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Abstract

Any production activity emits waste, a proper treatment of which is the task of waste
treatment. Goods producing- and waste treatment sectors are related to each other through
the inter-sectoral fow of goods and wastes. We present an accounting framework termed
Waste Input-Output (WIQO) Table to describe this interdependence between goods producing
and waste treatment sectors, and derive a model that is capable of analyzing the repercussion
between waste emission and economic activity. We actually estimated a WIO Table for Japan,
and applied the model to evaluating effects of alternative waste management options on the
level of industrial output, waste emission, landfill consumption, and the emission of carbon
dioxide. Empirical results indicate that regional deposal and sorting based on combustibleness

are effective for reducing landfill consumption and CO, emission.
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1 Introduction

Any production activity emits waste of some type. This applies to household consumption (house-
hold production) and recycling of waste materials as well. Furthermore, almost any good has a
potential to become waste with the elapse of time. Once emitted as residue, waste can never be
“eliminated” because of the law of mass conservation, but can at most be converted into differ-
ent forms with smaller environmental impacts. This conversion is carried out by waste treatment
sectors (recycling, intermediate processing and final disposal).

Just as goods producing sectors (henceforth “goods™ are understood to include services) are
related to each other through the input-output stream of goods, goods producing- and waste treat-
ment sectors are related to each other through an extended input-output stream that involves both
goods and wastes. Goods producing sectors depend on waste treatment sectors for the treatment
of wastes they emit. Waste treatment sectors, in turn, depend on inputs from goods producing
sectors such as energy, chemicals, and machines for their activity. Recycling of waste materials
further intensifies the complexity of this web of interdependence between goods producing and
waste treatment sectors. Consideration of this interdependence would be vital to designing a waste
management policy that is effective in reducing the overall environmental load that results from a
given economic activity. In other words, a system-oriented approach is required. Attempts to deal
with any one waste as a separate problem (the one problem-one solution approach is) is not only
ineffectual but also uﬁually just shifts the problem from one place or environment to another.

The Input-Qutput (henceforth, IO for short) table is a well-established accounting device for
describing the interdependence among different sectors of an economy that results from the inter-
sectoral stream of goods. The standard IO table, however, does not consider the interdependence
between goods production and waste treatment sectors involving the stream of both goods and
wastes.

We present a new accounting framework (Waste Input-Output, WIO for short) that is based
on the basic idea of Nakamura [1] and extends the standard 1O table to accommodate for this
interdependence between goods producing and waste treatment sectors. The WIO serves two pur-
poses. First, it provides an accounting system to describe the interdependence among production-
and consumption sectors and waste treatment sectors of the economy in terms of the stream of
goods and waste. Secondly, it provides a mathematical model that could be used for Life Cycle
Assessment (LCA) of alternative waste management policy scenarios.

We illustrate the concept of WIO by use of the Japanese WIO table for 1995 that we developed,
explain theoretical features of the WIO model, and show some results of its application to LCA of
several waste management scenarios. It is for the first time that we present a Japanese WIO table
for 1995, albeit in a consolidated form.



2 The Waste Input-Output Table

2.1 Mass balance and its implications

Fundamental to quantitative analysis of waste issues is the observation of mass balance condition,
from which follow two important implications for the WIO. The first is the equality condition of

supply of and demand for a particular waste:
waste emission = recycling of waste + waste treatment. (1)

The level of waste emission and recycling is to a large extent determined by conditions of goods
producing sectors. The level of waste treatment is then determined as the residual. In this sense,
waste treatment has an inherently passive nature. In WIO, (1) plays a central role to determine
the level of waste treatment.

The second implication is the fact that waste treatment is a conversion process of a give type
of waste into different types of wastes:

te treat ¢ waste B
waste treatmen
waste A , { waste C (2)

For instance, incineration converts garbage into ash, fly ash and flue gas. Combined with (1) it
follows that a particular treatment of a waste may incur the subsequent treatment of secondary
wastes. For instance, according to Japanese regulations fly ash has to be further processed to

prevent leaching before it is landfilled.

2.2 Relationships to negative input method

As preparation for introducing the WIO, we find it useful first to look at the way by-products/and
or scraps are statistically treated in the conventional IO table. In many IO tables including the
Japanese table, a by-product and/or scrap (henceforth, by-product for short) is treated by the so-
called “negative input method” (originally proposed by Richard Stone in 1955, and is often called
the Stone method), whereby it is recorded as a negative input from the sector that produces it as
the main product [2]. It is important to note that “by-products” here refer to those handled in the
market with positive prices and exclude waste. In analogy with (1), the negative input method can

then be represented in terms of the balance condition as
generation of by-product = demand for by-product. ' (3)

Since waste (bads) is excluded by definition, the ex-post equality of supply and demand always
holds. There is thus no room left for the generation of residue that has to be treated as waste. In

the reality, however, a by-product can turn into waste depending on market conditions, and then



has to be treated as such. Since (3) is not able to deal with this situation, it is not applicable to
issues involving waste treatment.

The negative input method is often criticized for that depending on the level of final demand
the output of the sector competing with the by-product of another sector could become negative,
which is impossible. A negative output occurs because in (3) there is no device to prevent the
supply of by-product from exceeding the positive demand for it. In reality, the excess supply of
by-product is no longer a good, but becomes a waste (bad) and is handled by the waste treatment

sector. The excess supply of by-product does not make the output _of qu'tlpgwt_ing'sector nega',tive,w
” butmcreases -thé acti.vitg} ot: »{raste ﬁreatment sectors. This is exactly what (1) says. Neglect of
this important adjustment mechanism of waste treatment results in the occurrence of unrealistic

“negative output”.

2.3 The Japanese WIO table for 1995

2.4 The non-square table

Table 1 shows the Japanese WIO table for 1995 in its consolidated form with 13 industries, 13
wastes, and 3 treatment processes {the original table captures 78 industrial sectors, 24 waste types,
and 9 types of bulky waste)(3]. The upper panel corresponds to the conventional IO table except
for a detailed description of waste treatment sector whereby it is distinguished by three treatment
processes. All entries in this panel are measured in monetary units (billion yen).

The lower panel of Table 1 is specific to WIO, and describes the flow of waste among goods
producing- and waste treatment sectors. In contrast to the upper panel referring to goods, the
entries in this panel are measured in physical units (1000 tons). The waste x industry matrix
shows the net emission of waste in industries, where net emission refers to the amount of gross
emission minus that used as input. For instance, basic metal industries (MTL) emit, among other
things, 2 nﬁHion tons of dust and slag (ash) and 0.3 million tons of waste- oil, acid, and alkali (oil),
while using 36 million tons of scrap metals (mtl) as input. Cement industry (CEM) turns out to
be the largest user of ash, dust and slag (ash) because of the massive use of it as materials.

The row at the bottc;m refers to the emission of CO (in 1000 ton-Carbon) that originates from
the consumption of fossil fuels and lime stones (4], and methane from landfill site. In the conversion
of the methane gas to carbon dioxide, the GWP100 value (= 21kg-CO3eq/CH,) was used. The
emission of CO; released by the incineration of plastics and rubbers occurs as emission from the
incineration sector.

The entries of waste into the ﬁn:al demand (FDM) cc;lumn refer to the net waste emission from
the final demand sector (consumption and investment). The first six waste items ranging from
garbage to plant & animal waste correspond to municipal solid waste (MSW), which is mostly
generated by household. The final demand sector is the sole generator of discarded durables such
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as automobiles and appliances (bulky waste).

The net emission from waste treatment sectors represents the outcome of relevant waste con-
version processes. Incineration converts its waste feedstock into 3 million tons of ash. Shredding
converts discarded durables (automobiles, appliances and other bulky waste) into several waste
materials such as 3 million tons of metals, 1 million tons of wood waste, and 1.4 million tons of
shredder dust. Note that while the waste x treatment matrix gives the outcome {output) of waste
conversion, it does not, at least explicitly, give the amount of treatment (the input of feedstock).

- Given that landfilling is the final form of waste disposal, it involves no conversion process (we ne-
glect leachate). This is the reason why the column referring to landfilling does not have any entry
of waste except for CO, emission.

The WIO takes account of (2) in that it registers the outcome of waste conversion carried out
by individual treatment processes. The last column of the lower panel gives the total amount of net
emission (row sum) for each waste item, which corresponds to the amount of waste to be treated.
For instance, the quantity of garbage that needs to be treated amounts to 16 million tons. Note
that the row sum of the lower panel corresponds to (1).

While the WIO in Table 1 gives the amount of waste to be treated, it does not give how it
should be allocated among each of the three treatment processes. This allocation problem does not
occur in the pollution abatement model of Leontief (5][6], which is the pioneering application of IO
to environmental issues. This is so because Leontief implicitly assumes a one-to-one correspondence
between wastes and treatment processes. For instance, (5| deals with the simplest case of this
correspondence consisting of a single pollutant and its abatement process. The Leontief model thus
corresponds to the special case of WIO where the waste x treatment matrix is square and diagonal.

Faye Duchin (7] generalized the original Leontief model by allowing for the generation of treat-
ment residues which were absent in the Leontief model. Still, the above-mentioned one-to-one
correspondence holds to her model as well.

The assumption of one-to-one correspondence between waste and treatment is hardly applicable
to the general case of multiple waste and treatment processes with which we are concerned. The
non-squareness of WIQ is the rule rather than the exception because in general the number of types
of waste is much larger than that of waste treatment processes. Formally, this can be stated as
follows. Let © be the set of goods being produced in an economy. Since any good has a potential to
become a waste with time, the set of wastes would be as large as that of ©. On the other hand, the
set of goods constituting waste treatment processes is nothing but a tiny subset § of ©! Another
reason for non-squaren.ess is the fact that usually multiple treatment processes are available to each

waste type. For instance, plastic waste can either be landfilled and/or incinerated.
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Table 2: Allocation of waste to treatment

incomplete sorting Sy | complete sorting S N

= =1
§ E 3 s E F
§ T E |§ % P
waste = = & £ = =
grb  garbage 0.90 0.10 0 1.00 0.00 0
ppr  waste paper & textile 0.93 0.07 0 1.00 0.00 0
pls  waste plastics & rubber | 0.59 0.41 0 1.00 0.00 0
mtl -metal scraps- - 10.01 0.99 0 - 0.00- 1.00 0
gls waste glass & ceramics | 0.03 0.97 0 0.00 1.00 0
wds plant & animal waste 0.99 0.01 0 1.00 0.00 0
ash ash, dust & slag 0 1 0 0 1 0
sld  sludge 1 0 0 1 0
oil  waste oil, acid, & alkali 1 0 0 1 0 0
cns  construction waste 0 1 0 (] 1 0
blk  bulky waste 0 0 1 0 0 1
atm used automobile 0 0 1 0 0 1
dst shredder dust 0 1 0 0 1 0

Source of Sp: {8].

2.5 Allocation matrix and square WIO table

The non-square waste. X treatment matrix of the WIO table can be converted to a square matrix by
use of the allocation matriz S that shows the allocation of each waste item to individual treatment
processes when the waste is to be treated [1]. Its i j element s;; refers to the share of waste j which
is treated by process i. By definition, ), s;; = 1 holds. Recycling of a waste item reduces the
activity of the treatment to which the waste would otherwise have been submitted.

Table 2 gives two examples of S in its transposed form S7. Since the present case involves
13 waste items and 3 treatment processes, the corresponding S is 2 3 x 13 matrix. S; refers to a
hypothetical case where combustible and incombustible wastes are completely sorted and no mixing
up takes place in their treatment. Given a proper flue-gas treatment, the sorting of waste in this
way would contribute to minimizing the consumption of landfll capacity, which is a scarce resource
in Japan.

Even though incineration has a high priority in the Japanese MSW treatment, from technical
and institutional reasons the actual sorting of waste is not complete in the above sense. In the
reality, small portions of incombustible wastes like metals and glass get mixed up in incinerator.
Furthermore, many Japanese municipalities including the metro Tokyo have adopted the policy in
principle not to incinerate waste plastics.

The Sg in Table 2 gives our estimates of the repreéentative allocation matrix in Japan for 6 waste
items (garbage to plant & animal waste), which constitute a significant portion of MSW. The portion

of the estimates corresponding to MSW is based on the survey data of MSW for several Japanese
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municipalities [8]. As for the portion from industrial sources, we assumed complete sorting. About
one to three percent of incombustibles such as metals and glass get mixed up with combustibles
and find their way into incinerator. On the other hand, about 40% of plastic waste ends up in the
landfill in spite of its combustibleness.

Multiplication of the 3 x 13 matrix So from the left of the 13 x 18 matrix of the lower panel
{except for the last row referring to CO-) of Table 1 gives the 3 x 18 matrix in the upper panel of
Table 3. In the converted WIO matrix waste treatment processes occur as row elements, whereas
prior to the conversion it was waste items that occurred as row elements. Replacing the waste x
sectors matrix of Table 1 by this treatment x sectors matrix yields a squared version of WIO
table. Recall that in Table 1 CEM occurred as the single largest user of ash. Since ash is allocated
to landfill by S, it occurs in Table 3 as the negative input to CEM of LND in the amount of 12.7
million tons. Adding up the row elements of the treatment x sectors matrix, we obtain the activity
level of each treatment process, which was not available in the non-square version of WIO in Table
1. The allocation matrix is thus an indispensable component of the WIO accounting system.

Conversion of the non-square matrix by S in place of Sy vields the matrix in the lower panel
of Table 3. Compared to the matrix in the upper panel obtained from So, the level of incineration
increases from 28.8 million tons to 21.2 million tons while the level of landfilling declines from 18.7
million tons to 15.2 million tons. Use of different allocation matrices changes not only the volume of
waste allocated to each treatment, but also its composition. As we shall see below, the performance

of treatment processes can significantly be affected by a change in waste composition.

3 The WIO model

3.1 The linear model

Denote by X;;, (i = 1,13, j = 1,16) the elements of the inter-industry matrix in the upper panel
of Table 1, by Wy, (i = 1,13, § = 1, 16) the elements of the net-emission matrix in the lower panel,
by fx the column of final demand referring to goods, by fw the column of final demand referring
to waste emission, by X the 13 x 1 column of output level, and by Z the 3 x 1 column of the level

of waste treatment. We then have

18
X = Z-Xij‘[‘fxni:l)”"l?’v (4)
i=1
16
We = ) Wi+ fw, k=1,---,13, (5)
. =1
16
Z =) (Z Stk (Wi +fWk)) y 1=1,2,3. (6)
i=1 \'x



Let a5, aZ, g% and gf; be the input and net-emission coefficients give by

af = Xy/X; (hi=1-,19), ()
a;-"‘; = X"j/ZJ" (i=1=“'11311=11”3), (8)
g = Wy/Xj (i=1--,13, j=1,---,13), ©)
o = Wiy/Z, (hi=1,13,1=1,3). (10)

(4) and (6) can then be rewritten as

13 3 )

Xi = Zagx_,‘*‘z aizf7‘lZm+in) i:l‘-..,13’ (11)
j=1 m=1
13 13 3

Zy = ZSU: ng,-’rz gfm+fwk , 1=1,2,3. (12)
k=1 j=1 m=}

Using the matrix notation Ay := [af], Az := [eZ], Cx := [g5], and Gz := [97], these equations

(7) = (% 5.)(2)+(45 ) a

Provided the input-and emission coefficients remain constant, and the relevant matrices are invert-
ible, we could solve (13) for X and Z, and obtain

( z ) = ( e 0% )_1( sfj-‘w ) (14)

The inverse matrix in the right hand side of (14) corresponds to the well known Leontief inverse

can be represented by

matrix in IO analysis. Using (14) we could analyze economic and environmental effects of alternative
scenarios with regard to life style {fx and fw), technology (4, G), and institution (S).

For instance, effects of the introduction of a new recycling technology in an industry sector can
be implemented by replacing the column vector of input- and emission coefficients of that sector by
the one representing the new technology. Similarly, the introduction of a new waste treatment tech-
nology can be implemented by introducing a new column vector of input- and emission coefficients
referring to that technology.

Environmental loads associated with economic activity can easily be analyzed, provided simple
fixed coefficients approximate the association. For instance, let ex and ez be the emission of CO,
from fossil fuel origin per unit of output and treatment activity, and fg be the direct emission from
final demand. We thern have

total emission of CO; =ex X +ez Z + fg. : (15)

To the extent that the linearity assumption is acceptable, extensions of this method to other sub-

stances such as NO. are straightforward.
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Table 3.1 gives the squared matrix of input-and emission coefficients, which correspond to the
expression inside the first square brackets in the right hand side of (13). The emission coefficients
of CO; are obtained analogous to the other emission coefficients. Table 5 then gives the Leontief
inverse matrix, the i — j element of which refers to the amount of i-th output or activity that
is directly and indirectly required to satisfy a unit of final demand for j. Unique to WIO is the
elements referring to the direct and indirect demand for waste treatment given by the three rows
at the bottom of Table 5. For instance, the satisfaction of one billion yen of final demand for food
induces 130 tons of incineration and 70 ton_s‘of Iandﬁ_llA.»As fo? dj;gcl; }'gqyxirgmgr}t's,‘TaPle 3.1 shows
that a uxﬁt dutéut of thé food industry saves incineration by 60 tons while consumes landfill by 80
tons. Consideration of indirect effects thus turns the food industry from net saver to net user of

incineration.

3.2 Nonlinearity of waste treatment technology
3.2.1 Passive nature of waste treatment

In waste management, it is usual to characterize waste by its composition of combustibles, water,
and ash. These are parameters of great importance in waste management that have profound effects
on the performance of waste treatment. For instance, the extent to which a given volume of waste
is reduced by incineration depends on its composition of ash, and the latter depends on the degree
waste is separated before entering the incinerator. Another example is incineration with power
generation from waste heat. An increased material recycﬁng of waste paper and plastics reduces
the proportion of combustible waste entering into the incinerator, and lowers the calorific value of
waste heat. This may reduce the amount of power obtained from waste heat, and could even make
the incinerator fuel dependent. In other words, the waste treatment sector has inherently passive
nature in the sense that it is required to adjusts its treatment processes to whatever composition
and quantity of waste generated by industry and household.

As these examples suggest, waste management policy can affect input- and emission coefficients
of the waste treatment sector by altering the composition of waste allocated to individual treatment
processes. In other words, the WIO model has a non-linear nature in the sense that its coefficients
can be affected by a change in waste management policy.

The WIO model remains linear in so far as the characteristics of waste allocated to each of the
treatment processes are fixed. When these characteristics are altered, however, the coefficients of
the model may also change, and the linearity may no longer hold. This point is important because
the scenario analysis conducted below is concerned with the alteration of waste management policy.
Consideration of this intrinsically non-linear nature of waste treatment is another distinguishing
feature of the WIO model.

In Section 2.5 above, we saw that complete sorting of waste as represented by S; increases the

11



, *§aL1ISNpUL JO UOLRIYISSL[D a3} 10 § [9qQU], 9T
7100 £90°0 8S0°0 0880 0S00 SKO'V QSO0 L300 9920 O0GLY OEV'T 0890 661°0 OIT'0 LgI'0 Zve'0 | SOD
0000 000'0 0000 0CO'0 0000 0000 0000 0000 0000 0000 0000 0000 0C00 0000 0000 0000 | YHS
1S90 0000 9KO'0 8000 9100 980 TIE0 960°0 £€9°0 TT0'S- 60L'T- TIL'0 €420 €£0°0- 199'S ¥S€0- | ANT
grI'0 0000 0000 P00 000 1000 1VO0 8100 PG00 SE0'0  LI0'0  L10°0 2S2°0- 190°0 2000 ¥9z°lL | ONI
0000 1000 Z00'0 GO0 OVO'0 €200 8900 1200 2€00 090'0 V800 6200 KOO LEO'O  L¥TO 9v0'0 | NYL
1000 000°0 0000 2ZE€2'0 8SI'0 ¢SI'0 ¥OI0 @¢SL'0 ¥Il'0 ¥gl'0 Lvi'0 €SI'0 PEI'0  8ET0 GCI'0 G600 [ AUS
$00°0 0000 0000 ¥10'0 PI00 8GO0 9000 0100 S20'0 0S0°0 €00 8200 6100 9100 200 W0O'0 | “ILN
0000 2000 0000 OI00 TI00 6PO'0 €000 €00°0 8000 8000 ¥I00 G000 %000 €00°C 900°0 €000 [ SNO
1000 0000 2000 6000 A10°0 1000 1200 OIE0 %000 0000 ¥00'0 1000 €000 ° €00°0 1000 G000 | NOW
0000 000°0 0000 2000 <000 1000 S8IT'0 €L0°0 9¥2'0 1000 0%00 G000 GO0 8I00 L1000 1000 | JIN
0000 0000 0000 0CO0 0000 0000 0000 2000 1€I'0 010 10000 1000 0000 0000 G000 0000 [ LAN
0000 0000 0000 0000 T000 1000 ¥90°0 8000 %000 6100 660°0 %000 €000 %000 0000 1000 ( NAD
0000 0000 1000 9S00 GIOO OVO'O LZ0O @v0'0 GLO'O 2S00 €£0°0 695’0 GFO'0 L1800 6100 8500 | {HO
0000 0000 0000 II0°0 €20°C 9000 9v0'0 O10°0 L2000 71000 S20°0 PIOD €GO 9200 VOO0 2L00 | AOM
000°0 0000 0000 <000 9T0°0 0000 000 g0O0 1000 OOL'O €000 SO0 FOO'0 QKT POO0 8900 | AOJ
000°0 000°0 0000 0000 0000 OO0 6000 0000 0000 2000 1900 €000 000G 0000 2000 0000 ( NIN
000°0 0000 0000 0000 €00°0 0000 €000 100°0 000'0 0000 0000 €000 ¥g0°0 €S1°0 0000 8010 | WOV
WHS QN1 ONI  NUIL ANS 11O SND NOW dsN  LAWN WAD HHD dOM dOd NIN UDV

0g :OIM JO XujRW SHUdIOYJR0D tolssiwe pue-juduy 9y, F 9|qeL

12



"SOUIISNPUL JO UOKIRIYISSE[D 91} 10f ¢ AY(R], 908

000°T 0000 0000 0000 GOU'0 0OU'0 0000 0000 0000  OOUO  0OU'0 0000 0LOO'O OVD'0 0000 0000 | UHS

S99°0  100°T  9¥0°0 6V0'C 9PO0 POF0 IIE0 LTI0 910~ LLT'9- TEO'I- 9GI 0 99€0 190°0- 0199 O01£0- | ANT
EvI'0 0000 000°T Z00'0 1100 9000 9KO'O 6€0°0 800 GMO'O £100 O0S0°0 083'0- L2€0 GO0 FPHI | ONI

1000 1000 €000 SET'T ¥90°0 0SO'0 ZLOI'0 L900 €800 €£OI'0 9PI'0 9900 8800 €800 1080 1800 | NUL
£00°0 1000 TOO'0 €SE'0  IVEL TST0 60E0  SPE0  PLZTO  P9T0  S6C0 U960 T8TO  L8T0 €430 TUT0 | AUS

Y0U'0 0000 00U 8200 ¥TO0 BIL'L BTO0 PCO0 Y00 0800 VYUV IS00 OPO'O  PEO0  KPOO 9100 | LLA

100°0  %00'0 0000 LI00 9100 0900 €I0T €100 0T0'0 BODO €200 SI00 PIOO II00 9200 8000 | SNO

6000 0000 2000 9200 €800 1100 <CKO'O 09K'T 9100 8000 LIOO0 IO0 FI00 SIO0 ¥Z00 6100 | NOW
000°0  000°0 000'0 TIO0 1100 SIO'0 89I'0 8PI'0 9EE'T 1000 O0FO'0 T200 EE0°0 9E0°0 <TEO0 0100 | dAW
0000 000°0 0000 2000 2000 £000 8200 8Z0'0 TZZ'0 9L GOO'0 SO0 9000 9000 SO0'0 €000 | IAN
0000 0000 0000 €000 €000 9000 PLOO 9100 TI10°0 8300 €II'L 8000 000 Z0OO €000 HOOO | WAD
10000 0000 1000 001'0 SPO'O 9200 2LO'0 SOI'0D 000 OL1'0 1800 TLET €£OI'0 Z600 900 2i1'0 | @HD

000°0 0000 000'0 1€0'0 ZPO0 300 6L0'0 9£0°0 9Z00 9100 £S0°0 8LO0 SEE'l  8S00 2T00  160°0 | AOM
0000 000'0 0000 0100 SZ0'0 9000 TI0O0 TIOO 8000 000 1100 SI00 9100 €6I'T 2100 9600 ( AOJ
0000 0000 000G OO0 1000 €000 PIOO 2000 £000 TI00 6900 VOO0 1000 1000 €00'T 10000 | NIWN

0000 0000 0000 %000 GOU'0 _€00°0 L0O'0 9000 €000 E£00°0__ $000 G000 GEO'0 800 %000  OFI'I | uOV
YHS ANT ONI NUL AUS 1IN SND NOW diWN  JIN  WAD FHD dOM  dOod NIN _ UOHV ,

OIM JO X117eur 9519Au J91IU00T] O], G 9|qeL

13



volume of incineration. It is important to notice that this increase is associated with a change in
the composition of waste entering into and leaving the incineration process as well. Under S, the
calorific value of incinerating waste per unit increases due to the inclusion of all waste plastics, and
the generation of residue per unit declines due to the exclusion of incombustibles. Provided it is
possible to use waste heat for power generation, more power could be obtained per unit of waste
under §; than under Sp. The landfill consumption of incineration may also decline because of the
decline in the ash content of waste feedstock.

In order to take account this non—lmear nature of waste treatment in the W'IO model we need
to resort to the chemzstry and engineering of waste treatment What is needed is not economic
but engineering model of individual treatment processes describing the quantitative relationships
between characteristics of waste feedstock, inputs of utilities, chemicals, speciﬁczttion of the equip-
ment, and outputs. Let Fz be a set of these engineering sub-models which are relevant to the
WIO. The algorithm of WIO can then be given by Figure 1. Starting from given values of Ax, Gx
(technology of gods producing sectors), final demand (f), allocation matrix S, and the initial value
of net waste emission Wp, the submodel F determines the coefficients of waste treatment Az, Gz.
Combined with the coefficients of goods producing sectors, they determine the level of output and
treatment as well as the associated net emission of waste W. Since W may differ from the starting
value Wy, we replace the latter by the former, and re-compute Az, Gz. The process iterates until

W clears a convergence criterion.

3.2.2 The engineering model of Tanaka and Matsuto

Professors Nobutoshi Tanaka and Toshihiko Matsuto of Hokkaido University developed a computer
based engineering model of waste treatment technologies, which could assist municipal waste man-
agers in designing optimal combinations of alternative technologies under given local restrictions
and policy objectives [8]. This model describes the behavior of individual treatment processes
under alternative waste compositions. For instance, the model enables us to obtain the amount
of electricity and residue generated from waste feedstock of a given composition by operating the
incinerator of a given specification. In the following, we use the model of Tanaka and Matsuto as
a engineering submodel of waste treatment.

As an example for illustrating the non-linear nature of WIO, we consider effects of alternative
sorting options on the input coefficients of waste incineration process. In Japan, there are about
2000 public MSW incinerators and 5000 private incinerators operated by waste management firms.
These incinerators differ widely in terms of size and the way waste heat is utilized. In Table 6, the
panel termed Conirol shows the composition as of 1995 of incinerators by three major types based
on size and heat utilization. About 34% of them were equipped with power generation from waste

heat, whereas more than half the total capacity consisted of small batch type incinerators with no
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energy recovery facilities. Responsible for the presence of many small incinerators is the principle
that MSW should be disposed within the boundary of each municipality. In Japan, there are more

than three thousand municipalities!

Table 6: Composition of incinerators

scenario/incinerator types | plant size t/d ] share of capacity | plants
Control: current state as of 1995
1. full continuous with power generation 483 0.343 231
2. full continuous without power generation 177 0.144 264
3. non-full continuous A T R N | %29 K 6441
Total 1.000 6936
Regional: Regional treatment of both MSW and industrial waste
1. full continuous with power generation | 500 | 1 [ 650

Source of Control: {9].

Table 7 shows the capacity weighted mean of input coefficients of three incineration processes
under alternative sorting and disposal options. (A) gives the weighted input coefficients under S,
with the weights given by share of capacity in Control of Table 6. Note that they correspond to the
input coefficients of incineration in Table 3.1. (B) differs from (A) in that is it was obtained using
the allocation matrix S; that corresponds to complete sorting, while the weights remain the same
as (A). Note that electricity input changes from -.0001 to -.0004 because of the increased power
generation that results from the increased calorific value of waste feedstock. The input of landfill
(emission of residue) slightly declines from 0.0468 to 0.046 due to the decrease in the ash content
of waste feedstock.

(C) is an extreme case of regional disposal where all the incinerators of types 2 and 3 are replaced
by those of type 1 as is given by Regional in the bottom of Table 6. The allocation matrix is the
same S; as in (B). In this scenario, replacement of a large number of small incinerators by large ones
decreases the number of operating incinerators to 10% of Control. It then follows that waste has
to be transported over longer distances as before to reach the nearest incinerator. We assume that
the transportation requirement of a unit of waste increased to 4 times the present value. We find
that electricity obtained from a ton of waste increases 15 times that of (B), and that the emission of
residue per ton of incineration further declines by 2 kg from 46 kg to 44 kg. This decline in landfill
consumption is due to the fact that the incinerator of type 1 has smaller ignition loss (this takes
a smaller value for larger incinerators) and is equipped with the melting and solidification facility

that reduces the weight as well as volume of the residue.
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Table 7: Input coefficients of incineration under alternative scenarios

(A) (B) (C)

Allocation matrix So S S
disposal control control regional
AGR 0.0000 0.0000 0.0000
MIN 0.0000 0.0000 0.0000
FOD 0.0000 0.0000 0.0000
WOD 0.0000 0.0000  0.0000
CHE 0.0008 0.0008 0.0008
CEM 0.0000 0.0000 0.0000
MET 0.0000 0.0000 0.0000
MEP 0.0000 0.0000 ° 0.0000
MCN 0.0016 0.0016 0.0020
CNS 0.0000 0.0000 0.0000
UTL -0.0001 -0.0004 -0.0061
SRV 0.0000 0.0000 0.0000
TRN 0.0017 0.0017 0.0068
INC 0.0000 0.0000 0.0000
LND 0.0468 0.0460 0.0438
SHR 0.0000 0.0000 0.0000

See Tabel 3 for the classification of industries.

4 Application

4.1 Scenarios etc.

We now turn to empirical application of the WIO to evaluating economic and environmental effects
of three alternative waste management scenarios with respect to regional disposal and sorting.
Scenario 1 refers to the effect of complete sorting as given by S; under the current composition of
incinerator types, whereas Scenario 2 refers to that of regional disposal with the current sorting
pattern given by Sy. Finally, Scenario 3 refers to the combined effect of both complete sorting and
regional disposal.

Actual analysis is carried out by substituting the relevant coefficient values into (14) and com-
paring the solution with that obtained under the default settings that serves as Control in the
following analysis. For instance, we obtain the solution relevant to Scenario 2 by replacing the co-
efficients vector of incinerator by (C) in Table 7 while keeping S at Sp. The additional replacement
of S’o by i yields the solution of Scenario 3. Control refers to the solution of (14) with the input
coefficients (A) in Table 7 and S,.

Common to waste disposals in Japan, Denmark and Switzerland is the high proportion (around
3 to 1) of incineration relative to landfilling. The opposite applies to the US and Germany where
the ratio is around 1 to 3. It is noteworthy that in Denmark since 1997 landfilling of “waste suitable
for incineration” is prohibited [10]. As for the proportion of incinerator types, however, Denmark

differs from Japan in that each MSW incinerator is equipped with facility for recovering waste heat.
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The last scenario thus corresponds to the “Danish Model”.

Table 8 shows the computation results in terms of the rate of change relative to Control in
percentage. The term “net emission” refers to the emission of waste net of recycling. This is the
amount that needs to undergo waste treatment. We use the total sum of sectoral gross output (equal
to sales value up to changes in inventory) and total employment as proxies for overall economic
costs associated with each Scenario. Recall that in our evaluation we keep the level of final demand
constant, and obtain the level of production and disposal that is required for its satisfaction. An
increase (decrease) in the total gross output then unphes that we need to produce more (less) to
satlsfy the same level of final demand and hence a decline (an mcrease) in the level of cverall

productivity. An analogous interpretation applies to employment as well.

4.2 Results

Sorting of combustibles and non-combustibles (Scenario 1) increases incineration by 8.5%, ash by
0.5%, and CO; by 0.4%, but reduces landfill consumption by 6.4% in weight and by 17.3% in
volume. The increase in CO» is mainly due to the incineration of the part of waste plastics that
was previously landfilled, since landfilled plastics are not supposed to decompose. Sorting, however,
could also contribute to the reduction of CO, by increasing the quantity of waste power generation
because it raises the calorific value of waste feedstock.

In fact, sorting reduces the quantity of commercial power generation by 0.1%, and the associated
output of mining, petroleum & coal by 0.035%. The increase in CO; by 0.38% should thus be inter-
preted as the result of canceling out of these mutually opposite effects. Given that the addicionally
obtained waste heat is not fully utilized under the current composition of incinerators, the net
effect was the increase in emission. The total of sectoral gross output and employment respectively
decreases by 0.005% and 0.002%. Sorting leads to a marginal increase in overall productivity.

We now turn to Scenario 2 which is characterized by effective utilization of waste heat, whereas
the pattern of sorting remains mixed as in Control. Even though the calorific value of waste
feedstock remains unchanged, its effective utilization substitutes commercial power generation by

1.4% and reduces CO, emission by 0.4%. While regional disposal increases transport requirement
. by 0.5%, the associated increase in CO, emission due to fuel consumption is more than offset by
power generation from waste heat. Reduction of commercial power generation reduces the emission
of fly ash from coal firing power stations. Combined with the conversion of incineration residue into
molten slag, this reduces landfill consumption by 0.3% in weight and 0.8% in volume.

Incinerators of the type considered in this scenario are quite capital intensive and require sub-
stantially higher amount of expenditure for repair and maintenance per activity than the average
type considered in Scenario 1. Combined with the increase demand for transport vehicles, this leads

to the increase in machinery output by 0.03%, and metal output by 0.01%. The latter is responsible
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for the increased emission of waste oil, acid and alkali by 0.03%. When it comes to macro economic
costs, gross output is increased by 0.01% and employment by 0.04%. This marginal decline in over-
all labor productivity implies the increasing share of industrial sectors with lower labor productivity
such as transport in the economy.

Finally, we consider Scenario 3, which is a hybrid of Scenarios 1 and 2. Its effect of saving
landfill consumption exceeds that of Scenario 1 due to the factor mentioned above. While the CO»
reducing effect of Scenario 2 is mitigated by the increased incineration of waste plastics and rubber,

It is still -0.16%. As for overall productivity, there is no sigh of decline in terms of gross output,
whereas in terms of employment we find the same level of decline as in Scenario 2.

Landfill capacity is a scare resource in Japan. The saving of its consumption should be pursued
with the highest priority while keeping consistency with the reduction of CO; emission from fossil
fuel origins. Our result indicates that Scenario 3 is the one that is best suited to this ob jective,
In other words, the “Danish model” is effective in reducing landfill consumption and CQO, emission

while being cost neutral in terms of total gross output.

5 Concluding Remarks

In closing the paper we point out current limitations of the WIO and future directions for research.
The analysis in this paper has been static, and no aspect of the dynamic process, where goods
get converted into waste, was considered. Proper consideration of this dynamic aspect is of great
importance for analyzing issues of durable waste such as buildings, structures, automobiles, and
appliances. At the moment, the WIO is a “open model” because there is no link between final
demand (consumption and investment) for durables and the accumulation and discarding process
of durables over time. Closing of this link is an important step toward dynamic extension of the
WIO model.

While economists have developed several “dynamic input-output models”, which describe the
accumulation and decaying process of durables, they did not consider any aspect of waste. In fact,
in these models decayed durables simply “evaporate” and disappear from the scene of interest.
Furthermore, any good including durables is measured only in monetary units and physical aspects
of it are no considered.

From the point of view of 2 “good”, what matters for a durable is its performance in its totality
as a product. Once this durable is converted into waste, however, what matters is no longer its
totality but its compos‘;ition (metals, plastics, hazardous materials etc) and the easiness with which
it can be decomposed. Since the IO table provides information on the composition of a product via
its input coefficients, what is left for the WIO will be to keep the trace of this infbrmation in the

accurnulation and decaying process of the product.
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Table 8: Effects of Alternative Waste Management Scenarios

Rate of change in % relative to Conirol

scenario 1 2 3
disposal Control® Regional Regional
allocation matrix St - Sp - - 5
sectoral output
AGR -0.001 0.000 -0.001
MIN -0.035 -0.037 -0.084
FOD 0.000 0.002 0.001
WOD -0.003 0.003 -0.003
CHE 0.010 0.038 0.046
CEM -0.021 -0.002 -0.025
MET -0.004 0.016 0.012
MEP -0.006 0.010 0.003
MCN 0.006 0.033 0.041
CNS -0.027 -0.016 -0.047
UTL -0.100 -1.443 -1.863
SRV -0.002 0.010 0.007
TRN 0.003 0.519 0.564
net emission of waste
grb 0.000 0.000 0.000
pPpr 0.000 0.002 0.001
pls -0.003 0.020 0.018
mtl -0.004 0.010 0.005
gls -0.007 -0.006 -0.016
wds -0.001 -0.001 -0.003
ash 0.474 -0.624 -0.201
sld -0.013 -0.017 -0.035
oil 0.006 0.028 0.035
cns -0.026 -0.012 -0.042
waste treatment/ effluents
incineration 8.466 -0.001 8.465
landfill: weight -6.429 -0.331 -6.792
landfill: volume -17.265 -0.783 -18.067
COq 0.384 -0.438 -0.162
macro economic cost
gross output . -0.005 0.010 -0.001
employment -0.002 0.037 0.036

a: Control corresponds to scenario 1 with S; replaced by Sg
See Tabel 3 for the classification of industries, and Table 2 for that of waste items.
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The easiness of decomposing durables depends on the way they are designed, and constitutes
one important factor of a new paradigm of product design termed EcoDesign and/or Design for
Environment (DFE). The empirical analysis in this paper has been limited to the so-called End of
Pipe (EOP) case where waste treatment takes care of whatever waste generated by given level of
production and consumption. EcoDesign and/or DFE represent a substantial departure from EOP
because it could dramatically change the way products are designed, used, and even owned. While
a preliminary analysis of the recycling of electrical appliances by use of WIO is available (11], the
consideration of EcoDesign aspects within the framework of WIO is yet to be initiated.

- The scenarios in this paper are “hand-made” in the sense that they were derived in a rather
ad-hoc way. We obtained for each scenario the associated level of efluents and landfil consumption,
and used them to evaluate the scenarios. We could have proceeded the other way round by first
setting up objective functions (for instance, minimization of landfill consumption) and solving for
the model subject to constraints referring to final demand, available treatment capacity and so on.
This will represent the re-formulation of WIO as a optimization model.

The last point is concerned with the extension of WIO over space. In this paper we have not
considered any aspect of space, treated Japan as a single spatial unit except for the ad-hoc con-
sideration of waste transportation associated with regional disposal, and ignored any impacts of
Japanese imports on the waste emission in foreign countries. A systematic analysis of waste trans-
port requires explicit consideration of regional aspects, which could be facilitated by incorporating
regional IO tables into the WIO system. In Japan, for instance, the government publishes regional
IO tables on regular basis.

Extension of WIO outside the national boundary will be an important step toward understanding
the global link between trade and waste flow. Just like the case of regional extension within the
national boundary, here too, we can make use of the existing body of public data system. The
data system relevant for the present case is “international IO table’, which describes the inter-
industry flow of goods and services among trading countries. The first international IO table was
the US-Japan table for 1985. Since ther, a number of international IO tables have been developed
in Japan including the tables for EU-Japan, Taiwan-Japan, and Korea-Japan, among others. Once
their national WIOs were available for the group of countries concerned, we would be able to
develop its international counterpart by exploiting the international interdependence provided by

the international IO table. Extension over time and space consist future directions for research of
WIO.
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