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Abstract

A regional metabolism analysis model based on three dimensional physical input-output
tables (PIOT) was developed to analyze the intra-flows, i.e. the distribution, use and
transformation of materials inside economic system. There’re four major features in the
design of the 3D-PIOT. The first is that it consists of a main input-output table, a series of
sub-tables and supplementary tables, in which the structure of main table and sub-tables
are the same, while that of supplementary tables are a little different. The second is that the
material flows are measured in mixed units. The existing PIOTs are all measured in tons
and those products measured in non-mass units are neglected. It is called for to use proper
units to measure different kinds of products during the methodological development of
PIOT, while the model in this paper is designed to meet this demand. The third is the
treatment of waste. A sub-table is specially designed to record all the recycled waste flows,
which describes the generation, reuse, disposal, recycle and discharge of the recycled
wastes. The fourth is that the consumptions, including government and household, are
regarded as sectors of intermediate use. This makes the system boundary clearer, while
input-output analysis model can still be further developed based on such design. Some
other problems and techniques about PIOT compilation are also discussed in this paper.
Based on the 3D-PIOT, indicators of regional metabolism can be defined from different
aspects and levels, such as industrial structure, techniques and socio-economic conditions.
The 3D-PIOT and the derived indicators are useful to identify material metabolism and the
structural characteristics of regional economic system. A planning table is also afforded in
this paper for further constructing input-output analysis model to plan the natural resource
use and waste discharge in a region, and to provide decision-making support for regional
developmental transformation. The model was applied to Yima city for the first time,
which is a pilot city demonstrating circular economy development in China. A three
dimensional regional PIOT called YMPIOT2002 was compiled, which laid solid
foundation for planning the circular economy development in Yima.

Keywords: Regional metabolism, Physical input-output tables (PIOT), Material flow
analysis (MFA), Circular economy.
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1 Introduction

Natural resources are material base of economic systems. Economic systems retrieve all
kinds of natural resources from nature and discharge wastes to nature, after using and
transforming these natural resources. At the same time, economic systems are open

systems, connected with other economic systems outside through imports and exports'.

In order to study the physical interactions between the economic systems and the
environment, or called material metabolism, the method of MFA was developed since late
1960s (Ayres and Kneese(1969), Fischer-Kowalski(1998a)). Entering 1990s, more and
more case studies of economy-wide material flow analysis (EW-MFA) on national level
were carried out (Fischer-Kowalski(1998b), Eurostat(2001)). A guide of EW-MFA was
published by the Eurostat in 2001 (Eurostat(2001)), which established a framework and
standard for EW-MFA. However, the widely accepted model of EW-MFA is a black box,
which cannot reflect the intra-flows inside the economic system. Physical input-output
tables (PIOT) seem more suitable to record these intra-flows. The existing PIOTs of total
mass are still relatively few, including Katterl and Kratena (1990), Stahmer et al. (1997),
Pedersen (1999), Nebbia (2000), Midenpdd and Muukkonen (2001), Statistisches
Bundesamt (2001). Besides, a preliminary PIOT for the European Union is based on
information from the German and Danish PIOT, scaled up to EU levels (Giljum and
Hubacek(2001)). A PIOT project is also currently underway in Japan at the National
Institute for Environmental Studies (NIES) (Hoekstra(2006)). Some specified material, like
concrete, paper, zinc, steel, etc, was also studied by using physical input-output accounting

(Konijn(1995, 1997)) in the Netherlands.

Due to the relatively short history and few case studies of physical input-output
accounting, there’s no standard of PIOT compilation yet, and some problems still remain
to be solved during the methodological development of PIOT. The first is that the existing
PIOTs are all measured in tons and those physical products measured in non-mass units are
neglected, which calls for using proper units to measure different kinds of material flows.

The second is that the existing PIOTs of total mass are all accounting ones, which do not

' Commonly, imports and exports refer to trades between countries. In this paper, if not specified, imports
and exports refer to trades between the economic system and its outside world.
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aim at modelling, thus the advantage of input-output analysis is not manifested®. The third
is the treatment of waste. Waste recycling is important to improve resource efficiency,
especially in developing circular economy in china, but the recycled waste is not distinctly
stated in the existing PIOTs. Moreover, how to treat waste properly is also very important
in physical input-output analysis (Dietzenbacher(2005)). The fourth is the methodological
standardization of PIOT compilation, such as avoiding double accounting
(Nakamura(2007)), treatment of water and air (Méenpdd(2002)), output of agriculture
(Helga(2005)), the household consumption(Eurostat(2001)), etc.

The environment problems are getting more and more serious now in China, thus
circular economy is called for to deal with the problems. In order to meet the demand of
developing circular economy and provide a tool for decision making and policy analysis, a
regional metabolism analysis model based on three dimensional PIOT was developed. The
model solves the first and the third problem by affording some amendments of the PIOT
structure. The second problem, although the modeling is not discussed detailedly in this
paper, a planning table is provided which is a key part of modeling and can be used to
make plan for the future development of regional metabolism. Some aspects of the fourth
problem are also discussed in this paper. Although the model is developed for regional

economic system, it is also suitable for national economic system conceptually.

The next section, we’d like to carefully discuss regional metabolism analysis
model, where conceptual model, three dimensional and two dimensional PIOT structures,
balance of tables and planning table will be introduced in detail. In the third section, some
material flow indicators will be derived from the three dimensional PIOT. In the fourth
section, the model will be used for a preliminary application, in which Yima city was

chosen for a case study. The final section is the conclusions.

2 Regional metabolism analysis model
2.1 Conceptual model

Before constructing the regional metabolism analysis model, a conceptual model

was developed to conceptualize the economic system, which is shown in Figure 1. The

% In some literatures, e.g. Hoekstra (2006), the concept of accounting and modelling are distinguished.
Besides, the terminology of planning model in this paper has the similar meaning with modelling.
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conceptual model decomposes the economic system from two dimensions, one is the

material dimension, and the other is the sector dimension.

From the material dimension, generally, the natural resources can be classified
into biomass, fossil fuels, minerals (metal ores, industrial minerals, and construction
minerals), water, and air, etc. Biomass is renewable resource, fossil fuels and minerals are
nonrenewable resources. The recycled waste is also regarded as a kind of resource,
although it is not a natural resource. Therefore, it is contained in the common material flow

arrows and is not especially pointed out in the schematic.

T X
=]

/
— N —_— -— Exports Imports

Figure 1 Schematic of conceptual model

Manufacturing
From the sector dimension, economic system is divided into eight fundamental

sectors in the conceptual model, which can be further divided into more sub-sectors. The
seven production sectors are agriculture, mining, manufacturing, supply of electricity, gas

and water, construction, transportation, and service. The one consumption sector is
Biomass
Agriculture
IIOMMEOQOS8 Seville - July, 9-11 2008
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household. These eight fundamental sectors, also the sub-sectors inside, are interconnected

by all kinds of material flows.

The agriculture sector provides primary biomass products. The mining sector
provides primary non-biomass products, mainly all kinds of fossil fuels, metal ores,
industrial minerals and construction minerals. The manufacturing sector turned those
primary products into all kinds of semi-manufactured and finished products. The supply of
electricity, gas and water sector provides electricity, gas, water and heat, which are
necessary for production and consumption. The construction sector provides buildings,
transportation infrastructures, which is the foundation of economic system. The
transportation sector sends the passengers and goods to the destination. The transportation
sector here only includes public transportation, in which the private transportation is not
included. The product of the transportation sector is freight amount or passenger amount,
which should be measured by non-mass units. The service sector mainly produces
immaterial products, which includes many sub-sectors such as food serving, finance,
insurance, real estate, etc. The household sector consumes all the products provided by the
production sectors to meet the material and immaterial demand of people. There’s no

material products yield in the household sector, except some recycled wastes.

2.2 Three dimensional structure

The three dimensional structure of the three dimensional PIOT is shown in Figure 2, which
consists of a series of two dimensional PIOTs, i.e. one main input-output table, m sub-
tables and two supplementary tables. The structure of main table and sub-tables are the

same, while that of supplementary tables is a little different.

The main table records all the material flows and each sub-table records a certain
type of material flows that measured by mass unit. Each sub-table describes the sources
outside the economic system, the distribution, use and transformation of a certain type of
substances among different sectors inside the economic system, and different destinations
to the environment after departing from the economic system, which can be regarded as a
SFA (Substance Flow Analysis) of that certain type of substances. Based on the sub-tables,
further researches can be done, focusing on different certain substances. According to the

classification of materials, the number of sub-tables m can be different. No matter how
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much m is, the wastes will always be one sub-table and also the last (i.e. mth) sub-table.

The waste sub-table will be discussed detailedly in subsequent sections.

—d
=

X

Source: adapted from Moriguchi (2003).

Figure 2 Schematic of 3D‘P10§upplementary Table 2

Széefl?lementaz% Table 1

In order to record all tthhysical flows of econontic systems, ard to support the
subsequent metabolism planning model, two supplementary td‘gféé 'Jﬂé]&iyﬂ material
flows and water are designed, which describe material flows neglgcetgd by the main table

and sub-tables. Air can also be constructed as a s%pplementary table, if it is needed in the
future research, while it is not in the current gisq@ Sub-table 1
Q

The special material flows maj C)refer to those rrjl\a{{gr{g& flows measured by non-
mass units, e.g. electricity and @cP measured by energ)g unﬁs, freight transportation
measured by ton kilometer, ji_l}d passenger transportation measured by person kilometer,
etc. Besides, in the landfill sea?r and waste water treatment sector, although the amount of
landfill and waste water arq_%leasured by mass unit, such outputs are special, which are
quite different from other co@non products. Therefore, a supplementary table is designed
to record these special mater@ flows measured by different units. These sectors are called

special sectors in this paper. §
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Moreover, EW-MFA excludes water from the indicator of DMI (direct material
input) because the amount of water is much more than other materials. However, water is
also an important material flow, which cannot be ignored in the subsequent metabolism
planning model. Therefore, a supplementary table is designed to record the water flows

measured by mass unit.

2.3 Two dimensional structure

There’re three planes in the three dimensional PIOT, i.e. plane X-Y, plane Y-Z and plane
X-Z, while plane X-Y is the most important one in accounting and modelling. Therefore,

the two dimensional structure refers to the structure of plane X-Y in this paper.

2.3.1 Structure of main table and sub-table

The two dimensional structure of main table and sub-tables is shown in

Table 1. There’re four parts in the table. The first part is intermediate input and use, the
second part is final use, the third part is primary input, and the fourth part is additional
information. The former three parts (or called quadrants) are the main parts of the table,
demonstrating the material flows of an economic system. The fourth part is some
supplementary information related to those material flows. If not considering the fourth

part, the two dimensional structure is very similar with common I/O tables.

The first part of intermediate input and use is the key part of PIOT, which reflects
the physical interrelationship among sectors during the material metabolism of economic
system. Let the number of total sectors, production sectors and primary production sectors
be n, n;, and n; respectively. When we compile PIOT for a certain region and classify the
sectors, the characteristic of the region should be fully considered, because it often occurs
that the industrial system is not very complete and several few industries are predominant

in a certain region.

The household is incorporated into the first part of PIOT, which is different from
the existing PIOT, also different from most of the existing MIOT. However, such design
can make the system boundary clearer, which clarify the intermediate use and the final use.
It also can avoid neglect or double accounting of NAS and waste of household. Moreover,
such design will not affect the subsequent modelling, because semi-open model does exist

in the input-output analysis, although it is uncommon.
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Table 1 Structure of main table (k = 0) and sub-tables (k=1, 2, ... , m) of 3D-PIOT

Output
Intermediate use final use
Input .
Sectol  Sectorl  [Sector Discharged waste Reduced waste Total output
IR ExportsNAS
J n Waste 1|...|Waste j|...Waste 1;|Waste 1|...| Waste j|...|Waste £,
Sector 1 Zigk || Zijk Zink| €k | Stk | Wik Wik || Wik | wiik [ wijk Wiok X 1Lk
Intermediate ] — — — =
input Sector i Zivk || Zijk Zink | €k | Sik | Wilk Wijk |-| Witk | Witk || Wik Wik X ik
Sector n Zn, Lk |- Zn,j,k Zn,n,k Cnk Sn.k Wn, 1,k Wn,j,k ceo| Whilk 1/71/ nlk |- 1/71/ njk 1/7\/ n2,k ; nk
Sector 1 G1’1’k Gl,j,k . Gl,n,k
Competitive .
imports Sector i Gi,l,k . Gi,j,k Gi,n,k
Primary
input
Sectorn | Gpik|...| Gujk | -+ | Gunk
Non-competitive
imports ik Jik Juk
Domestic Extraction dix d;x dur
Total input X 1k Xk X nk
Balancing items by bk b
Additional .
information Hidden flows Rk hyk P
Value added Vi Vj Vi
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The second part of final use reflects the final destination of materials, which
comprises exports, net additions to stock (NAS), and emissions and wastes’. The NAS can
further be classified into 5 categories, i.e. buildings, transportation infrastructure,
machinery, endurable goods, and inventory. Each category can be listed as a column

further.

In principal, the classification of emissions and wastes accords with the Eurostat
Guideline, which can be classified into four groups, i.e. emissions to water, emissions to
air, solid waste, and dissipative uses and losses. As for the emissions to air, both the
amount including the air for balancing and that excluding the air are listed. When calculate
the total output, the air should be excluded to keep the mass balance. At the same time, the
waste classification should conform to the existing environmental statistical system as
close as possible, so that more data can be aggregated into the PIOT and the PIOT can
afford more information about the pollution and the environment problems that are most

concerned currently.

There’re four different concepts about waste, i.e. generated waste, discharged
waste, reduced waste and recycled waste. The generated waste refers to the total amount of
the waste that generated during production and consumption. The discharged waste refers
to the waste that disposed to nature after reduction. The reduced waste refers to the waste
that reduced by all kinds of means®. The recycled waste refers to the waste that recycled
and reused by the economy system, which can also be regarded as by-product. The
generated waste equals the sum of the discharged waste, reduced waste and the recycled
waste. The data listed in the second part of the main table and all sub-tables are the
discharged waste and reduced waste. Let the number of discharged waste and reduced

waste are ¢; and #, respectively in the model.

The third part of primary input reflects the original source of the materials input
into the economic system. The primary input comprises imports and domestic extraction.
Imports are further divided into competitive imports and non-competitive imports. In this

paper, the imports are not distinguished whether they are imported from foreign countries

* In some places of this paper, emissions and wastes is simplified as wastes for brevity.
* For example, a factory generates 100 tons SO, at first, while only 10 tons are finally discharged after
treatment. In this case, the discharged waste and reduced waste are 10 tons and 90 tons respectively.
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or from other regions in the country. Similarly, the exports are not distinguished whether
they are exported to foreign countries or to other regions in the country, either. If the
research focuses on the difference between home markets and international markets, the

imports and exports can further be classified accordingly.

The fourth part of additional information, which is below the third part, comprises
balancing items, hidden flows and value added. The balancing items include oxygen for
combustion, etc, which are not included in the primary input and total input. Hidden flows
refer to the movements of the unused materials associated with the extraction of raw
materials, domestically and abroad, including materials that are extracted from the national
environment but not actually used by the economy (so-called domestic hidden flows), and
the upstream resource requirements associated to imported products (so-called foreign
hidden flows) (Eurostat (2001)). The value added is used to measure the economic output
of different sectors. The value added of consumption sector is zero conceptually, but may
be filled with the household consumption expenditure data. The data of value added only

appear in the main table, which are not decomposed into the related sub-tables.

2.3.2 Waste sub-table

Waste is carefully treated in the model, because waste recycling is very important
in circular economy. A sub-table of waste is specially designed to record the recycled
waste flows, which describes the generation, reuse, disposal, recycle and final destination

of the recycled wastes.

The structure of waste sub-table is the same with the main table. If the recycled
waste is generated in the accounting year, it is regarded as intermediate input, which occurs
in the first quadrant. If the recycled waste is stored before the accounting year, or is
imported, it is regarded as primary input, which should be filled in the corresponding part
of the third quadrant. The exported wastes for recycling, and the wastes that become NAS
are listed in the export column of the second quadrant. The discharged waste and reduced
waste of the recycled waste are listed in the corresponding part of the second quadrant in

this sub-table.
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2.3.3  Structure of supplementary table

The structure of supplementary tables is a little different from main table and sub-
tables (shown in Table 2), in which there’s no third part, fourth part, and the waste
columns in the second part. Since the primary input, wastes and additional information
have been completely recorded in the main table and sub-tables, such information do not

appear again in the supplementary tables.

Table 2 Structure of supplementary tables of 3D-PIOT

Output
Input Final use Total
Sector 1 ... Sectorn
Exports NAS  products
Sector 1 VAR Zink ek S1k X1k
Sector n Znik ... Znnk enk Snk Xnk

2.4 Balances of tables

The three dimensional PIOT reveals the interrelationships among sectors in the economic
system during the material metabolism procedure. There exist some quantitative
relationships in the main table, sub-tables and supplementary tables themselves and among
them, which can be summarized as plane balance and solid balance. The balance

relationships are the foundation of constructing the subsequent metabolism planning model.

2.4.1 Plane balances

The plane balances refer to the balance relationships that exist in the main table,
sub-tables and supplementary tables themselves, comprising three kinds, i.e. row balance

(equation (1) ), column balance (equation (2) ) and gross balance ( (3a) ~ (3c¢) ).

intermediate use + final use = total output (D
intermediate input + primary input = total input (2)
total input = total output (3a)
sectoral total input = sectoral total output (3b)

IIOMMEOS8
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total intermediate input = total intermediate output (3¢)

The above balances can be further expressed as equation (4) and (5) :

Primary input + intermediate input = intermediate use + final use (4)

Domestic extraction + imports + intermediate input

(5)

= intermediate use + exports + NAS + wastes

In the main table, the total input is equal to the total output, and the sectoral total
input is equal to sectoral total output in each sector. Therefore, the row balance, column
balance and gross balance all exist in the main table, which can be further expressed by

Equation (6) ~ (8) respectively.

n 4 h — =
ZZi,j,k te, +5;,+ Zwi,j,k + Zw,-,j,k = Xik (i=1,2,...,n; k=0,1,...,m) (6)
j=l j=l j=l
N Z AT =Xk (=12,....n; k=0,1,....m) (7
i=1
Xik = X4 (i, j=1,.2,...,n; k=0) (8)

Where, Z is the intermediate deliveries of secondary inputs, e is the exports, s is
the net additions to stock, w is the discharged waste, w is the reduced waste, r is the

primary input, ¥ is the total input, and x is the total output.

The definition of primary input r is defined by Equation (9) .

Tk :zGi,j,k +fj,k +dj,k (k=0,1,...,m) (9
im1

Where, r is the primary input, G is the competitive imports, f is the non-

competitive imports, and d is the domestic extraction.

In the sub-tables, the total input is not always equal to the total output, and the
sectoral total input is not always equal to the sectoral total output, due to the recycled

waste. Therefore, only the row balance (equation (6) ) and column balance (equation

(7)) exist in the sub-tables, while the gross balance doesn’t exist.
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In the supplementary tables, only row balance exists (shown by Equation (10) ),

while column balance and gross balance do not exist.

ZZi,j,k T TSk = Xik (k=m+1, m+2) (10)

Jj=1

Where, Z is the intermediate deliveries of secondary inputs, e is the exports, s is

the net additions to stock, and x is the total product.

2.4.2 Solid balances

The solid balances refer to the balance relationships that exist between the main

table and the sub-tables, which are shown as Equation (11) .

m m m m m
Zi,j,O = ZZi,j,k €o= Zei,k Sio = zsi,k Gi,j,O = zGi,j,k bi,O = Zbi,k

k=1 k=1 k=1 k=1 k
s s s s B

3

m —

— _ m o __ — m _— m
k=1 k=1 k=1 k=1

k=

—_

Fio = er,k d,= Zdi,k Jio= Zfzk
=1

k= S (i,j=12,...,n) (1D

Where, Z is the intermediate deliveries of secondary inputs, e is the exports, s is
the net additions to stock, w is the discharged waste, w is the reduced waste, r is the
primary input, G is the competitive imports, f is the non-competitive imports, d is the

domestic extraction, b is the balancing items, /4 is the hidden flows, X is the total input, and

x is the total output.

2.5 Planning table and planning model

The main table measured in single mass unit cannot provide sufficient information when
constructing planning model to make plan for the future development of regional
metabolism. Therefore, a new framework is required to meet this demand, which is called
planning table in this paper. The planning table combines the main table and the
supplementary tables, which is the fundamental of constructing the subsequent regional

metabolism planning model.
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The structure of planning table is almost the same as supplementary table (shown
in Table 3). The only difference is that the NAS in the planning table excludes the
machinery. The method of transforming the main table and the supplementary tables into

the planning table are as follows:

Table 3 Structure of planning table

Output
Input Final use Total
Sector 1 ... Sectorn
Exports NAS  products
Sector 1 Zl,l,k .. Zl,n,k ek ;1,/( X1k
Sector n Zn,l,k .. Zn,n,k enk ;n,k Xnk

Firstly, the third part, the fourth part and the waste columns in the second part are
taken off from the main table, which makes the structure of the main table be the same
with the supplementary table. Meanwhile, the total output is replaced by total product,
which is equal to the total output minus the waste and the machinery in NAS. Secondly,
the information in the rows of the special sectors in the main table is substituted by that in
the corresponding rows in the supplementary table of special material flows, which is
shown as Equation (12) . Finally, the information in the row of the water supply sector in
the main table is substituted by that in the corresponding row in the supplementary table of

water, which is shown as Equation (13) .

Z":Z ei:ei,nwl’gi:si’m*l’xi:xi,m+1 (j:1,2,...,ﬂ) (12)

i,j i,j,m+1?

=7 € =€ ., Si=Sim2, X; =X (Jj=12,...,m) (13)

i,j — i, jm+2° Yi i i MMim+2

Where, Z is the intermediate deliveries of secondary inputs, e is the exports, s is the
net additions to stock (excluding machinery), x is the total product, and i is the row number

of those sectors whose data should be substituted.

The balance relationship also exists in the planning table, shown as Equation

(14) , which is fundamental to build the metabolism planning model.

Z:‘Zi’j+ei+s,-=xi (i=1,2,...,n) (14>
=

IIOMMEOS8 Seville - July, 9-11 2008
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Where, Z is the intermediate deliveries of secondary inputs, e is the exports, s is the
net additions to stock (excluding machinery), and x is the total product.

The above analyses are all based on such an assumption that each sector produces one
and only one output in a mutually exclusive manner. However, joint production does exist
in the real economic system, and the products in one sector may even be measured in
different units, e.g. the outputs of the power industry are electricity and fly ash’, which are
measured by kwh and ton respectively. In this case, the row balance is violated, which
makes the planning model impracticable. Therefore, the planning table should be adjusted
to deal with this problem. Several methods may be used to solve this problem, including
Stone’s method, etc. But this problem will not be discussed in detail in this paper, due to
the length limit.

Based on the planning table and its balance relationship, the regional metabolism
planning model can be developed. Based on the planning model, the method of scenario
analysis, together with optimization techniques and trial-error method can be used to plan
the future regional metabolism. According to different development plans, corresponding
scenarios can be made by setting different model parameter values of economic and
population growth, natural resource use and waste discharge, etc. The future regional
metabolism can be planned, through evaluating and comparing the simulation results of
these scenarios. However, the techniques about the constructing and using of planning

model cannot be discussed in detail in this paper, also due to the length limit.

3 Indicators derived from 3D-PIOT

Indicators of material flows can be derived from the three dimensional PIOT to assess the
regional metabolism from different aspects, such as physical size, proficiency, intensity,

structure, recycling, and technical level, etc.

Indicators of physical size includes TMR (Total material requirement), DMI
(Direct material input), DMC (Domestic material consumption), DPO (Domestic processed
output) and DP (Domestic pollutants), which represent the material flow scales of
economic system. The former four indicators are widely used EW-MFA indicators, whose
definitions can be found in Eurostat Guideline (Eurostat (2001)). The indicator of DP is a
new indicator defined in this paper, which only the pollutants that degrade the

environmental quality are included, while the emissions are excluded. Because the
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pollutants are more seriously concerned in China currently®. Let the number of pollutant

types be ¢, and the pollutants be p;...p:.

If the above indicators are related to GDP, the indicators of material intensity
(units of material indicator per unit of GDP) or material efficiency (the mathematical
inverse of material intensity) can be derived correspondingly. If the material indicators are
divided by population, the intensity indicators from another aspect are derived, which
represent the material flow scales per capita. The recycling indicator is recycling rate v,

which represents the recycling level.

GDP = ZV,, DMI = Ziz Fop» TMR= v+ 53 s DP:i " ipi,j’k
k=l j=1 k=1 j=1 k=1 i=l j=I
m=1 ny m o n b
DMC = DMI - e, DPO= ZZZ Wt D DD Wik s (15
k=1 j=1 k=1 i=l j=I k=1 i=l j=I

n ot
Z(e,m"‘slm)“‘zz ,jm‘f‘zzzlwi,j,m

i=l j=1 i=l j=1 (k:(),l,--.,m)
DMI

Where, TMR is Total material requirement, DMI is direct material input, DMC is
domestic material consumption, DPO is domestic processed output, DP is domestic
pollutants, v is the recycling rate, v is the value added, e is the exports, s is the net additions

to stock, w is the discharged waste, w is the reduced waste, 7 is the primary input, / is the

hidden flows, p is the pollutants, and x is the total output.

The structure indicators include primary input ratio r,, import ratio 7;, and sectoral
indicators. Sectoral indicators include total input percentage f,, primary input percentage £,
DPO percentage f,, DP percentage f,, sectoral total input intensity 7;, sectoral primary
input intensity 7, sectoral DPO intensity 7, sectoral DP intensity 7),.

;rm ZZ 110+Zf10 ix,k ix,-,k i

r.= =ll]1 = k=1 k=1
1 ﬂtz——a Tt——a ﬁrz——,

p = n
Zx z n m v’ n m
JAU Xik ik
J=1 ; .

> Fly ash is a kind of waste, while it is a kind of by-product when recycled.
% The definitions of pollutants are different in different countries, e.g. CO, is not pollutant in China.
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- _ k=lj=l k=l j=1 k=l el k=1 j=l
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vz vl Vl
Pijk
k=1 i=1 j=1
m 4 m I __
22 Wt 2D Wik
_ k=1 j=1 k=1 j=1 )
B, =" R (i=12,--,n) (16)
DI)IPNTITED I IP RLAY
k=1 i=1 j=1 k=1 i=1 j=1

Where, r,, is primary input ratio, 7; is import ratio, /3, is total input percentage, f, is
primary input percentage, f,, is DPO percentage, f, is DP percentage, 7; is sectoral total
input intensity, 7, is sectoral primary input intensity, 7, is sectoral DPO intensity, 7, is
sectoral DP intensity, v is the value added, G is the competitive imports, f is the non-
competitive imports, w is the discharged waste, w is the reduced waste, 7 is the primary

input, p is the pollutants, and x is the total product.

The technical level indicators are direct input coefficients a and pollution
discharge coefficients g, representing the materials inputs and pollutants discharge per unit

product respectively, which are shown as Equation (17) .
— Z .. +G. . w,
aj:% q, = ;-/’0 (,j=12,,n) (17>

J J

Where, a is the direct input coefficient, ¢ is the pollution discharge coefficient, Z
is the intermediate deliveries of secondary inputs, G is the competitive imports, w is the

discharged waste, and x is the total product.

4 Preliminary application
4.1 Introduction of Yima city

Yima city is a pilot county-level city demonstrating circular economy development in
China. Yima is located in middle China’s Henan Province. The area of Yima is 112 kmz,
with the population of about 150,000. The agriculture is only 2% of GDP, and the service
is only 33%, which means that the economy mainly depends on the industry. There’re

several coal mines in Yima, and the mining industry is the pillar industry, accounting for
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about one third of Yima’s GDP and nearly half of the value added of the industry. The
economic structure is relatively simple and low-level. At the same time, the environmental
problems are serious. The surface water, ground water and air are all heavily polluted.
Large quantities of industrial wastes, including large amount of hazardous wastes are

directly discharged without any treatment every year.

4.2 Compilation of YMPIOT2002

A 3D-PIOT for year 2002 was compiled, which is called YMPIOT2002. YMPIOT2002
comprises 1 main table, 7 sub-tables of biomass, fossil fuels, metal ores, industrial
minerals, construction minerals, semi-manufactured and finished products, and wastes, and

2 supplementary tables of special material flows and water.

Due to the length limits, only the main table (shown in Table 4), supplementary
table of special material flows (shown in Table 5) and water (shown in Table 6) are listed
in this paper, while the sub-tables are not listed. Moreover, due to the space limit, the
wastes are simplified into four columns, with each column denoting one group of wastes,
and the non-competitive imports are simplified into one row, denoting the sum of each
sector. The balancing items here refer to the air for combustion. The weight of wastes

listed in the table including the air for balancing.

The economic system of Yima city are classified into 14 sectors, which are
agriculture, coal mining industry, mineral mining industry, power industry, chrome
chemical industry, grinding material industry, coal gas industry, water supply industry,
other industries, construction, freight transportation, passenger transportation, service and

household.

The emissions and wastes are classified into 4 groups, 19 categories. Emissions to
water include 3 categories, i.e. COD, ammonia nitrogen, and other emissions. Emissions to
air include 5 categories, i.e. SO,, flue dust, industrial dust, CO, and other emissions. Solid
wastes include 7 categories, i.e. hazardous waste, metallurgical slag, fly ash, boiler slag,
coal gangue, mine tailings and other solid waste. The dissipative uses and losses include 4

categories, i.e. fertilizer, pesticide, manure and others.
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Table 4 Main table of YMPIOT2002 (thousand tons)

Intermediate use Final use
Emissions & Wastes Total
A|CM |MM| P |[CC|GM | CG |WS|OI| C |FT|PT| S H | sum |Exports| NAS Output
ew.| ea. s.w. |d.ul.| Sum

A |27] 00 [00]00]00]00]00][00][40] 27 ]00]00]| 1.0/[185]288 | 03 | 00 30| 57 | 95 |86 | 269 | 550

CM | 03| 73 | 09 |575.6| 82 | 33.8 [113.4| 02 |10.1] 5.1 | 04 | 0.8 | 194 | 73.8 | 849.5 [ 3958.6 | 0.5 | 0.1 | 18.1 |248.4| 0.5 | 267.2 |5062.8

MM | 00| 00 | 00 | 00 |00] 00| 00 |00]00 4475/ 00| 00| 00 | 0.0 |4475| 00 | 05 | 0.0 | 2.1 |450| 0.5 | 47.6 | 494.2

P 00| 00 | 00|00 [00] 00| 00/[00][00][20.0[00]00]| 0000|200/ 506 | 00|00 |1309.4]250.6| 0.0 |1560.0| 732.8

cc 00| 00 | 00]00]97]00] 00 00[00]|00]00]00[00]00]| 97 | 152]00]00]9.3]369]|00 1332 99.8

GM [00] 00 | 00|00 ]00]|00]00]00]|00[00]00]00]00]|00]| 00| 650 |00]|00]1225]580]| 00 |180.5|156.8

CG 00| 00 | 0000 00/[00]|00/[00[00]00]/00[00]|00]|144| 144 | 510 | 00 | 08| 844 | 268 | 0.0 | 111.9 | 116.1

Intelr:l’lﬁiate ws 00| 00 | 00| 00]00]|00]00/ 00][00]|00]00|00][00]|00]| 00 ] 00 |00]|00| 05 /|01]|00]| 06/ 02

ol |00| 00 |00/ 000000100 00[00|00]/00][00][03]31] 34| 1.7 |00]|01]256]|47]|00] 304|175

c 00| 00 |00]00/[00]00]00][00[00]00]00[00|00]00]| 00/ 00 |6688]00] 121 |11.5] 0.0 | 23.6 |683.9

FT |00 00 | 00 ] 00 |00] 00|00 [00[00]00[00][00]|00]00]| 00| 00 |05]00]303]01]|00]305] 89

PT | 00| 00 | 00| 00 [00] 00 [ 00]00]00] 00 /[00][00|00]00]| 00/ 00 ]05]00]|55]02]00]| 58/ 23

S 00| 01 | 00|00 [00] 00| 00][00[00]00][00][00]|00]20]21 | 00 |o01/[09]|458 | 68 |00 ] 534|235

H |00| 00 [00]00]00]00]00][00][00]|00]00]00/|00]00] 00 /]| 00 | 1.4/|11.7/2939]381] 22 |3458] 151.2

Sum | 30| 73 | 09 |575.6]18.0( 33.8 [113.4] 0.2 | 14.1|4753| 0.4 | 0.8 | 20.8 | 111.8|1375.4| 4142.4 | 672.2| 16.6 |2052.3| 736.7| 11.9 | 2817.4|7605.1
C.Im. | 95| 00 | 00 |154.8[17.8| 0.0 | 0.0 |[0.0] 0.0 | 0.0 | 0.0 |00 | 2.1 | 249 | 209.1
Primary | NoIm. | 27| 10 | 10 | 25 [640[123.0| 27 | 0.0 [ 3.4 [208.6| 85 | 1.5 | 0.6 | 145 | 433.9
Input DE. [39.8(5054.5/492.3| 0.0 | 00| 0.0 | 0.0 [0.0] 00| 00 | 00|00 00 | 0.0 |5586.6
Sum | 52.0|5055.5(493.3|157.3|81.8|123.0| 2.7 | 0.0 | 3.4 [208.6| 8.5 | 1.5 | 2.7 | 39.4 |6229.6
Total input 55.0|5062.8|494.2732.899.8 | 156.8 | 116.1] 0.2 [ 17.5]683.9| 8.9 | 2.3 | 23.5 | 151.2|7605.1
Additional | BIL | 1.1] 129 | 1.5 [897.7]58.4| 88.7 | 61.2 | 0.4 | 18.0| 85 [22.0| 4.0 | 32.1 |196.0|1206.4
information \\; A (MY)| 24.6 | 297.3 | 15.8 | 63.8 [18.2] 13.9 | 23.9 | 1.0 | 75.6| 89.4 | 68.3 | 45.5|336.9|600.4|1074.3
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Note: A=agriculture, CM=coal mining, MM=mineral mining, P=power, CC=chrome chemical, GM=grinding material, CG=coal gas, W=water supply, Ol=other industries,
C=construction, FT=freight transportation, PT=passenger transportation, S=service, H=household, e.w.=emissions to water, e.a.=emissions to air, s.w.= solid waste,
d.u.l.=dissipative uses and losses, D.E.=domestic extraction, C. Im.= competitive imports, N. Im.= non-competitive imports, B.I.=balancing items, V.A.=value added

Table 5 Supplementary table of special material flows of YMPIOT2002

Intermediate use Final use Total
A|ICM|MM| P |[CCIGM|CG|WS|OI| C |FT|PT| S H | sum | Exports | NAS | products
A 0 0 0 00 0 0 0 O[O0 0| 01]O0 0 0 0 0 0
CM 0 0 0 00 0 0 0 O[O0 0| O0]O 0 0 0 0
MM 0 0 0 00 0 0 0 O] 0|0} O0]O0 0 0 0 0
P(Gwh) 5 1185 2 17 8 [ 130 69 | O 4 | 5 1 0 [ 18] 9 | 452 128 0 580
CcC 0 0 0 0] O 0 0 0 O] O0]O0(O0]|O0 0 0 0 0 0
GM 0 0 0 00 0 0 0 O[O0 0| O0]O 0 0 0 0 0
Intermediate CG 0 0 0 00 0 0 0 O[O0 ] 0[O0/ O0 0 0 0 0 0
Input WS 0 0 0 0] O 0 0 0 O[O0 0[O0/ O 0 0 0 0 0
Ol 0 0 0 010 0 0 0 O] 00| O0]O 0 0 0 0 0
C 0 0 0 010 0 0 0 O[O0 0| 01]O 0 0 0 0 0
FT(Mtkm) | 7 | 39 6 13| 6 9 4 1 |17 18] 1 0 [55] 9 184 0 0 184
PT(Mpkm) (0.2 20| 0.0 {02]02]|0.0[0.1[00]1.0|03]0.1]0.0[2.7]60.9]67.7 0 0 67.7
S 0 0 0 0 0 0 0 O] 0|0} O0]O 0 0 0 0 0
H 0 0 0 00 0 0 0 O[O0 0| 01]O0 0 0 0 0 0

Note: A=agriculture, CM=coal mining, MM=mineral mining, P=power, CC=chrome chemical, GM=grinding material, CG=coal gas, W=water supply, Ol=other industries,
C=construction, FT=freight transportation, PT=passenger transportation, S=service, H=household
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Table 6 Supplementary table of water of YMPIOT2002 (million tons)

Intermediate use Final use Total
AJecm[MmMm] P [ccloM] ¢G [ws|or] ¢ JET[PT] S | H | sum |Exports| NAS |products

A [0.00]0.00]0.00] 0.00 [0.00[0.00] 0.00 [0.00]0.00]0.00]0.00[0.00[0.00][0.00] 0.00 | 0.00 |0.00] 0.00

CM [ 0.000.44]0.00| 0.00 [0.00]0.00] 0.00 [0.00]0.00[0.00/0.00]0.00[0.00[0.00] 0.44 | 0.00 |0.00 0.44
MM | 0.00[0.00]0.00] 0.00 [0.00]0.00] 0.00 [0.00]0.00[0.00]0.00]0.00]0.00[0.00] 0.00 | 0.00 [0.00] 0.00

P ]0.00/0.00]0.00]10.76 [0.00[0.00| 0.00 [0.00]0.00]0.00]0.00]0.00]0.00]0.00] 10.76 | 0.00 [0.00]| 10.76

CC [0.00[0.00]0.00] 0.00 [0.05]0.00] 0.00 [0.00]0.00[0.00]0.00]0.00[0.00[0.00] 0.05 | 0.00 [0.00]| 0.05
GM |0.00]0.000.00] 0.00 [0.00]0.00] 0.00 [0.00]0.00]0.00]0.000.00[0.00[0.00] 0.00 | 0.00 [0.00] 0.00

[ cG [0.00]0.00]0.00] 0.00 [0.00]0.00] 118.53 [0.00]0.00[0.00]0.00]0.00[0.00[0.00] 118.53] 0.00 |0.00|118.53
Inteﬁ‘}’;‘i‘ate WS [0.81(2.47[0.05] 3.34 [0.08]0.00] 1.26 [0.00]0.20[0.15[0.00]0.00]0.50]1.48] 1034 | 0.00 [0.00]| 10.34
OI [0.00[0.00]0.00] 0.00 [0.00[0.00] 0.00 [0.00]0.00]0.000.00{0.00[0.00[0.00] 0.00 | 0.00 |[0.00 0.00

C 10.00]0.00[0.00] 0.00 [0.00]0.00] 0.00 [0.00]0.00]0.00]0.00[0.00]0.00[0.00] 0.00 | 0.00 [0.00] 0.00

FT [0.00]0.00]0.00] 0.00 [0.00[0.00] 0.00 [0.00[0.00]0.00]0.00[0.00[0.00[0.00] 0.00 | 0.00 [0.00] 0.00

PT [0.00|0.00]0.00] 0.00 [0.00][0.00] 0.00 [0.00]0.00]0.00]0.00[0.00[0.00[0.00] 0.00 | 0.00 [0.00] 0.00

S 10.00]0.00]0.00] 0.00 [0.00][0.00] 0.00 [0.00]0.00[0.00]0.00]0.00]0.00[0.00] 0.00 | 0.00 [0.00] 0.00

H [0.00]0.00[0.00] 0.00 [0.00]0.00] 0.00 [0.00]0.00]0.00]0.00[0.00[0.00][0.00] 0.00 | 0.00 |0.00] 0.00
Sum | 0.81[2.91]0.05[14.10[0.13 [0.00] 119.79 [0.00]0.20[0.15[0.00]0.00 [ 0.50 | 1.48 [ 140.12] 0.00 | 0.00 | 140.12

Note: A=agriculture, CM=coal mining, MM=mineral mining, P=power, CC=chrome chemical, GM=grinding material, CG=coal gas, W=water supply, Ol=other industries,
C=construction, FT=freight transportation, PT=passenger transportation, S=service, H=household
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The data were collected mainly from four kinds of sources. The first data source is
the statistic data from statistic bureau of Yima city. The second is the statistic data from
environmental protection bureau of Yima city. The third is the data investigated from the
important corporations in Yima city. The fourth is the data investigated from coal bureau,
water resource bureau, construction bureau and other governmental administrations of

Yima city.

4.3  Analysis and discussion
4.3.1 General structure analysis

In the year of 2002, the total input of Yima city was 7.61 Mt, of which the primary input
and intermediate input were 6.23 Mt and 1.38 Mt respectively. The primary input ratio was
81.9%. Among the primary input, the domestic extraction and the import were 5.59 Mt and
0.65 Mt respectively. The import ratio was low as only 10.4%, which reveals that the
economic growth of Yima city mainly depended on its domestic natural resources.
Furthermore, in the condition of such low import ratio, the high primary input ratio implies

that the industrial chain was short and the economic structure was low-level in Yima city.

In the year of 2002, the total output of Yima city was 7.61 Mt, of which the
intermediate use and final use were 1.38 Mt and 6.23 Mt respectively. Among the final use,
the exports, NAS, and wastes were 4.14 Mt, 0.67 Mt, and 1.42 Mt respectively, with the
ratio of 66: 11: 23. This result reveals that after the use of the economic system, the
primary input mainly became exported goods, and a quite large amount turned into wastes,
while only a small percentage became stocks that remained inside the economic system of

Yima city.

4.3.2 Material structure analysis

The data of amount and percentage of each type of materials are listed in Table 7. The
fossil fuels constituted most of the primary input, exports, wastes and pollutants of Yima
city, with high percentages of 84.2%, 96.7%, 77.4%, and 68.4% respectively. Therefore,
the fossil fuel was the dominant type of material flows in the material metabolism of Yima

city.
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The waste was zero in the primary input, which means that the economic system
of Yima city neither disposed the wastes historically stocked inside it, nor disposed the
wastes outside it. At the same time, only very few wastes were exported. If this situation
continues, there will be more and more wastes in Yima city, which will bring higher risk to

the environment.

Table 7 Material structure data of Yima city in Year of 2002

Amount (thousand tons) Percentage (%)
Primary Exports NAS Wastes Pollutants Primary Exports NAS Wastes Pollutants
Input Input

Biomass 87 0.3 13 73 46 1.4 0.01 2.0 5.2 5.5
Fossil fuels 5,245 4,007 0 1,095 578 | 84.2 96.7 0.0 77.4 68.4
Metal ores 164 80 14 70 70 | 2.6 1.9 2.1 4.9 8.2
Industrial minerals 30 0 0 30 16 0.5 0.0 0.0 2.1 1.9
Construction

) 492 0 448 45 45 7.9 0.0 66.6 3.2 53
minerals
Semi-finished and

. 212 4 177 30 30 34 0.1 26.4 2.1 3.6
finished products
Wastes 0 51 20 72 60 | 0.0 1.2 3.0 5.1 7.1

4.3.3  Sectoral structure analysis

Because Yima city is a small city, its industries are relatively few. Many of the elements of
the first quadrant of YMPIOT2002 are zero, which means that the interrelationship
between industries in Yima was relatively weak. In detail, only some products of coal
mining, power, water supply, coal gas, freight transportation, passenger transportation and
service were provided for domestic use. At the same time, the material inputs of water
supply, freight transportation, passenger transportation and service mainly depended on
imports, the power industry also needed some raw materials imported. The consumer
goods mainly depended on imports, except fuels of household. One third of raw materials
of construction were also imported. For chrome chemical, grinding material, even all the
raw materials except fuels were directly imported, and all the finished goods were directly
exported. Especially, most of the domestically extracted coals, the dominant material type,

were directly exported, while the remains were only simply used as fuels or to produce
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coal gas, without further manufacturing. This also reveals that the industrial chain was too

short.

The main sectoral indicators of material flows are listed in Table 8. According to
these indicators, the coal mining industry was the key sector of the amount and intensity of
the primary input, while it was not the key sector of amount and intensity of wastes and
pollutants. Although the power industry was not the main cause of the large amount and
high intensity of the primary input, it was the key sector of amount and intensity of wastes
and pollutants in Yima city. Altogether, the power industry and the coal mining industry
were the key sectors of material flows in Yima city. These two sectors were both related to
the coal, which accords with the above analysis that the fossil fuel was the dominant type
of material flows in the material metabolism of Yima city. According to more detailed
pollutants data of YMPIOT2002, the chrome chemical industry which discharged large

amount of hazardous wastes should also be paid enough attention to.

Table 8 Sectoral material flow indicators of Yima City in Year 2002

Percentage (%) Intensity (t/KY)
GDP Total Pmnary Wastes Pollutants Total P?lmary Wastes Pollutants
Input 1nput Input  1nput

Agriculture 2.3 0.7 0.8 1.8 2.4 2.2 2.1 1.0 0.9
Coal Mining 277 665 81.1 179 29.0 17.0 17.0 0.9 0.8
Mineral Mining 1.5 6.5 7.9 33 53 313 31.3 2.9 2.9
Power 5.9 9.6 2.5 46.7 39.1 11.5 2.5 10.4 53
Chrome Chemical 1.7 13 1.3 54 6.4 5.6 4.6 4.2 3.0
Grinding Material 1.3 2.1 2.0 6.5 6.8 11.3 8.8 6.6 4.2
Coal Gas 2.2 1.5 0.0 3.6 1.4 4.9 0.1 2.1 0.5
Water Supply 0.1 0.0 0.0 0.1 0.1 1.2 1.0 1.2 1.1
Other Industries 70 0.2 0.1 0.9 0.6 0.2 0.0 0.2 0.1
Construction 8.3 9.0 33 1.1 1.4 7.7 23 0.2 0.1
Freight Transportation | 6.4 0.1 0.1 0.6 0.0 0.1 0.1 0.1 0.003
Passenger Transportation| 4.2 0.0 0.0 0.1 0.0 0.05 0.03 0.04 0.007
Service 314 03 0.0 1.5 1.0 0.07 0.006 0.06 0.03

Household — 2.0 0.7 10.7 6.4 — — — —

4.3.4 Technical level analysis

The structure analysis has identified the power industry and coal mining industry as the
key sector of the material metabolism of Yima city. The technology level of these two

sectors will be further analyzed in this section.
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The power plants in Yima were on small scale, which were from 6 to 30 MW, and
the technology was low-level, which leaded to the low resource productivity and large
amount of pollution discharge. The coal consumption of Yima’s power industry is 1135
g/kWh, which is 2.9 times of the average level in China. Besides, the heat value of coal
was very low, which was also an important cause of the large amount of coal consumption.
All these made the primary input intensity very high, and furthermore the waste intensity

very high.

The main wastes of power industry were fly ash and boiler slag. The percentage
of ash to coal was 30%~40%, which leaded to large amount of fly ash and boiler slag
generated. At the same time, the recycling rate of fly ash and boiler slag was only 24%,
which was very low. Therefore, large amount of fly ash and boiler slag were discharged to
nature. While in the year of 2001, the recycling rate of fly ash and boiler slag in Jiangsu
Province reached 103.8% and 94.7% respectively (DESE(2003)). Therefore, the reduction

potentials of the resource use and pollution discharge of Yima were still very high.

As for the coal mining industry, the comprehensive electricity consumption of
coal producing was 39 kwh/t, which was relatively high. Electricity was one of the main
costs of coal mining, which means that reducing the comprehensive -electricity
consumption can reduce the costs and improve the benefits, so that the primary input
intensity can be lower. Therefore, the potential of reducing primary input intensity of the

coal mining industry of Yima still existed.

The main waste of the coal mining industry was the coal gangue. The coal gangue
generation ratio was 0.067t/t, which was not very high. However, the recycling rate of the
coal gangue was only 26.8%, which leaded to large discharge amount of the coal gangue.
While in the year of 2001, the recycling rate of the coal gangue in Jiangsu province
reached 89.5% (DESE(2003)). Therefore, the potential of reducing pollution discharge of

the coal mining industry of Yima remained high.

4.3.5 Macro comparison

According to YMPIOT2002, the DMI, DMC, DPO, DP and recycling rate were 6.23 Mt,
2.28 Mt, 1.42 Mt, 0.86 Mt, and 2.5% respectively. Divided by the data of GDP and
population, intensity indicators can be derived as follows. The DMI per capita, DMC per
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capita, DPO per capita, DP per capita were 40.5t, 14.8t, 9.2t, 5.6t, respectively. DMI
intensity, DMC intensity, DPO intensity, DP intensity were 5.8 t/KY, 2.1 t/KY, 1.3 t/KY,
0.8 t/KY, respectively.

The Guiyang city, which was also a resource type city, DMI per capita, DP per
capita, DMI intensity, DP intensity and recycling rate were 6.7t, 1.3t, 1.1t/KY, 0.2t/KY,
and 11.0% respectively (Xu et al. (2004)). These indictors, Yima were 6.0 times, 4.2 times,
5.3 times, 3.7 times and 22% of Guiyang respectively. Compared with Guiyang, the
material intensity were higher while the recycling rate is lower in Yima, which reveals that

the resource productivity of Yima was lower.

4.3.6 Scenario analysis

In order to complete the industrial transformation and establish a circular economy in
Yima, at least the following three measures can be taken. The first one is to optimize and
upgrade the economic structure, among which developing high value-added industries,
extending the industrial chain are good choices. Since the fossil fuel (mainly coal) was
identified as the dominant material type, the emphasis of such efforts could be laid on the
coal. The second one is to improve the technology and equipment. The power industry and
coal mining industry were identified as the key sectors of current material metabolism in
Yima, the technology and equipment improvement should be focused on these two sectors
to improve the resource productivity. The newly established industries should also adopt
advanced and appropriate technologies. The third one is to improve the recycling rate.
Efforts can be made to establish some new industries which use the recycled wastes as raw
materials, such as construction material industry which can reduce fly ash and boiler slag.
In this way, the wastes can be remarkably reduced, while more economic outputs can be

produced.

The goal of economic growth has been set by the government of Yima city. Three
scenarios were designed to help forming the plan of circular economy development in
Yima city, which can reduce the pressure on natural resource and environment while reach
the goal of economic growth. All the three scenarios require production enlargement, but
in different ways. The first scenario is business as usual, that is keeping the industries,
products, techniques and recycling rates the same as those in year 2002. The second

scenario is half improvement, keeping the industries and products almost the same as those
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in year 2002, while improving the techniques and recycling rates remarkably. The third
scenario is full improvement, that is not only improving the techniques and recycling rates
greatly, but also upgrading the economic structure and extending the industrial chains. Due

to the length limit, the scenarios cannot be discussed in detail in this paper.

5 Conclusions

A regional metabolism analysis model based on three dimensional PIOT was developed to
meet the demand of developing circular economy and provide a tool for decision making
and policy analysis. There’re four major features in the design of the 3D-PIOT. The first is
that it consists of a main input-output table, a series of sub-tables and supplementary tables,
in which the structure of main table and sub-tables are the same, while that of
supplementary tables are a little different. The second is that the material flows are
measured in mixed units, which records all the material flows measured in mass unit and
non-mass units. The third is the treatment of waste. A sub-table is specially designed to
record all the recycled waste flows, which describes the generation, reuse, disposal, recycle
and discharge of the recycled wastes. The fourth is that the consumptions, including
government and household, are regarded as sectors of intermediate use. This makes the
system boundary clearer, while physical input-output analysis model can still be further

developed based on such design.

On the basis of the three dimensional PIOT, some indicators of material flows
were developed to assess the regional metabolism. Based on the planning table derived
from 3D-PIOT, planning model can be further developed, which can be used to make plan

for the future development of regional metabolism.

Yima city was chosen for the first application of the model. A 3D-PIOT called
YMPIOT2002 was compiled, and the economic growth style and material metabolism of
Yima city was analyzed and discussed preliminarily. The analysis based on YMPIOT2002
reveals that the economic growth style in Yima was a linear one of “natural resource—
products—waste”, and the resource productivity of Yima was very low. The low-level
economic structure and the backward technology and equipment of Yima were the main
reasons of such a linear economy and low resource productivity, which calls for the
circular economy of “natural resource—products—waste/recovered resource”, aiming at

less material input, more economic output, and less pollution discharge. Moreover, three
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scenarios representing different economic growth styles were made, which helps to plan

the future material metabolism in Yima.

At the same time, the application of the regional analysis model to Yima city is
only a preliminary one, further analysis can be done, e.g. the analysis of some specific
pollutants such as SO,, COD, etc. Besides, the economic structure is not very complex in
Yima, the model could be applied to some other economic systems with more complex

structures and more complete industrial systems in the future work.

Acknowledgements

The authors acknowledge funding by Specialized Research Fund for the Doctoral
Program of Higher Education (SRFDP), project Number 20050003039. The authors are
also grateful to Prof. Yuichi Moriguchi, Prof. Helga Weisz and Prof. Marina Fischer-

Kowalski for their sincere help.

References

Ayres, R.U. & Kneese, A.V. (1969) Production, consumption and externalities, American
Economic Review, 59, pp. 282-297.

Dietzenbacher, E. (2005) Waste treatment in physical input-output analysis, Ecological
Economics, 55, pp. 11-23.

DESE (Dept. of Environmental science and engineering, Tsinghua University) (2003)
Material input and output of industrial system in Jiangsu Province (Beijing, Tsinghua
University) (in Chinese).

Eurostat (2001) Economy-wide material flow accounts and derived indicators: a
methodological guide (Luxembourg, Office for Official Publications of the European
Communities).

Fischer-Kowalski, M. (1998) Society's metabolism: The intellectual history of materials
flow analysis. Part I, 1860-1970, Journal of Industrial Ecology, 2, pp. 61-78.

Fischer-Kowalski, M. & Hiittler, W. (1998) Society's metabolism: The intellectual history
of materials flow analysis. Part II, 1970-1998, Journal of Industrial Ecology, 2, pp. 107-
136.

Giljum, S. & Hubacek, K. (2001) International trade, material flows and land use:
developing a physical trade balance for the European Union. Interim Report IR-01-
05911ASA (Laxenburg).

IIOMMEOS8 Seville - July, 9-11 2008



Regional metabolism analysis model based on three 29
dimensional PIOT and its preliminary application

Hoekstra, R. & van den Bergh, J. (2006) Constructing physical input-output tables for
environmental modeling and accounting: Framework and illustrations, Ecological
Economics, 59, pp. 375-393.

Katterl, A. & Kratena, K. (1990) Reale Input-Output Tabelle und 6kologischer
Kreislauf (Heidelberg, Physica-Verlag).

Konijn, P.J.A., de Boer, S. & van Dalen, J. (1995) Material Flows and Input-Output
Analysis: Methodological Description and Empirical Results. Notanr: 006-95-
EIN.PNR/int BPA-nr: 698-95-EIN. PNR/int. (The Netherlands, Sector National
Accounts, Statistics Netherlands).

Konijn, P.J.A., de Boer, S. & van Dalen, J. (1997) Input-output analysis of material flows
with application to iron, steel and zinc. Structural Change and Economic Dynamics, 8,
pp. 129-153.

Mienpédd, 1. & Muukkonen, J. (2001) Physical input-output in Finland: methods,
preliminary results and tasks ahead, Paper presented at Workshop on Economic Growth,
Material Flows and Environmental Pressure, Stockholm, Sweden.

Maienpad, 1. (2002) Physical input-output tables of Finland 1995—solutions to some basic
methodological problems. Paper presented at the Fourteenth International Conference on
Input-Output Techniques, Montréal.

Moriguchi, Y. (2003) Recent experiences in national numerical targeting of material flow
indicators and methodological progress to better meet the policy demands. Plenary
presentation at “Quo Vadis MFA ?” ConAccount at Wuppertal, Germany.

Nakamura, S., Nakajima, K., Kondo, Y., et al. (2007) The waste input-output approach to
materials flow analysis, Journal of Industrial Ecology, 11, pp. 50-63.

Nebbia, G. (2000) Contabilita monetaria e contabilita ambientale, Estratto da ""Economia
Pubblica™, 6, pp. 5-33.

Pedersen, O.G. (1999) Physical input-output tables for Denmark. Products and
materials 1990. Air Emissions 1990-92. (Kopenhagen, Statistics Denmark).

Stahmer, C., Kuhn, M. & Braun, N. (1997) Physische Input-Output Tabellen (PIOT)
1990 (Wiesbaden, Statistisches Bundesamt).

Statistisches Bundesamt (2001) Endbericht zum Projekt ™A Physical Input-Output
Table for Germany 1995" (Wiesbaden, Statistisches Bundesamt).

Weisz, H. & Duchin, F. (2006) Physical and monetary input-output analysis: What makes
the difference? Ecological Economics, 57, pp. 534-541.

Xu, Y., Zhang, T., Shi, L., et al. (2004) Material flow analysis in Guiyang. Journal of -
Tsinghua University (science and technology), 44, pp. 1688-1691,1699 (in Chinese).

IIOMMEOS8 Seville - July, 9-11 2008



