to H2O. The high temperature promoted the former while
hindering the latter.31,32 The released H• which did not
convert to water would form the H2 and CH4. And HE would
be associated with the H•. On the other hand, the steam
reforming reaction (s19) was endothermic,33 promoted by the
increase of temperature. The promotion caused the increase of
the yield of the products. Methanation reactions (s21) and
(s22) were exothermic and could be inhibited at high
temperature.34 As a result, the fraction of H2 increased and
that of CH4 decreased as the temperature increased.

In this system, the type of turbine and the working condition
of flow 8 changed with the increase of reaction temperature as
shown in Table S1. The photothermal conversion efficiency,
efficiency of the preheater and reactor, decreased with the
increase of temperature according to (s15), and the temper-
ature of flow 10 also changed. As a result, the generation and
the efficiency of both the energy and exergy changed
accordingly, as shown in Figure S2. The energy efficiency of
the system increased with temperature, while the exergy
efficiency decreased. The increase of energy efficiency and
decrease of exergy efficiency were attributed to the change of
turbine type.

Both energy input into and output from the system
increased with reaction temperature, as shown in Figure S3A.
The energy to preheat the plastics and water increased and the
photothermal conversion efficiency, calculated by (s15),
decreased with reaction temperature. Influenced by these
factors, the solar energy absorption increased sharply. Mean-
while, heat recycled from the cooler (heat output) and the

Figure 1. Chemical structure of epoxy plastics.

Table 1. Elemental and Proximate Analysis of Epoxy Plastics

feedstock

elemental analysis (wt %) proximate analysis (wt %)

Qnet,ad (MJ·kg−1)Cad Had Nad Sad Oad
a Mad Aad Vad FCad

epoxy plastics 75.06 7.188 0.07 0.984 16.288 0.36 0.05 90.45 2.15 31.19

aBy difference; ad, air drying base; Qnet, net calorific value.
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energy stored in the products increased. The cooler could
recycle more heat due to the increase of temperature in flow
10. The increase of reaction temperature promoted the
gasification, which increased the yield of the products. As a
result, the chemical energy stored in products increased. As a
result, both the energy input into the system and the output
from the system increased, and the energy efficiency increased
with temperature.

The exergy efficiency of the system decreased with the
increase of temperature in the ranges of 540 °C to 555 °C and
570 °C to 675 °C. The type of turbine changed from 555 °C
to 570 °C, which caused the increase of exergy efficiency.
Shown in Figure S3B, both the exergy generated from the
system and the one cost in the system increased. The increase
of temperature promoted the gasification and the chemical
exergy contained in products increased. However, the high
temperature made for significant heat input and low photo-
thermal conversion efficiency, which could lead to substantial
irreversible loss. As a result, the exergy efficiency generally
decreased with temperature.
3.2. Effect of Reaction Pressure. It was shown in Figure

S4 that the yield of products decreased as the pressure
increased. The contents of CH4 increased from 21.78% at 23
MPa to 25.21% at 29 MPa. The contents of other gases such as
H2 and CO2 decreased from 49.37% to 45.80% and from
27.98% to 28.18%, respectively. HE was negatively correlated

with the pressure. However, all the effects of reaction pressure
could be neglected, which could be verified in experiments on
supercritical water gasification.31,35−37

The reactions, with chemical equilibrium shown in (s19),
(s20), (s21), and (s22), affected the contents of products. The
steam reforming reaction (s19) would be inhibited with the
increase of pressure, and it directly determined the mass flow
of products. As a result, the yield of products decreased from
92.95 kg/h at 23 MPa to 89.29 kg/h at 29 MPa. The yield and
contents of CH4 were influenced by methanation reactions
(s21) and (s22).38 The increase of pressure would promote
these reactions and increase the yield and contents of CH4.
Both the inhibition of the steam reforming reaction (s19) and
the promotion of methanation reactions (s20) and (s21)
would decrease the yield of H2. Less water involved in the
reaction increased the water vapor content in the reactor at the
same time. The pressure could not influence the chemical
equilibrium of reaction (s20) on its own. However, the
increase of water vapor and the decrease of H2 promoted the
reaction (s20). As a result, the yield of products decreased and
the mass of water vapor increased. The mole fraction of H2 and
CO decreased while that of CH4 and CO2 increased.

It was shown in Figure S5 that the efficiency of both energy
and exergy changed slightly with pressure. It was shown in
Figure S6A that the work of pump increased with pressure and
the heat generated by the pump work also heated the flow.

Figure 2. Flowchart of heat, electricity and fuel gas ploy-generation system. (Heat was recycled by cooler; electricity was produced by steam
turbine; and fuel gas was collected in a high-pressure gas tank.)

Table 2. Contents in Each Flow of the System

number of flow contents in the flow

1, 2, 3, 6, 7, 8, and 9 H2O
4 plastics and H2O
5, 10, 11, and 12 H2, CH4, CO, CO2, and H2O
13 H2O with small amount of H2, CH4, CO, and CO2

14 H2, CH4, CO, CO2
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Therefore, the work of pump increased and the solar
absorption in the preheater decreased slightly because the
pump work accounts for a small proportion of the input
energy. As for the output of the system, the chemical energy in
products decreased within 0.6% due to the slight change of the
yield of products shown in Figure S4. Electricity produced
from the turbine did not change with pressure, and the
recycled heat at different pressures was a similar value.
Therefore, the energy efficiency of the system changed slightly
with pressure, and so did the exergy efficiency, as shown in
Figure S6B.
3.3. Effect of Feedstock Concentration. The yield of

each product increased with the increase of feedstock
concentration, as shown in Figure S7. The product yields
increased from 12.52 kg/h at 1 wt % to 162.33 kg/h at 9 wt %.
However, the amount of the gas produced per kilogram of
sample decreased at the same time. The mass flows of H2 and
CO2 per kilogram of sample were greatly reduced while CH4
increased slightly. HE decreased significantly from 408.12% to
254.62% when the feedstock concentration increased from 1
wt % to 9 wt %.

The mole fractions of products also greatly changed with the
feedstock concentration. The content of H2 decreased
significantly with the increase of feedstock concentration,
while that of CH4 increased sharply. The contents of CO and
CO2 also increased. The increase of feedstock concentration
indicated a decrease in the density of water.36,39 According to
the numerical study of Zhao et al., the diffusion coefficient was
proven to have a negative power relation with the density of
water.40 The decrease in the density of water meant weaker
and fewer hydrogen bonds and molecules could move more
freely.41 The static dielectric constant and the viscosity would
subsequently decrease.42 Therefore, the reaction was inhibited
at high feed concentration.

It was shown in Figure S8 that both the energy efficiency
and exergy efficiency increased with the feedstock concen-
tration, and the growth trend slowed down gradually. Energy in
plastics increased with feedstock concentration. With the
increase of mass flow in flow 4 and the decrease of that in flow
1, both the work of pump and solar energy absorbed from the
system decreased, while the solar energy absorbed in the
reactor increased as shown in Figure S9. Meanwhile, the yield
of fuel gas increased sharply which increased the chemical
energy in products. However, the decrease of conversion rate
slowed down the trend. In general, both the energy input and
the energy output increased with feedstock concentration. The
energy efficiency also increased. The change of exergy
efficiency had a similar trend.

4. INVESTIGATION ON OPTIMAL OPERATING
CONDITION

The yield of products and the efficiency of the system were
influenced by temperature and feedstock concentration.
However, the influence of temperature on the efficiency was
not monotonous. The efficiency increased with feedstock
concentration but the growth trend slowed down. The cost of
energy also increased at the same time. Therefore, it was
necessary to find the optimal operating condition of the
system. 80 different working conditions at 4 temperatures (570
°C, 600 °C, 630 °C, 660 °C), 4 pressures (23 MPa, 25 MPa,
27 MPa, 29 MPa), and 5 feedstock concentrations (1 wt %, 3
wt %, 5 wt %, 7 wt %, 9 wt %) were investigated and compared.

The yield of fuel gas and efficiency of the system were
calculated to find the optimal operating condition.
4.1. Optimal Operating Condition for Production of

Gas. As the physical products of the system, the yield of fuel
gas could reflect the rate of plastics reuse. The yield and
conversion rate of hydrogen were investigated in this section.

The yield of gas was shown in Figure S10. The yield of H2
increased slowly when the feedstock concentration reached 5
wt %. Hydrogen atoms would mainly tend to generate CH4 at
high concentration. Meanwhile, HE increased with temper-
ature and decreased with feedstock concentration as shown in
Figure S11. The promotion of temperature on HE was the
most obvious at 5 wt % due to the methanation trend at high
concentration. The influence of pressure on the yield of H2 and
HE could be neglected. As a result, both the yield of H2 and
HE could reach a high level at 660 °C, 23 MPa, and 5 wt %.
4.2. Optimal Operating Condition for Efficiency. The

efficiency of energy and exergy would reflect the performance
of system. The optimal operating condition for efficiency was
investigated in this section.

It was shown in Figure S12 that the energy efficiency
increased with temperature. As a result, the maximum energy
efficiency in these conditions was 60.42% at 660 °C, 23 MPa,
and 9 wt %.

Energy flow at the optimal operating condition for efficiency
was expressed by the Sankey diagram shown in Figure S13.
Energy loss percentages of each model were also displayed. It
was found that turbine cost was the main loss of the system.
The energy consumed by the steam turbine accounted for 70%
of the energy loss. Nonisentropic processes and heat
dissipation were the main factors leading to energy loss in
the steam turbines, especially the latter. Electricity was the
energy in high grade and the conversion efficiency from heat to
electricity was low. The efficiency of the steam turbine was
ηelectric, which equaled 28.51%. As the main model to absorb
solar energy, the preheater also lost a lot of energy, which
contained about 16% of the total loss. The efficiency from solar
to heat reached 86.69%. Heat lost in the heat exchanger
accounted for about 11% of the whole loss. The energy
efficiency of the heat exchanger was set to 90%. The inlet
steam temperature of the industrial steam turbine was always
lower than 535 °C due to some safety problems at starting,
downtime, and loading. The temperature difference of the heat
transfer increased with the reaction temperature when the inlet
steam temperature reached its maximum. The increase of
temperature difference caused more heat loss.

The exergy efficiency was shown in Figure S14. The exergy
efficiency decreased with temperature and increased with
feedstock concentration. Therefore, the maximum exergy
efficiency was at the lowest temperature and the highest
concentration in these conditions. The exergy efficiency
reached 58.72%, the maximum value, at 570 °C, 29 MPa,
and 9 wt %.

The exergy flow at this condition was also expressed by the
Sankey diagram shown in Figure S15. The loss of solar energy
accounted for 75% of the whole exergy loss in the system. The
exergy efficiency of the preheater was 47.75% and that of the
reactor was 64.64%. Exergy loss on the steam turbine
accounted for 15% of the total exergy loss. The exergy
efficiency of this model was 66.72% due to the internal
efficiency. Just like the energy loss, the exergy loss in the heat
exchanger accounted for 9% due to the temperature difference.
And the exergy efficiency of the heat exchanger was 91.85%.
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5. CONCLUSIONS
A system to clean up the plastics in the ocean was based on an
island in this work, in which waste plastics could be converted
into hydrogen-rich syngas. Heat and electricity could also be
generated from the system. The gasification and hydrogen
technology used in this system could solve many problems of
the island energy system. The reactor corrosion by easily-
forming-acids elements was avoided and the cost of dewatering
and drying was saved. In this work, the effects of working
conditions, such as temperature, pressure, and feedstock
concentration, on both the mole fraction of the fuel gas and
the system efficiency were simulated. The results were as
follows:

1. High temperature, low pressure, and low concentration
of plastics could increase both the yield and mole
fraction of H2 and decrease those of CH4. Yield of
products would increase with temperature from 81.59
kg/h at 540 °C to 105.43 kg/h at 675 °C. The yield also
increased with feedstock concentration, from 12.52 kg/h
at 1 wt % to 162.33 kg/h at 9 wt %. Meanwhile, the
influence of pressure was neglected.

2. The energy efficiency of the system increased with
temperature while the exergy efficiency decreased with
temperature, except for the changing of turbine in the
system. The energy efficiency increased from 51.18% at
570 °C to 52.44% at 660 °C, while the exergy efficiency
decreased from 46.19% to 43.36%. The effect of pressure
on the efficiency could be neglected. Both the energy
efficiency and the exergy efficiency increased with the
feedstock concentration and the growth trend slowed
down.

3. The optimal operating conditions for production of gas
were at 660 °C, 23 MPa, and 5 wt % with a high yield of
H2 and HE. The maximum energy efficiency reached
60.42% at 660 °C, 23 MPa, and 9 wt %, while the exergy
efficiency reached 58.72% as the maximum value at 570
°C, 29 MPa, and 9 wt %.
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