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Abstract
Background, aim, and scope Feedstock recycling has
received attention as an effective method to recycle waste
plastics. However, estimating the reduction potential by life
cycle assessment using coke oven and blast furnace in steel
works has been a challenging task due to the complex
structure of energy flow in steel works. Municipal waste
plastics consist of several plastic resins. Previous studies
have generally disregarded the composition of waste
plastics, which varies significantly depending on the
geographical area. If the reduction potentials by using each
plastic resin in steel works can be quantified, the potential
of municipal waste plastics (mixtures of plastic resins) can
be estimated by summing up the potential of each resin
multiplied by the composition of each resin in municipal
waste plastics. Therefore, the goal of this study is to
investigate the reduction potentials of CO2 emissions by
using individual plastic resins (polyethylene (PE), polypro-
pylene (PP), polystyrene (PS), polyethylene terephthalate
(PET)) and those for municipal waste plastics in the coke
oven and blast furnace.
Materials and methods A model was developed to clarify
the energy flow in steel works. In order to estimate the
changes in energy and material balance in coke ovens when
waste plastics are charged, the equations to calculate the

coke product yield, gas product yield, and oil product yields
of each plastic resin were derived from previous studies.
The Rist model was adopted to quantify the changes in the
inputs and outputs when plastics were fed into a blast
furnace. Then, a matrix calculation method was used to
calculate the change in energy balance before and after
plastics are fed into a coke oven.
Results It was confirmed that product yields of municipal
waste plastics (mixtures of plastic resins) could be
estimated by summing up the product yield of each plastic
resin multiplied by the composition of each resin in
municipal waste plastics. In both cases of coke oven and
blast furnace feedstock recycling, the reduction potential of
CO2 emissions varies significantly depending on the plastic
resins. For example, in the case of coke oven chemical
feedstock recycling, the reduction potential of PS and PP is
larger than that of PE. On the other hand, in the case of
blast furnace feedstock recycling, PE has the largest CO2

emissions reduction potential, whereas the CO2 emission
reduction potential of PP is smaller than those of PE and
PS. In both cases, PET has negative CO2 emission
reduction potentials, i.e., there is an increase of CO2

emissions. In addition, the reduction potentials of CO2

emissions are slightly different in each city.
Discussions The differences in the reduction potentials of
CO2 emissions by coke oven chemical feedstock recycling
of each plastic resin is attributable to the differences in
calorific values and coke product yields of each plastic
resin. On the other hand, the difference in the CO2 emission
reduction potential for each plastic resin in blast furnace
feedstock recycling is attributable to the difference in
calorific values and the carbon and hydrogen content of
each plastic resin, which leads to a difference in the coke
substitution effect by each plastic resin. In both cases, the
difference in those of municipal waste plastics is mostly
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attributable to the amount of impurities (e.g., ash, water) in
the municipal waste plastics.
Conclusions It was found that the reduction potential of
CO2 emissions by coke oven and blast furnace feedstock
recycling of municipal waste plastics (mixtures of plastic
resins) could be estimated by summing up the potential of
each resin multiplied by the composition of each resin in
municipal waste plastics. It was also clarified that feedstock
recycling of waste plastic in steel works is effective for
avoiding the increase in CO2 emissions by incinerating
waste plastics, such as those from household mixtures of
different resins.
Recommendations and perspectives With the results
obtained in this study, reduction potentials of CO2

emissions can be calculated for any waste plastics because
differences in composition are taken into account.

Keywords Blast furnace feedstock recycling . Coke oven
chemical feedstock recycling . Composition of waste
plastics . Life cycle inventory analysis . Matrix calculation
method

1 Background, aim, and scope

Plastics are an indispensable material in our present
economic society because they are light, tough, easily
processed, and inexpensive. Large amounts of plastics are
used for packing and container materials, which require
these properties. The demand for plastics has remained high
in developed countries, and the demand has been increasing
in developing countries. In proportion, the amount of waste
plastics has also increased, which has caused the most
challenging waste issues that include a shortage of landfills
and damage to eco-systems. In order to solve these
problems, it is necessary to reduce waste plastics and
promote recycling. In recent years, many countries such as
Japan, Europe, the USA, India and China have been
promoting recycling of waste plastics. As a result, the
recycling rate has been growing year by year (Mutha et al.
2006; Subramanian 2000; Zhang et al. 2007; Patel et al.
2000; Bor et al. 2004; Braunegg et al. 2004). However,
there is still a great difference between the recycling rates in
each country. This is due to several differences in the
enforcement of laws for the recycling of waste plastics, as
well as the technologies and costs for recycling waste
plastics in each country.

In Japan, recycling of waste plastics has been enhanced
since 1997, when the “Containers and Packaging Recycling
Law” was enforced. Currently, annual production of
plastics in Japan is approximately 14.5 million tons,
whereas the annual generation of municipal waste plastics
was 5.2 million tons and that of industrial waste plastics

was 4.86 million tons in 2005. As a result of many years of
technological development, 62% of plastics (6.28 million
tons) were recycled in 2005 by several methods. The
recycling rate of waste plastics in Japan is relatively high
compared to other countries; however, it is expected that
the amount of waste plastics to be recycled will have to
increase in the future because we have a landfill shortage
problem and a responsibility to reduce CO2 emissions.

The substantial problem is that waste plastics are
contained in Municipal Solid Waste (MSW), and each
plastic resin is collected with other materials and may thus
include many impurities. These impurities cause a barrier to
effective recycling of waste plastics. Therefore, many
technologies to separate waste plastics from MSW (Shent
et al. 1999; Hu and Calo 2006) and to recycle them
effectively have been developed. The recycling methods are
grouped into three main categories:

1. Mechanical recycling (Avila and Duarte 2003; Fortelny
et al. 2004)

2. Feedstock recycling, e.g., monomerization, blast fur-
nace feedstock recycling, coke oven chemical feedstock
recycling, gasification, liquefaction, etc. (Garfort et al.
2004; Kim et al. 2002; Kaminsky et al. 2004; Kato et
al. 2003; Okuwaki 2004; Asanuma and Ariyama 2004)

3. Energy recovery, e.g., cement kilns, waste power
generation, refuse-derived fuel (Yamakita et al. 2005;
Xiao et al. 2007)

Among these recycling methods, mechanical recycling is
only applicable to industrial plastics wastes and some
particular waste plastics generated in households, e.g.,
polyethylene terephthalate (PET), because mechanical
recycling requires clear separation of different types of
resins with a low level of impurities. So, mechanical
recycling has a limitation. In contrast, most waste plastics
can be recycled by feedstock recycling and energy recovery
if impurities such as metals are removed from them. So,
feedstock recycling and energy recovery can be useful for
recycling any type of waste plastics.

In Japan, the industry with the highest demand for coal is
the steel works, with an annual consumption of approxi-
mately 60–70 million tons. So, the reduction of greenhouse
gas, especially CO2 emissions, is currently a very important
task for the steel industry due to the Kyoto Protocol. Since
waste plastics are usually richer than coal in calorific value,
the use of waste plastics instead of coal can reduce the
consumption of fresh coal, leading to the reduction of CO2

emissions. In addition, the recycling of waste plastics uses
the existing equipment in steel works, so it is not necessary
to set up new facilities. Therefore, it is considered that steel
works show great promise for the recycling of waste
plastics. It is important to investigate the reduction potential
of CO2 emissions by recycling waste plastics in steel works
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quantitatively. However, estimating the reduction potential
has been a challenging task due to the complex structure of
energy flow in such steel works.

2 Literature survey on estimation of reduction potential
of CO2 when waste plastics are recycled in steel works

Studies on the estimation of the environmental effect of
recycling waste plastics have been conducted since the
1990s, and they have primarily targeted mechanical recy-
cling, energy recovery and recycling systems of waste
plastics. In recent years, studies targeting feedstock recycling
have been increasing, and the estimation of the environmen-
tal effect by feedstock recycling has attracted interest (Plastic
Waste Management Institute 2005a; Molgaard 1995; Song et
al. 1999; Arena et al. 2003; Ross and Evans 2003; Holmgren
and Henning 2004; Finnveden et al. 2005; Noda et al. 2001;
Perugini et al. 2005; Narita et al. 2001; Ziebik and Stanek
2001; Inaba et al. 2005).

There have been some attempts to estimate the reduction
potential of environmental impact by feedstock recycling of
waste plastics in steel works in which life cycle assessment
(LCA) was applied (Narita et al. 2001; Ziebik and Stanek
2001; Inaba et al. 2005). Inaba et al. reviewed these
previous studies in great detail and discussed the influence
of setting system boundaries because there was no
consistency in previous studies (Inaba et al. 2005). They
also conducted comparative studies for feedstock recycling
of waste plastics in coke ovens, blast furnaces, and energy
recovery, based on the same functional unit. Their study
clarified the following:

1. The LCA results for feedstock recycling of waste
plastics in steel works were quite dependent on setting
system boundaries.

2. Without careful investigation of the change in energy
flows in related processes, the reduction potential of
environmental impact by feedstock recycling of waste
plastics in steel works would be incorrectly estimated.

3. The reduction potential of environmental impact by
feedstock recycling of waste plastics in blast furnaces
was dependent on whether waste plastics would replace
coke or pulverized coal.

4. For comparison of different recycling technologies,
collection of precise data about related processes from
industries, studies based on representative data from
statistics, and sensitivity analyses should be further
conducted.

For estimating the reduction potential of CO2 emissions
by recycling waste plastics in a coke oven or blast furnace,
it is necessary to precisely analyze the changes in energy
flow in steel works. Two issues should be investigated: one
is the change of energy flow in the coke oven and blast
furnace, and the other is the change of energy flow in the
entire steel works induced by the change in inputs and
outputs of the coke oven or blast furnace process.

In life cycle inventory (LCI) analyses, the process flow
diagram method is often used. In the process flow diagram
method, the functional unit is considered as the starting
point, data is collected in the right amount per entity
(substance, energy, service), and multiple processes are
searched and added until no economic entity is unsatisfied.
However, it has been reported that the existence of self-
referring groups of processes, such as electricity, poses a
problem in this approach (Heijungs 1994). Since the energy
flow in steel works is complex and may comprise several
loops, as shown in Fig. 1, the simple sequential method of
calculating the energy balance does not work. In this case, a
matrix calculation method proposed by Heijungs (1994)
should be used. This method is quite effective when dealing

Fig. 1 Material and energy flow
in the steelwork
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with several processes, some of which are self-referring
groups of processes, because the exact solution can be
calculated for the system without using an iterative method
or infinite progression (Suh and Huppes 2005). Suh and
Huppes (2005) reviewed and compared methods for LCI
compilation, which consisted of a process flow diagram,
matrix calculation, economic input–output-based LCI, and
hybrid analyses. The matrix calculation method was used
for the development of a software tool, Chain Management
by Life Cycle Assessment, CMLCA (Heijungs 2000). This
method was also used in Inaba’s work (Inaba et al. 2005).

It should also be noted that previous studies paid little
attention to the composition of waste plastics, which varies
significantly depending on geographical area. The reduc-
tion potential of recycling waste plastics can also be
dependent on the composition of waste plastics. Therefore,
it is not adequate to compare the results obtained in
previous studies if the compositions of waste plastics are
different. So, it is necessary to develop a model for
estimating the reduction potential of environmental impact
in which the differences in the composition of waste
plastics can be considered.

Municipal waste plastics consist of several plastic resins,
for example, polyethylene (PE), polypropylene (PP),
polystyrene (PS), polyvinyl chloride (PVC), etc. If the
reduction potentials of the environmental impact by using
each plastic resin in steel works can be quantified, those of
municipal waste plastics (mixtures of plastic resins) may be
estimated by summing up the potential of each resin
multiplied by the composition of each resin in municipal
waste plastics. Therefore, in this work, the reduction
potentials of CO2 emissions, by using the individual plastic
resins (PE, PP, PS, PET), and those for municipal waste
plastics were investigated by LCA. Because most PVC is
removed from municipal waste plastics by the pre-treatment
process in feedstock recycling in steel works, the reduction
potential by using PVC is out of the scope of this paper.

3 Goal and scope definition

The goal of this study is to establish a model to clarify the
energy balance in steel works and to estimate the reduction
potential of CO2 emissions for the recycling of plastics in a
coke oven and blast furnace in steel works. According to
ISO14040, life cycle inventory analysis was conducted
(ISO 2006). The functional unit was set as the treatment of
1 ton of plastic resin (PE, PP, PS, PET) or municipal plastic
wastes. CO2 emissions were considered as the environmen-
tal impact. The system boundary included the processes in
the steel works and a joint thermal power plant to produce
electricity. The pre-treatment process to remove impurities
from the waste plastics was also included. In addition, the

processes of ferroalloy production, electric furnaces, forg-
ing, and casting were not considered because these
processes were not affected by the use of waste plastics.

The CO2 emissions avoided due to the adoption of
additional functions (i.e., generation of electricity and oil)
were subtracted from the total CO2 emissions so that each
case satisfied the same functional unit.

4 Materials and methods

In this chapter, methods for coke oven chemical feedstock
recycling and blast furnace feedstock recycling are
explained in Sections 4.1 and 4.2, respectively.

4.1 Coke oven chemical feedstock recycling

4.1.1 Outline of coke oven chemical feedstock recycling

In coke ovens, the coals charged in the coke oven chambers
are carbonized at a high temperature of about 1,373 K in a
reducing atmosphere and are converted to products of coke,
tar, light oil, and coke oven gas (COG), and so on.
Ammonia liquor is used for flushing the ascension pipe
exit at the top of the coke oven, and the high-temperature
COG generated in the coke oven is cooled quickly to about
353 K or less. In addition, the COG is cooled in a primary
gas cooler to about 308 K, the condensed liquid is separated
into tar and ammonia liquor in a tar decanter, and the tar is
recovered. It is thought that the carbonization conditions in
a coke oven are suitable for waste plastic recycling because
charged plastics decompose easily at high temperature in a
reducing atmosphere.

Municipal waste plastics consist of bags, films, foamed
plastics, and powders. Therefore, it is necessary to pre-treat
the waste plastics and change their shape and size so that they
are suitable for charging in the coke oven chambers. First,
metals are removed from the waste plastics by magnetic
sorting. Then the plastics are coarsely crushed and extraneous
material is removed using a separator. After being finely
crushed to about 10 mm, the volume is reduced using an
agglomerator (screw kneader) at 393 K. The blocks are cut to
a diameter of about 25 mm, air-cooled on a conveyor belt.
After the waste plastics have been pre-treated, they are mixed
with coal, charged in coke ovens, and carbonized. Waste
plastics are carbonized at a high temperature and then
decomposed into coke, tar, light oil, and gas. These materials
are used as chemical raw materials. Coke is used to reduce the
iron ore in a blast furnace, the tar and light oil are used as raw
materials to make plastics, etc., and COG is used in power
plants as an energy source.

Charging waste plastics in a coke oven may bring about
some problems: one is the effect on coke quality, and
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another is the corrosion effect on coke ovens by chlorine in
the waste plastics. Kato et al. (2002a) clarified that excess
charging of waste plastics may make the coke brittle ;
however, when waste plastics equivalent to 1 mass% of
coal are added to coal, the strength of the coke is the same
as when no waste plastics are added (Kato et al. 2002b). It
was also clarified that the Cl of waste plastics has no
harmful influence on coke ovens because most of the Cl in
waste plastics reacts with ammmoniacal liquor at the top of
the coke oven and only 1% of Cl is transferred into COG
(Kato et al. 2002a). Actually, waste plastics equivalent to
about 1 mass% of coal are added to the coke oven in
Japanese steel industries.

4.1.2 Method to estimate the changes of energy
and material balance by coke oven chemical feedstock
recycling

As mentioned above, the following two changes must be
considered to estimate the reduction potential of CO2

emissions when waste plastics are charged in a coke oven:
(1) additional energy requirements for the pre-treating
process of waste plastics, (2) changes of the energy and
material balance in the coke oven. Methods to estimate
these changes are shown as follows.

Pre-treating process In this paper, it was assumed that
PVC, water, ash and metals contained in waste plastics
were removed in the pre-treating process. The annual
average data about the energy consumption in the pre-
treating processes for coke oven chemical feedstock
recycling were obtained from the questionnaire survey
collected from steel works. The energy consumption in the
pre-treating process might vary depending on the compo-
sition of the waste plastics. However, since detailed data
were not available, the average data were used regardless of
the composition of waste plastics.

Changes of energy and material balance in a coke oven In
order to estimate the changes of energy and material balance
in coke ovens when waste plastics are charged into them, it is
necessary to know the product yield of the waste plastics after
carbonizing in the coke oven, that is, how much coke, oil, and
gases are derived fromwaste plastics in coke ovens. Kato et al.
conducted carbonization tests for municipal waste plastics
from containers and packages using a commercial coke oven.
The results showed that municipal waste plastics were
converted into approximately 20% coke, 40% tar and light
oil and 40% gas (Kato et al. 2002b).

However, these product yields of waste plastics must
change depending on the composition of the waste plastics, so
it is necessary to know the product yields of each plastic resin
in a coke oven. The product yields of PE, PS, PET, PVC were

obtained in previous studies (Kato et al. 2002b). The product
yields of other plastic resin (PP) were not available in
previous studies, so they were calculated as follows:

Studies on the model to estimate the coke product yield
of coal in a coke oven (Nishioka et al. 1984) and the
mechanism of coal carbonization (Nishioka and Yoshida
1984) showed that the coke product yield depends on the
volatile matter content of coal. In the steel works in Japan,
the volatile matter content is used as a parameter of the
equation to calculate the coke product yield of coal (The
Iron and Steel Institute of Japan 2006). It was also clarified
that the gas product yield (Sakamoto 1986) and the oil
product yield (Nisioka 1990) depend on the carbon content
of coal, and the thermal decomposition mechanism of
plastics is the same as that of coal (Koo et al. 1991).

Therefore, in this study, it was assumed that the product
yields of plastics depend on the volatile matter content and
carbon content, and the equations to calculate the coke
product yield, gas product yield, and oil product yields of
plastic resins were derived from least-squares approxima-
tions using the product yields of PE, PS, PET and PVC.
The results are shown in Figs. 2, 3 and 4.

As is shown in Fig. 2, the coke product yield can be
fairly linearly dependent on volatile matter. On the other
hand, there are some deviations from the straight line
obtained by the least-squares approximations in Figs. 3 and
4. So, it should be noted that further investigation and data
collections are recommended to obtain the precise gas
product and oil product yields for each resin. In this paper,
we also conducted the validation of using these results (see
the results in Section 5.1.1).

Next, the method to calculate the calorific value of gas
derived from plastics is explained. In this study, the
calorific value of the gas was calculated based on the
energy balance in a coke oven. The inputs and outputs in
the coke oven are shown in Fig. 5, and they were obtained

Fig. 2 Correlative relationship of coke product yield and volatile
matter of plastics in coke oven
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from the literature (METI 2001). The energy inputs and
outputs are 45,500 and 41,300 MJ, respectively, so the
energy loss was calculated as 9.2%. When plastics (for
example, PE) are charged, the energy output (41,800 MJ)
can be calculated based on the energy loss (9.2%) and the
energy input (46,100 MJ). The calorific value of gases
(9,090 MJ) can be calculated by subtracting the calorific
value of coke (30,100 MJ) and oil (2,650 MJ) from the total
output energy (41,800 MJ). The calorific values of each
plastic resin were calculated in the same way.

4.2 Blast furnace feedstock recycling

4.2.1 Overview of blast furnace feedstock recycling

In the blast furnace process of a steel works, iron ore, coke
and auxiliary materials are used as feedstock, and iron ore
is melted to produce pig iron. The coke acts as a reductant
by removing oxygen from the iron ore (iron oxide). As
plastics are made from PETroleum and natural gas, the
main constituents are carbon and hydrogen. Therefore, it is

possible to use waste plastics as a replacement for the coke
reductant in the blast furnace process.

Plastic waste collected from households is cleaned of
non-combustible matter and other impurities such as
metals, and is then pulverized and packed to reduce its
volume. The waste plastic is then fed into the blast furnace
through a blast furnace tuyère and is gasified in a raceway.
Some of the gases are used as a reducing agent to remove
the oxygen from iron oxide. The remaining gases are used
as a fuel in the blast furnace stove, or for generating
electricity in a power plant. It is thus an important and a
challenging task to quantify the change of energy and
material balances when waste plastics are fed into a blast
furnace, in order to properly estimate the CO2 emission
reduction potential by blast furnace feedstock recycling.

4.2.2 Method to estimate the changes of energy
and material balance by blast furnace feedstock recycling

Charging waste plastics into a blast furnace brings about two
changes of energy and material balance in the blast furnace;
one is the decrease of the amount of coke, because waste
plastics substitute coke as a reductant, and the other is the
change of the calorific value of gases (blast furnace gas
(BFG)) because some of the gases from the waste plastics are
used as reductants and changed into H2O or CO2.

To estimate the changes of inventory data for the blast
furnace when waste plastics are used, it is necessary to
determine the substitution rate of coke with waste plastics,
i.e., how much coke is substituted by waste plastics.

A previous study on blast furnace feedstock recycling
showed that the substitution rate was 1.1 (1.1 ton of coke is
substituted by 1 ton of waste plastics; Research association
for feedstock recycling of plastics 2005). However, the
substitution rate will change depending on the composition
of the waste plastics and the operating conditions of the
blast furnace. Therefore, in this study, the Rist model (Rist
and Meysson 1967) was applied to calculate the inputs and
outputs of a blast furnace, and the substitution rate when
waste plastics are fed into a blast furnace. According to a
previous study (Asanuma and Ariyama 2004), it was
assumed that the amount of waste plastics fed into the
blast furnace was restricted to 5 mass% of the pig iron
production.

PE, PP, PS, PET, and municipal waste plastics of seven
cities were considered as plastic resins and waste plastics to
be fed into the blast furnace. It was assumed that PVC,
water, ash, and metals contained in the waste plastics were
removed by a pre-treatment process (see “Pre-treating
process” in Section 4.1.2). The inventory data for the
pre-treatment process for blast furnace feedstock recycling
were obtained from the literature (Vinyl Environmental
Council 2001). The energy consumption in the pre-treating

Fig. 3 Correlative relationship of gas product yield and carbon rate of
plastics in coke oven

Fig. 4 Correlative relationship of oil product yield and carbon rate of
plastics in coke oven
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process was assumed to be constant regardless of the
composition of the waste plastics. It is of interest to conduct
sensitivity analyses in the further study, taking into account
the change in energy consumption depending on the
composition of waste plastics.

4.3 Matrix calculation to estimate the energy and material
flow in steel works

As already mentioned, when waste plastics are charged in
the coke oven and blast furnace, the energy balance in steel
works changes. The amount and qualities (e.g., heating
values and carbon contents) of COG, BFG and hydrocar-
bon oil generated from plastic wastes differ from those
generated from coal and coke. This brings about a change
in the energy flow (e.g., a change in total coal consumption,
production of hydrocarbon oil, and electricity) in the steel
works.

The matrix calculation method was applied to estimate
the energy and material balance in steel works. The data
regarding the inputs and outputs for the main processes in
steel works were obtained from the literature (METI 2001),
some of which are shown in Figs. 6 and 7. By using the
matrix calculation method with the commodity of a net

output of the system of 1,000 ton of crude steel, the amount
of production in each process was obtained.

If surplus gas was generated from the coal and waste
plastics, the gas was assumed to be used for the generation
of electricity in a joint thermal power plant with an
efficiency of 38% (Narita et al. 2001). The CO2 emission
intensity of electricity and oil production were assumed to be
0.45 kg CO2/kWh (Matsuno and Betz 2000). Other CO2

emission intensities were obtained from literature (Ministry
of the Environment 2003) and LCA software (JEMAI 2001).

4.4 Characteristics of waste plastics and data concerning
their use in steel works

As plastics to be fed into the coke oven and blast furnace,
PE, PP, PS, PET and municipal waste plastics were
investigated. The properties of each plastic resin are shown
in Table 1. Table 2 shows the components of municipal
waste plastics in seven cities, which were obtained in the
literature (JCPRA 2007; METI 2004). Because the details
of “others” in Table 2 were not available, we simply
allocated the amount of “others” to other plastic resins (PE,
PP, PS, PET and PVC) based on the ratio of each resin. So,
the components of municipal waste plastics in seven cities

Fig. 5 Energy inputs and outputs data of coke oven process before plastics are charged

Fig. 6 Energy inputs and out-
puts data of blast furnace pro-
cess before waste plastics are
fed
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were assumed as they are shown in Table 3. Further
investigation is recommended to investigate the detailed
composition of plastic resins in municipal waste for obtain-
ing a more precise estimation of CO2 reduction potentials.

5 Results and discussions

The results for coke oven chemical feedstock recycling and
blast furnace feedstock recycling are shown in Sections 5.1
and 5.2, respectively. Then, the discussions are carried out
in Section 5.3.

5.1 Results for coke oven chemical feedstock recycling

5.1.1 Conversion rates of waste plastics in the coke oven

As already mentioned, the product yields of PE, PS, PET,
PVC were obtained in previous studies (Kato et al. 2002b).
Those of the other plastic resin (PP) were calculated by the
equations shown in Figs. 2, 3, and 4. The coke product
yield of PP was calculated by using the volatile matter
content (Williams and Williams 1999), and the gas product
yield and oil product yield were calculated by using the
carbon content. The results are shown in Table 4, which
shows that the product yield of each plastic resin is
different.

For validation of the results, the product yields of the
municipal waste plastics whose composition were reported
in a previous study (PE, 21.4%; PS, 24.8%; PP, 13.7%;
PVC, 5.2%; PET, 15.5%; others, 19.0%; Kato et al. 2002b)
were calculated with the results of the product yields of
plastic resins shown in Table 5. The results were 15% for
coke, 38% for oil, and 43% for gases, which agreed well
with the experimental results (20% for coke, 40% for oil,
and 40% for gases) reported in the literature (Kato et al.
2002b). This result indicates that product yields of
municipal waste plastics (mixtures of plastic resins) can
be estimated by summing up the product yield of each
plastic resin multiplied by the composition of each resin in
municipal waste plastics. Therefore, with the results
obtained in this study, the reduction potential of CO2

emissions by coke oven chemical feedstock recycling of
waste plastics can be calculated, in which the differences in
compositions can be taken into account.

The inventory data of the coke oven process when
plastic resins are charged in the coke oven were calculated
based on the inputs and outputs in the coke oven (see
Fig. 6) and the product yields of each plastic resin (see
Table 4). The calorific values of gases derived from each
plastic resin are shown in the row “Coke oven gas” in
Table 5.

Fig. 7 Inventory data of con-
verter process

Table 1 Properties of plastic resins

PE PP PS PET PVC

Calorific
value
(kJ/kg)

44,800 42,700 41,900 23,200 18,000

Carbon
contents
(kg C/kg)

0.86 0.86 0.92 0.62 0.38

Table 2 Plastic components of waste plastics in 7cities (%)

PE PP PS PET PVC Others Ash,
Water

City 1 22.2 17.2 19.2 5.5 4.6 15.9 15.4
City 2 19.7 15.6 10.9 4.8 5.0 12.7 31.3
City 3 23.6 22.7 20.4 4.8 2.8 11.1 14.6
City 4 22.8 17.7 15.9 5.6 2.4 11.6 24.0
City 5 27.0 18.9 17.8 13.9 4.9 3.1 14.4
City 6 21.9 18.1 16.0 5.2 3.8 14.3 20.8
City 7 28.7 20.1 17.0 13.3 4.7 6.7 9.5
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5.1.2 Changes of input and output of steel works when
using plastics in the coke oven

The total of inputs and outputs in steel works when the
plastic resins are charged in the coke oven were calculated
by the matrix calculation method. The results are shown in
Table 6. As already mentioned, the functional unit was set
as the treatment of 1 ton of plastic resins or waste plastics,
not on the amount of steel product. So, there are small
differences in the amount of steel product in each plastic
resin due to the difference in coke product yield of each
plastic resin.

5.1.3 Reduction potential of CO2 emissions when using
1 ton of plastic resins and waste plastics in the coke oven

To estimate the reduction potential of CO2 emissions, the
differences of inputs and outputs in steel works before and
after waste plastics were charged in the coke oven were
calculated first. Then, the change of CO2 emissions when
waste plastics were charged in the coke oven was calculated
by multiplying the differences with the CO2 emission
intensities of each input and output.

Table 7 shows the differences in inputs and outputs and
CO2 emissions in steel works when 1 ton of plastic resin is
charged in a coke oven. The results of PE are shown as an
example. The decrease in CO2 emissions is attributable to
the reduction in CO2 emission due to partial substitution of
coal with PE (431 kg CO2), electricity generation (1,879 kg
CO2) and the production of hydrocarbon oil from PE (88 kg

CO2). In contrast, the CO2 emission is increased due to the
consumption of energy in the pre-treating process (135 kg
CO2) and combustion of COG generated from PE (2,218 kg
CO2). Therefore, the total reduction in CO2 emissions is
45 kg CO2/t-PE.

The reduction potential of other plastic resins (PP, PS,
PET) were calculated in the same way. As shown in Fig. 8
(the positive values of the vertical scale indicate the
reduction of CO2 is effective), CO2 emission reduction
potentials vary significantly depending on the plastic resin.
For example, PP and PS have a larger CO2 emission
reduction potential, but PET even has a negative reduction
potential. This is attributable to the fact that the coke
product yield of PET is smaller, leading to a small
substitution of coal by PET.

Based on the results of the CO2 emission reduction
potential of each plastic resin, the reduction potentials of
CO2 emission by coke oven chemical feedstock recycling
of municipal waste plastics in seven cities were calculated.
The results are shown in Fig. 9. In this study, it was
assumed that the reduction potential was linearly related to
the composition ratio of waste plastics (see Section 5.1). As
shown in Fig. 9, the CO2 emission reduction potential is
slightly different in each city. The difference is mostly
attributable to the amount of impurities (ash, water) in the
waste plastics (see the components of waste plastics in City
2, City 4, and City 6 in Table 4).

5.2 Results for blast furnace feedstock recycling

5.2.1 Changes of inventory data for the blast furnace
when using plastic resins

Table 8 shows the inventory data for 50 kg of plastic resins,
which are fed into the blast furnace. The amount of plastics
fed into the blast furnace was set as 5 mass% of the pig iron
production. Therefore, 1 ton of pig iron is produced when
50 kg of plastic resins is fed into the blast furnace. The
amount of coke is decreased, due to the substitution of coke
by the plastic resins, as shown in Table 8. The substitution
effect is different depending on the type of plastic resins
used. The substitution rate of plastic resins is shown to be
directly correlated to the carbon content or calorific value,
and the calorific value of gases (BFG) increases with all the
plastic resins, because the calorific values of plastics are
larger than that of coke (see the “Calorific value of BFG” in
Table 8).

5.2.2 Changes of inputs and outputs of a steel works
when using plastic resins in a blast furnace

The inputs and outputs in a steel works when six plastic
resins were fed into a blast furnace were calculated by the

Table 3 Plastic components of waste plastics in 7cities used for the
calculation in this study (%)

PE PP PS PET PVC Ash, Water

City 1 27.3 21.2 23.6 6.8 5.7 15.4
City 2 24.2 19.1 13.4 5.9 6.1 31.3
City 3 27.1 26.1 23.4 5.5 3.2 14.6
City 4 26.9 20.9 18.8 6.6 2.8 24.0
City 5 28.0 19.6 18.5 14.4 5.1 14.4
City 6 26.7 22.1 19.5 6.3 4.6 20.8
City 7 31.0 21.7 18.4 14.3 5.1 9.5

Table 4 Product yields of plastic resins in coke oven (%)

PE PS PET PVC PP

Gas product yield 58a 15a 67a 83a 40b

Oil product yield 29%a 63a 25a 4.0a 44b

Coke product yield 13%a 22a 8.0a 14a 16b

Carbon content rate 86b 92b 62b 38b 86b

Volatile matter 17b 3.4b 39b 25b 15b

a Experimental value
b Calculated value
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matrix calculation method. The results are shown in Table 9.
The amounts of coal required for producing the same
amount of pig iron vary depending on the resins used,
because the substitution rate of coke for each plastic resin is
different, which results in the difference of total coal input.

5.2.3 CO2 emission reduction potential when using 1 ton
of plastic resins and waste plastics in the blast furnace

Next, the differences of inputs and outputs in the steel work
before and after the six plastic resins are fed into a blast
furnace were calculated. The change of CO2 emissions
from the blast furnace when using plastic resins as a coke

was calculated by multiplying the differences with CO2

emission intensities of each input and output.
As an example, Table 10 shows the CO2 emissions when

1 ton of PE is used in a blast furnace. The decrease in CO2

emissions is attributable to the reduction of CO2 emissions,
due to the partial substitution of coal by PE (4,213 kg CO2).
On the other hand, the CO2 emission is increased due to the
consumption of energy in the pre-treatment processing
(146 kg CO2), the combustion of BFG from PE (3,140 kg
CO2) and the increase of electricity generation (72 kg CO2).
The total reduction in CO2 emissions is 964 kg CO2/t-PE.

The CO2 emission reduction potentials of other plastic
resins (PP, PS, PET) were calculated in the same way, the

Table 5 Inventory data of coke oven after plastics are fed

Unit Without plastics PE PP PS PET

Input
Coal t 1.446 1.443 1.443 1.441 1.444
Gross plastics kg/t Coke 0 0.01443 0.01443 0.01441 0.01444
COG Nm^3/t Coke 58.7 58.7 58.7 58.7 58.7
BFG Nm^3/t Coke 594.8 594.8 594.8 594.8 594.8
LDG Nm^3/t Coke 7.1 7.1 7.1 7.1 7.1
City gas Nm^3/t Coke 1.04 1.04 1.04 1.04 1.04
LNG t 4.0E-05 4.0E-05 4.0E-05 4.0E-05 4.0E-05
Light oil kl 4.44E-07 4.44E-07 4.44E-07 4.44E-07 4.44E-07
Petroleum coke t 1.8E-02 1.8E-02 1.8E-02 1.8E-02 1.8E-02
Electricity kWh 42.8 42.8 42.8 42.8 42.8

Output
Coke t 1.0 1.0 1.0 1.0 1.0
Coke oven gas Nm^3/t Coke 414.4 413.2 413.2 413.2 413.2
Coke oven gas MJ 8,750 9,080 8,950 8,790 8,850
Hydrocarbon oil kl 0.0636 0.0680 0.0705 0.0733 0.0675

Table 6 The total inputs and outputs of steel works after 1 ton of plastics are fed into coke oven

Unit PE PP PS PET

Input
Coal t 126.06 126.08 126.10 126.05
Gross plastics bale t 1.00 1.00 1.00 1.00
Net plastics t 1.00 1.00 1.00 1.00
Iron ore t 218.1 218.3 218.4 218.0
Diesel oil kl 0.038 0.038 0.038 0.038
Hydrocarbon oil kl 0.175 0.175 0.176 0.175
LPG t 0.326 0.326 0.326 0.326
LNG t 0.349 0.349 0.350 0.349
Petroleum coke t 1.923 1.924 1.926 1.922
City gas Nm^3 2.8E+04 2.8E+04 2.8E+04 2.8E+04
Heavy fuel oil kl 1.000 1.000 1.001 0.999
Kerosene kl 0.095 0.095 0.095 0.095
Electricity kWh 4.16E+04 4.16E+04 4.17E+04 4.16E+04

Output
Steel product t 157.3 157.4 157.5 157.2
Hydrocarbon oil kl 4.71 4.88 5.09 4.67
Electricity kWh 1.01E+05 1.00E+05 9.90E+04 9.92E+04
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results of which are shown in Fig. 10. A positive value on
the vertical scale indicates that the reduction of CO2 is
effective.

PE has the largest CO2 emission reduction potential
when it is used in a blast furnace as a coke substitute. On
the other hand, PET has negative reduction potentials, i.e.,
there is an increase of CO2 emissions. This is attributable to
the relatively small calorific values and carbon and
hydrogen content of PET, leading to a relatively small coke
substitution effect by these plastic resins.

The CO2 emissions reduction potentials for municipal
waste plastics fed into a blast furnace were then calculated
using the results for each of the plastic resins. This
calculation is based on the changes in inputs and outputs
of a blast furnace obtained by the Rist model, which are
linearly-related with the composition of the plastic resins.
The positive value on the vertical scale indicates that the
reduction of CO2 is effective. The CO2 emission reduction
potential is slightly different for waste plastics from each
city, ranging from 395–580 kg CO2/ton waste plastics, as

shown in Fig. 11. The difference is mostly attributable to
the amount of impurities (ash, water) in the waste plastics
(e.g., the components of waste plastics in City 2, City 4,
and City 6 (see Table 3)).

5.3 Discussions

Compared with coke oven chemical feedstock recycling,
the blast furnace feedstock recycling of waste plastics has a
larger CO2 emission reduction potential for plastics resins,
except for PET and mixtures of different resins. However,
the results calculated by the Rist model indicate the ideal
potential for the reduction of CO2 for blast furnace
feedstock recycling, so that it should be noted that the
actual reduction effect when waste plastics are fed into a
blast furnace changes depending on the operating con-
ditions of the blast furnace.

CO2 emissions when PE, PP, PS and PET resins are
incinerated can be calculated as 3.14, 3.14, 3.38, and
2.29 ton CO2/ton resin, respectively, from the carbon

Table 7 CO2 emissions when 1 ton of PE is fed into coke oven

Unit Inputting
plastics (A)

Without
plastics (B)

Difference
(A)–(B)

CO2 emission
coefficient

Amount of change of CO2

emissions (kg)

Coal t 126.06 126.24 −0.17 2,479 kg CO2/t −431
Light oil kl 0.038 0.04 0 2,839 kg CO2/kl 0
Hydrocarbon oil kl 0.175 0.18 0 3,823 kg CO2/t 0
LPG t 0.326 0.33 0 3,202 kg CO2/t 0
LNG t 0.349 0.35 0 2,883 kg CO2/t 0
City gas Nm^3 28,320 28,320 0 2.68 kg CO2/Nm^3 0
Heavy oil kl 1.00 1.00 0 2,893 kg CO2/kl 0
Kerosene kl 0.10 0.10 0 2,723 kg CO2/kl 0
Electricity consumption kWh 41,608 41,308 300 0.45 kg CO2/kWh 135
Plastics t 1.0 0 1.0 2,218 kg CO2/t 2,218
Hydrocarbon oil production kl 4.71 4.40 0.31 −285 kg CO2/kl −88.3
Electricity generation kWh 100,999 96,824 4,175 −0.45 kg CO2/kWh −1,879
Sum −45.0

Fig. 8 Reduction potential of CO2 emissions when 1 ton of plastic
resins are fed into coke oven

Fig. 9 Reduction potential of CO2 emissions when 1 ton of municipal
waste plastics are fed into coke oven
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content of each plastic resin. So, if the municipal waste
plastics in seven cities were simply incinerated (excluding
PVC, ash, water), the CO2 emissions would be 1,950–
2,600 kg CO2/ton. This increase in CO2 emissions by

incineration of waste plastics can be avoided if the waste
plastics are going into feedstock recycling in steel works.
Therefore, it is clarified that feedstock recycling of waste
plastic in steel works is effective for avoiding an increase in

Table 8 Inventory data of blast furnace after plastic resins are fed into blast furnace

Unit Without plastics PE PP PS PET

Input
Iron ore t 0.313 0.313 0.313 0.313 0.313
Coke kg/THM 384.9 326.2 334.2 320.9 356.5
Pulverized coal kg/THM 139.0 139.0 139.0 139.0 139.0
Plastics kg/THM 0 50.0 50.0 50.0 50.0
Substitution rate of coke by pulverized coal – 0.80 0.80 0.80 0.80 0.80
Substitution rate of coke by waste plastics – – 1.17 1.01 1.28 0.57
Sintered ore t 1.17 1.17 1.17 1.17 1.17
COG Nm3/THM 18.5 18.5 18.5 18.5 18.5
LDG Nm3/THM 13.6 13.6 13.6 13.6 13.6
City gas Nm3/THM 1.93 1.93 1.93 1.93 1.93
LPG t 2.0E-04 2.0E-04 2.0E-04 2.0E-04 2.0E-04
Heavy fuel oil l 0.33 0.33 0.33 0.33 0.33
Petroleum coke t 4.5E-03 4.5E-03 4.5E-03 4.5E-03 4.5E-03
Electricity kWh 24.6 24.6 24.6 24.6 24.6
Air Nm3/THM 1,074.4 1,092.0 1,125.6 1,059.1 1,120.2

Output
Pig iron t 1.0 1.0 1.0 1.0 1.0
Blast furnace gas Nm3/THM 1,670.9 1,747.3 1,787.2 1,684.4 1,741.8
Composition of BFG
CO % 22.9% 21.1% 21.2% 21.9% 22.4%
CO2 % 21.3% 20.2% 20.0% 20.8% 20.6%
H2 % 4.6% 7.3% 7.2% 6.3% 5.4%
H2O % 2.4% 3.8% 3.8% 3.3% 2.7%
N2 % 48.9% 47.5% 47.9% 47.8% 48.9%
Calorific value of BFG MJ/Nm3 3.40 3.47 3.46 3.44 3.41

Table 9 Inputs and outputs of steel works after 1 ton of plastic resins are fed into blast furnace

Unit PE PP PS PET

Input
Coal t 14.33 14.56 14.17 15.20
Plastics t 1.00 1.00 1.00 1.00
Iron ore t 27.7 27.7 27.7 27.7
Light oil kl 0.017 0.017 0.017 0.017
Hydrocarbon oil kl 0.019 0.020 0.019 0.021
LPG t 0.041 0.041 0.041 0.041
LNG t 0.044 0.044 0.044 0.044
Petroleum coke t 0.224 0.226 0.222 0.234
City gas Nm3 3.6E+03 3.6E+03 3.6E+03 3.6E+03
Heavy oil kl 0.127 0.127 0.127 0.127
Kerosene kl 0.012 0.012 0.012 0.012
Electricity kWh 5.57E+03 5.57E+03 5.56E+03 5.59E+03

Output
Steel product t 20.0 20.0 20.0 20.0
Hydrocarbon oil kl 0.48 0.49 0.48 0.52
Electricity kWh 1.25E+04 1.27E+04 1.20E+04 1.26E+04
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CO2 emissions by incinerating waste plastics, such as those
from household mixtures of different resins.

6 Conclusions

In this study, a model was developed to clarify the energy
flow in steel works. A matrix calculation method was used
to estimate the energy and material balance in the steel
work, that is, the change in the total coal consumption, the
production of hydrocarbon oil, and the surplus energy
(electricity), as well as the CO2 emissions, when plastic
resins and municipal waste plastics are fed into a coke oven
and blast furnace.

In the case of coke oven chemical feedstock recycling,
the results show that the reduction effects are caused
primarily by the substitution of coal with plastics, and
hydrocarbon oil production and electricity generation from
surplus gases. The reduction potential of CO2 emissions is
dependent on the plastic resins and composition of waste

plastics because of the difference of coke product yields
and calorific values. For example, the reduction potential of
PET is smaller than that of other plastic resins because the
coke product yield of PET means a small substitution of
coal by PET.

In the case of blast furnace feedstock recycling, the Rist
model was applied to calculate the changes in inputs and
outputs of a blast furnace when plastics are used as
feedstock. The results show that the CO2 emissions
reduction potential is also dependent on the plastic resins
used due to differences in the carbon and hydrogen contents
and calorific values. PE has the largest CO2 emissions
reduction potential when it is used in a blast furnace as a
coke substitute. On the other hand, PET has negative
reduction potentials, i.e., there is an increase of CO2

emissions. This is attributable to their relatively small
calorific values and carbon and hydrogen contents, which
leads to a relatively small coke substitution effect when
using these plastic resins.

In both cases, the results of waste plastics mixed with
several plastic resins show that the reduction potential is

Table 10 CO2 emissions when 1 ton of PE is fed into blast furnace

Unit Inputting
plastics (A)

Without
plastics (B)

Difference
(A)–(B)

CO2 emission
intensity

Amount of change of
CO2 emissions

Coal t 14.33 16.03 −1.70 2,479 kg CO2/t −4,213 kg
Diesel oil kl 0.017 0.00 0.01 2,839 kg CO2/kl 34.9 kg
Hydrocarbon oil kl 0.019 0.02 −0.003 3,823 kg CO2/t −11.4 kg
LPG t 0.041 0.04 0.00 3,202 kg CO2/t 0 kg
LNG t 0.044 0.04 −6.8E-05 2,883 kg CO2/t −0.2 kg
City gas Nm3 3,592 3,595 −3.52 2.68 kg CO2/Nm

3 −9.4 kg
Heavy oil kl 0.13 0.13 −2.3E-04 2,893 kg CO2/kl −0.7 kg
Kerosene kl 0.01 0.01 0 2,723 kg CO2/kl 0 kg
Electricity consumption kWh 5,568 5,244 324 0.45 kg CO2/kWh 146 kg
Plastic resin t 1.0 0.00 1.0 3,140 kg CO2/t 3,140 kg
Hydrocarbon oil production kl 0.48 0.56 −0.075 −285 kg CO2/kl 21 kg
Electricity generation kWh 12,451 12,292 159 −0.45 kg CO2/kWh −72 kg
Sum −964 kg

Fig. 10 Reduction potential of CO2 emissions when 1 ton of plastic
resins are fed into blast furnace

Fig. 11 Reduction potential of CO2 emissions when 1 ton of
municipal waste plastics are fed into blast furnace
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slightly different, depending on the ratio of impurities.
Compared with coke oven chemical feedstock recycling,
blast furnace feedstock recycling of waste plastics has a
larger CO2 emissions reduction potential for various waste
plastics and mixtures of different resins. However, it should
be noted that the results calculated by the Rist model
indicate the ideal potentials to reduce CO2 emissions by
blast furnace feedstock recycling of waste plastics; there-
fore, the actual reduction effect when waste plastics are fed
into a blast furnace will vary depending on the operating
conditions of the blast furnace.

It is clarified that feedstock recycling of waste plastic in
steel works is effective for avoiding the increase in CO2

emissions by incinerating waste plastics, such as those from
household mixtures of different resins.
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