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Abstract

Japan started the promotion and development of eco-towns in 1997, with
the aim of reducing the environmental pressure through a symbiosis of
industries and cities. Hyogo prefecture (located in the west of Japan) has
been promoting a recycling-oriented society with the cooperation of indus-
tries, citizens and businesses.

This study analysed the possibilities of implementing a reverse logistics
network for plastics recovery and its coupling with existing industries and
technologies. Since many industries are operating in Hyogo, the use of
their facilities and/or equipment for plastics recovery has been proposed,
specially the steel and chemical industries. Reverse logistics was used to
analyse the supply of input plastics in terms of quantity and quality. This
means clustering small neighbouring cities for synchronised sorted collec-
tion (there is a difference between small cities, which already use sorted
collection, and big cities, where no sorted collection for plastics exists),
and coordinating activities between larger cities.

This study was part of a research project aimed at closing the loop in the
Japanese plastics industry by introducing an integral approach with im-
provements to the upstream and downstream sides of the plastic supply
chain life cycle.

This paper presents the results of the first part of the study, which in-
cluded the use of domestic plastic packaging as plastic sources and mate-
rial, feedstock and energy recovery as recovery technologies. The results
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of this study indicate that the application of reverse logistics, combined
with the appropriate recovery technologies in Hyogo eco-town, is both
environmentally and economically beneficial. However, it requires close
collaboration between local governments and the industrial sector.

13.1 Introduction

Fostering sustainable development requires changing linear economies
towards a system where production and consumption cycles are closed as
much as possible. Strategies for this goal of closing the loops include the
re-use and re-integration of products and components, recycling of materi-
als and energy recovery (Indigo Development 2004). Further strategies
towards more sustainable production include increasing yields by new or
optimised production technologies and using less material to manufacture
the same product. All of these options aim to reduce the materials input
into a given system (Moriguchi 1999). The reduction of materials require-
ments, both absolute and relative, is also referred to as dematerialisation.

This paper is part of a research project which aims at closing the loop in
the Japanese plastics manufacturing sector. The research project introduces
improvement strategies to both the upstream and downstream sides of the
sector’s supply chain (Morioka et al. 2003).

In this paper, we focus on an eco-efficiency analysis of the plastics end-
of-life improvement strategies based on streamlining plastic waste materi-
als and energy recovery. Since the main impediment to improving recy-
cling levels are the collection, sorting and transport costs (Yabar and Mori-
oka 2002), we propose the introduction of reverse logistics as a method to
reduce these costs, in order to make plastics recycling an economically
attractive option. Coupling the reverse logistics system with an adequate
recycling technology, using existing industrial facilities should make it
possible to construct a plastic recovery system covering a wide area. The
scenarios were driven by the Japanese environmental policy, which set
targets to increase recycling levels and reduce final waste disposal. As for
the methodology, the environmental and cost impacts of four scenarios
were evaluated, using life cycle assessment and life cycle costs, respec-
tively. Both evaluations were normalised and an eco-efficiency analysis
was used to identify the best scenario.
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Hyogo eco-town

The concept of eco-towns was introduced in Japan in 1997, as a way to
promote the symbiosis of industries and cities. Since then, more than 20
eco-towns have been implemented in cities and regions across the country,
Kitakyushu being the best known.

Hyogo prefecture has been promoting a recycling-oriented society as
part of the restoration efforts after the devastating earthquake of 1994, and
has received from many areas and sources. This experience served as a
basis to construct a wide area sustainable closed loop system for recycling,
involving partnerships of industry, government and citizens. The basic plan
of Hyogo eco-town includes (Hyogo Eco Town Promotion Conference
2003a):

o Recycling promotion based on industry cooperation: the steel and the
chemical industries (primary industry) are located in the western part of
the Hyogo area, while the main consumption area (process assembly
type industries) is in the eastern part. The know-how and technologies
available at the advanced industries can be used to provide a recycling
base for the existing factories.

o Construction of a recycling system covering a wide area in cooperation
with other cities and prefectures: the industrial infrastructure and physi-
cal distribution facilities available at Hyogo can be used to meet the
needs of other areas, in order to promote a recycling system covering a
wide area.

o Promotion of citizen cooperation: citizen groups such as the ‘environ-
mentally conscious purchasing’ group and the ‘take your bag for shop-
ping’ group have been active in Hyogo for almost a decade. Starting
from this basis, the Hyogo eco-town plan also aims at active participa-
tion by citizens in the promotion of recycling.

Basic plan of the eco-town and plastics recovery facilities

The main object of Hyogo eco-town is to construct a closed loop recycling
system using existing facilities (Hyogo Eco Town Promotion Conference
2003b). This means taking advantage of some key industries that are al-
ready operating in the area, such as the steel industry, chemical industry,
energy supply industry, etc. However, the focus should not only be on
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recovery technologies, but also on the logistics of an adequate supply of
the input plastics, in terms of both quantity and quality (Yoshinaga et al.
2002). This requires clustering small neighbouring cities for synchronised
sorted collection and coordination among larger cities. It is also necessary
to determine the best option for the locations and characteristics of Materi-
als Recovery Facilities (MRF) and/or pre-treatment facilities. Finally, the
most adequate transport system must be established.

13.2 Reverse logistics approach to plastic recovery

Reverse logistics entails collection, handling and transport facilities to
return recyclables to an established recycling centre or a recovery facility
(Fleischmann 2001). In order to achieve an efficient reverse logistics net-
work, the following factors should be addressed (De Brito and Dekker
2004):

o Mismatches in demand and supply in terms of timing, amounts and
quality of the product.

o Economies of scale must be sufficient to make reverse logistics envi-
ronmentally and economically viable.

o On the operational side, a cost—benefit analysis must be made of collec-
tion, transport, freight, MRF, etc.

Reverse logistics and recovery technologies analysis

In order to establish an efficient reverse logistics network for plastics re-
covery and then couple it with the existing technologies, the current situa-
tion must first be analysed. This means analysing the cities that are already
applying sorted collection for plastics, the industries that usually discharge
plastic wastes in their processes, the existing technologies for plastics re-
cycling in the area, etc. Subsequently, the main factors affecting the collec-
tion system should be determined. These factors include collection areas
and frequencies, collection efficiency, transport modes as well as the Mate-
rials Recovery Facilities (MRF), which are usually the first destination of
the collected waste plastics. The next step is an analysis of the recovery
technologies. As mentioned above, there are many industries in Hyogo
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whose technologies and facilities can be used for the recovery of plastics.
The present study focused on the steel and chemical industries. In the case
of the steel industry, plastic wastes can replace virgin resources such as
coal and coke in the steel-making process. As for the chemical industry,
plastics can be transformed back to basic chemical compounds through
gasification. After the analysis of all these factors has been completed,
possible scenarios for the reverse logistics network and the best plastics
recovery technologies can be established. Figure 13.1 shows the reverse
logistics flow analysis.

Plastics recovery technologies in Japan

As a result of many years of research and technological development,
as well as policy support, Japan now has available many methods and
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Figure 13.1 Reverse logistics approach to plastic wastes recovery
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technologies for plastic waste recycling. These recycling methods, insofar
as they are currently recognised under the Japanese plastics containers and
packaging recycling legislation (PWMI 2004) include material, chemical
and thermal recycling (see Table 13.1). Material recovery technologies
include the transformation of waste plastics into flakes for further product
making (open loop) and the chemical transformation of polymers into their
original monomers (closed loop). In the case of chemical recycling, which
is also known as feedstock recycling in Europe (Lundquist et al. 2000); it
includes using plastics as a feedstock in blast furnaces, liquefaction, trans-
formation into coke and gasification. Thermal recovery options being con-
sidered include incineration with energy recovery, use as fuel in cement
industries and transformation into refuse-derived fuel (RDF) pellets. In
general, all plastics recovery technologies need some form of sorting and
pre-treatment in order to obtain a good quality recovered product (PWMI

Table 13.1 Plastic wastes recycling methods

CATEGORY RECYCLING METHOD TERM USED IN
JAPAN
Mechanical Plastic raw materials Material recycling
recycling Plastic products
Monomerization Chemical
. li
Feedstock Blast furnace reducing agent recyciing
recycling Coke oven chemical feedstock
recycling
Gasification Chemical feed-
Liquefaction stock
Energy Fuel Thermal
recovery Cement kiln recycling
Waste power generation
Refuse-derived fuel (RDF)
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2002). The government is promoting the chemical recycling of plastics,
because of the large treatment capacity available in the steel industry,
which already has the know-how and installed facilities, such as coke ov-
ens and blast furnaces.

Recovery technologies evaluation: basket-of-goods method

The basket-of-goods approach (Heyde and Kremer 1999) allows a fair
comparison of recovery technologies. In this method, each scenario con-
tains one recovery process and a number of conventional processes (com-
plementary processes) that manufacture the products of recycling and re-
covery processes included in other scenarios. This way, each scenario pro-
duces the full complement of products of all recovery processes in given
proportions (basket of goods). This approach allows scenarios to be di-
rectly compared in terms of a given indicator, because their waste input
and product output are the same (Patel et al. 1999).

MATERIAL RECYCLING CHEMICAL RECYCLING
1000 kg plastic Resource Resource 1000 kg plastic Resource Rescurce
( after sorting, exiracton extr action (after sorting, extraction extraction
packaging) l ¥ padkaging) L] ']
& import ‘ Import Import
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urnace
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Elect icity Petro- Electricity
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(atter sorfing, extraction extraction (atter sorting, extraction || edraction edracion
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Figure 13.2 Scenarios for plastic recovery technologies
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As recovery technologies, our study considered material recycling,
chemical (feedstock) recycling and incineration with energy recovery.
Figure 13.2 shows the details of the scenarios we analysed. Scenario 1
includes a materials recovery system in which the recyclate substitutes
different products made of primary plastics (open loop). It also contains
two complementary processes that produce electricity and coal through
conventional methods. The same principle applies to the other two scenar-
ios, involving chemical recovery and thermal recovery, respectively. In the
case of chemical recovery, we assumed that the plastic wastes would be
used as a substitute for coal in a blast furnace, and the thermal recovery
scenario assumes energy recovery from a regular municipal solid waste
incinerator. Finally, landfill was assumed as a base scenario. The func-
tional unit we used was one ton of plastics (collected, compressed and
packed) transported to the recovery facility.

Plastics recovery technologies: environmental impacts and
costs analysis

The evaluation of the recovery technologies considered both environ-
mental and economic performance. Indicators used for the environmental
performance of the scenarios were virgin resources and energy use, global
warming potential and final disposal waste potential (Figure 13.3). The
selection of indicators was mainly driven by Japanese environmental law,
which sets targets to increase materials recycling by 40% and reduce final
waste disposal by 50% by the year 2010 (Yabar and Morioka 2003). Since
Japan has committed itself to reducing greenhouse gas emissions by 7%
over the period 2008-2012 period, we also included energy use and global
warming potential as indicators. The economic evaluation included the
costs of recovery technology as well as those of the complementary proc-
esses (Figure 13.4). In the case of the materials recovery scenario, 44%
recovery efficiency was assumed.
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Evaluation of plastics recovery technologies

Although the landfill scenario had the worst environmental performance
for three of the four indicators, it is very difficult to estimate from the envi-
ronmental analysis which scenarios deliver the best and worst environ-
mental performance overall. The economic analysis showed that the mate-
rial recycling scenario and the chemical recycling scenario are the most
expensive ones. One possible reason for the high costs of the material re-
cycling scenario is that we only assumed 44% materials recovery effi-
ciency. Increasing this factor significantly improves the scenario’s eco-
nomic performance. The thermal recovery scenario has the best economic
performance, and its environmental impact is comparatively low.

This analysis of the environmental and costs impacts of various recov-
ery technologies provides only a partial view of the plastic waste manage-
ment problem. In order to propose viable alternative scenarios, it is neces-
sary to analyse the plastic waste management system from a cradle-to-
grave perspective, i.e. from the time plastic wastes are collected until they
are reclaimed and/or disposed.

13.3 Plastic recovery systems: reverse supply chain
analysis

Reverse supply chain analysis takes into account all the steps in the waste
plastics flow: from the time the plastic wastes are discarded until their final
recovery or disposal. The present analysis focused on the waste collection,
sorting and transport phase and its linkage with the most appropriate re-
covery technologies in order to construct an effective plastics recovery
system for Hyogo.

Collection analysis: grid city model

Most collection analyses are based on assumptions of transport distances
without considering important factors such as population densities, differ-
ent collection systems for urban and rural areas, collection types, collec-
tion frequencies, truck capacities, distance to transfer stations, etc. The grid
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city model was conceived to allow a reliable and relatively easy calcula-
tion of the environmental and economic impacts of collection (Ishikawa
1996). The basic characteristics of this model are as follows:

Calculation Model

For the purpose of the study, it is assumed that the urban area has a regular
grid type configuration. A collection truck starts its journey from the Mate-
rials Recovery Facility (which in Japan is called a recycling centre) to its
collection area. In the collection area, the truck starts collecting waste from
the stations, usually located at every block, until it is loaded to capacity.
The collection truck then returns to the transfer station, unloads the wastes
and goes back to the collection area to repeat the operation. This means
that the collection trip can be expressed in terms of the distance travelled
inside the collection area and the round trip to the transfer station. The
calculation of the distance travelled by one truck during a round trip is
showed in Figure 13.5.

L=
dé = d1¢ + d2¢ JZ L1
d1¢ |
Collection inside Round trip
Target area (block) To clean center
A
d2¢
d16=m*AL1
A L1=distance between stations= v A/ N
m = number stations served in one trip d2¢ =2L
=12 =
e Where A=12 ) L = /4
waste discharged by station d2¢ = zﬂ
i1
419 = 9% f x\/N x4 r m
= 5 X gX
% — dsz/Z(q—+2J
Where: w
q=truck load

W= waste amount in a year
f= collection frequency in a year
N= number of stations

Figure 13.5 Collection analysis: grid city model
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The formula shown in Figure 13.5 allows us to calculate the average trans-
port distance of a collection trip (d%). This means the round trip to the re-
cycling centre or MRF and the distance travelled inside the collection area.
Since the total number of collection trips in a year is given by:

# of collection trips/year W (13.1)
q

It is possible to calculate the total driving distance per year:

DG=ﬂ(fxﬁ+2XWj (13.2)

q

The actual driving distance differs from the calculated value because the
actual roads configuration is not a perfect square, so a tortuosity factor is
introduced. This factor is given by:

DG

§ (13.3)

In this equation, D’ denotes the actual observed value in cities for which
data on waste transport distances are available. The tortuosity factor is
obtained from a correlation graph of the real and calculated distance values
for cities with different population sizes. This factor allows a more reliable
estimate of the total driving distance per year.

Collection system boundary

The Hyogo eco-town target area includes 4 large cities (80% of total popu-
lation), 3 medium-size cities, 8 small cities and 42 towns. Our model for
big cities assumes a collection model with a Material Recovery Facility
(MRF) inside each city. For the rest, we proposed clusters of small and
medium-size cities and towns, assuming that the MRF is inside a medium-
size city. Details of the Hyogo eco-town area statistics are shown in
Table 13.2.
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Table 13.2 Hyogo eco-town statistics

Item Detail

Area 8.391 km"
Population 5,540,308 people
Domestic waste generation 2.700,000 tons/year
Per capita waste generation 1.33 kg/person.day
Plastic packages waste generation 156,000 tons/year
Per capita plastic waste generation 77 g/person.day

# of cities over 1 million people

# of cities over 400,000 people

# of cities over 200,000 people

[+ RAUS R LU R

# of cities over 50,000 people

# of towns with less than 50,000 people 42

Integral plastics recovery in Hyogo eco-town

The objective of applying reverse logistics to plastics recovery in the
Hyogo eco-town area is to reduce the collection, pre-treatment and trans-
port costs to make the plastic recycling an economically attractive option.
By coupling the reverse logistics system with an adequate recycling tech-
nology, using existing industrial facilities, it is possible to construct a wide
area plastics recovery system. In order to determine the most adequate
recovery technology according to the type of collected waste, it was there-
fore necessary to analyse the industries that are operating in the eco-town
area and possess the technology and know-how that could be used for plas-
tics recovery. The details of the plastics recovery system in Hyogo eco-
town are shown in Figure 13.6.

As mentioned above, there is one plastic recovery related technology in
Hyogo: the use of plastic wastes in the blast furnace at Kobe Steel Corpo-
ration (Kobelco). This furnace uses plastic wastes as a reducing agent for
the transformation of iron ore into pig iron. Plastic wastes can also be used
in the steel industry as raw materials along with coal in coke ovens. This
allows the recovery of coke gas for use as fuel, coke for use in blast fur-
naces and oil for use in the chemical industry. Besides the possibility of
using plastic wastes in the steel industry, the chemical industry and the
energy supply industry also possess technologies and know-how that could
be used for plastic waste recovery. Gasification is an attractive alternative
because the high quality synthetic gas obtained from this process can be
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used in the chemical industry. Even though all these recovery technologies
are already being applied in Japan, this paper only considers the use of
plastic wastes as feedstock in blast furnaces as a chemical recycling option
besides material and thermal recycling.
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Figure 13.6 System boundaries for plastic wastes recovery

13.4 Eco-efficiency for recycling systems

The concept of eco-efficiency was developed by the World Business
Council on Sustainable Development (WBSD) as a way to maximise the
economic output or service while at the same time minimising the envi-
ronmental impacts of human activities. However, the WBSD approach is
mostly intended to evaluate the performance of production processes of
products and services, and does not include the final recycling and recov-
ery phase (Eik and Brattebo 2001). Since there are many types of recovery
systems, it is particularly important to design the eco-efficiency indicators
in such a way that they are applicable to the actual system being analysed.
Eik and Brattebo (2001) proposed a set of indicators to be developed and
applied when analysing an existing or possible future recovery scenario
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(see Table 13.3). The generally applicable indicators are to be developed
for the analysis of all recovery systems. Additionally, if more information
is needed, system-specific indicators for the actual system being analysed
should be developed and applied. The application of these two types of
indicators assesses the eco-efficiency of existing and future recovery sce-
narios.

Table 13.3 Eco-efficiency indicators for recovery systems

System Decision Criteria for Indicators
analyzed makers/users  the indicators
Generally - Entire - National - Valid for all - Amount
applicable  recovery authorities recovery recycled
indicators  system - Local systems - Resources
(GA]) - Indicators  authorities - Reflect global ~ saving
calculated - Recycling environmental - Energy
per func- companies concern consumption
tional unit - Firms -Relevantand - CO,
scientifically emissions
valid - Total net
costs
System - Entire - National - Developed - Landfill
specific recovery authorities for the actual pressure
indicators  system - Local system - SO,
(SShH - Indicators  authorities - Reflect - NO,
calculated - Recycling concern in the - etc
per func- companies system
tional unit - Firms - Relevant and
scientifically
valid

Scenario setting

The most important factor in setting our scenarios, along with the Japanese
environmental legislation, was the diversion of plastic wastes from landfill,
rather than the choice of a specific recovery option. Previous studies had
shown that material recycling over 15% has no major benefit in terms of
eco-efficiency (Eggels et al. 2001). In Japan, only 7% (PWMI 2004) of
plastic wastes currently goes to open-loop material recycling. In the case
of Hyogo, this recycling rate is actually zero, mainly due to the imbalance
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between collectable plastic wastes and potential end markets. Therefore, a
maximum of 10% material recycling was assumed. Another important
factor was the policy on plastic wastes in Japan, as the Japanese govern-
ment has set a target of 40% for material and/or chemical recycling of
plastic wastes by 2010. Finally, we also considered the recovery technol-
ogy capacities available in the Hyogo eco-town area in our scenario set-
ting. The resulting scenarios are shown in Figure 13.7.

100%

80"& T I e e T

60% -

Rate

40% -

20% - SCUTIN TR

0%
Landfill Present(5%) 15%MR 30%MR 40% MR
Scenario

@ Mechanical Recycling DOUse in BlastFurnace  EIncineration with ER
@ Incineration witheut ER Olandfill

Figure 13.7 Scenarios for plastic wastes recovery

Environmental and cost analysis of the scenarios

The environmental evaluation used the same indicators used for the recy-
cling technologies analysis: global warming potential, resource depletion,
energy depletion and landfill use. The economic impact analysis included
the costs along the reverse supply chain. The last three scenarios were
evaluated with and without reverse logistics.

The normalisation of the environmental impacts was based on the an-
nual emissions in Japan. The values were weighted using the social coeffi-
cient developed by the Fraunhofer Institute and the Association of Plastics
Manufacturers in Europe (APME 2001). According to this method, the
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social coefficient for greenhouse gases is 35%, the social coefficient for
energy depletion and that for resource depletion are both 25% and the so-
cial coefficient for landfill use is 15%. Figure 13.8 summarises the envi-
ronmental evaluation approach.

| Normalisation and weighting |

|
Trpact Anr?ual I | S* .
T} octal ;
| Inventory I | categories | emission coefficient IL/
p N ~ ~\ N /T OWETOD

cO2 GWP 1225 35% 106 ton-CO2
Erergy
Energy ' depletion ' 2391 25% 10712
Resource
Resources depletion 1517 25% 10°12M)

\Final weste ./  \ Landfilluse / \__ 60867 J \_15% J N\ 0% /

coz - Scenano CO2Z emmssion  — - p Z
= —2EEN200 ¥ SHESSION. = yalye Weaghting = value * 0.35
(nozmalisation) Japan total CO2 emission - gl g

Figure 13.8 Normalisation and weighting of environmental impacts

Eco-efficiency evaluation of the scenarios

The environmental and economic impacts of the scenarios considered for
the evaluation of the Hyogo eco-town plastics recovery system were nor-
malised in an eco-efficiency graph (Saling et al. 2002), which is shown in
Figure 13.9. The environmental impacts are shown on the vertical axis and
the economic impacts on the horizontal axis. The introduction of reverse
logistics reduces the collection costs by around 10% in the proposed sce-
narios (as indicated by the black arrows).

The results of the eco-efficiency analysis allow the following conclu-
sions:

o While 100% landfill is the cheapest option, it has the greatest environ-
mental impact.
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Figure 13.9. Eco-efficiency evaluation of the scenarios
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o The scenario with 40% materials recovery has the best environmental
performance but it is at the same time the most expensive option.

o The scenario that combines 30% materials recovery (10% material recy-
cling and 20% chemical recycling) with a high level of energy recovery
(50%) is slightly more expensive than the current situation but offers the
best environmental performance. Applying reverse logistics improves
the benefit in both respects.

o The scenario that combines 15% materials recovery (5% mechanical
recycling and 10% chemical recycling) with a high level of energy re-
covery (50%) also offers a better option in terms of both environmental
and cost impact than the current situation. Applying reverse logistics
greatly improves the benefit.

13.5 Conclusion

This study analysed the possibilities of implementing a reverse logistics
system for plastics recovery in the Hyogo eco-town project and its cou-
pling with technologies and know-how available in the area. Applying the
reverse logistics concept in the eco-town can produce both environmental
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and economic benefits by increasing recycling rates and reducing envi-
ronmental impacts without incurring excessive costs. Our study focused on
the environmental and economic performance of the main recovery tech-
nologies as well as a detailed evaluation of the plastic waste flow by ana-
lysing alternative scenarios to improve plastic waste management in the
eco-town. The results allow the following conclusions:

o By using the existing industries and facilities for plastics recovery in
Hyogo eco-town and coupling those with an efficient reverse logistics
network for plastic collection and treatment it is possible to construct a
wide area plastic recycling system.

o It is possible to reduce the overall costs impact by around 10% by intro-
ducing a reverse logistics system for plastics collection in the eco-town
area.

o Combining increased material recycling levels with efficient reverse
logistics allows both environmental and economic gains. However, ma-
terial recycling levels over 30% seem to produce minimum environ-
mental gain compared with the current approach, while greatly increas-
ing costs: it is necessary to focus on diversion from landfill and simple
burning rather than on a specific recovery option.

o Further research should include other sources of plastic wastes, i.e. in-
dustrial and commercial sources. The emphasis should also be on other
types of recovery technology, especially gasification and pyrolysis (coke
ovens).

Note.

Ishikawa has also developed a model to calculate the total number of
trucks needed per recycling centre. This formula is important to estimate
the economic impacts of the collection model. For more details on this
model, see Ishikawa (1996).
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