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Abstract

The Leontief input-output model has been applied for macro environmental analysis since 1970, and life cycle analysis has been used in industrial design over the last decade. This paper presents two extended environmental input-output models for life cycle analysis in pollutant abatement and towards resource recycling. It is demonstrated that the suggested models are systematic tools that can be used for integrated environmental analysis and planning.
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Environmental Input-Output Models for Life-Cycle Analysis

I Introduction

Input-output analysis is not only a powerful tool for economic study, but also a useful instrument for environmental analysis (Leontief, 1970; 1986; Miller and Blair, 1985). Also Life Cycle Analysis (LCA) has been widely adopted in industrial process design during the last decade, particularly since the ISO 14000 series was issued (Bras, 1997). While there have been some attempts to make use of input-output analysis in studying product life cycles (Hendrickson et al. 1998), so far LCA has not been linked with macro economic analysis. In fact, the complexity of the LCA method has made it difficult to apply even at an industrial level (Borland et al., 1998). On the other hand, impact avoidance through pollutant treatment and resource recycling embodied in the production process has not been taken into account in normal environmental input-output analysis (Perrings, 1991), even in the United Nations’ SEEA framework (United Nations, 1993; Uno, 1995). An environmental input-output model with the consideration of impact avoidance, therefore, is urgently needed both for macro economic analysis and micro industrial design.

As a theoretical basis, we first present the classical environmental input-output model (EIO) (see Table I):

{insert Table I}

Define 
direct input coefficient: 
aij = Xij / Xj

(i, j = 1, … , n)



direct pollutant coefficient 
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    (i=1,…,m; j=1,…,n)

Thus, PX is the matrix of pollutants generated by intermediate industrial activity, and R is the vector of pollutants generated in the final demand sectors.  Then the matrix equations follow:

AX + Y = X







(1.1)

PX + R = Q







(1.2)

i.e.: 
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X = (I – A)-1Y







(1.3)

Q = P(I – A)-1Y + R 





  
(1.4) 

We define the total pollutant coefficient, wij, as follows:
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which in matrix form can be expressed as:


W = P + PA +PA2 + …
     

 = P(I – A)-1
 







(1.5)
Therefore, the total pollutant coefficient matrix in this model is just the direct pollutant coefficient matrix multiplied by the Leontief Inverse.

The structural decomposition of the change of the total pollutant coefficient is:
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(1.6)

which means that the change in the total pollutant coefficient is determined by both the direct technology change related to pollutant reduction [image: image4.wmf]P

D

 and the industrial structure change [image: image5.wmf](
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. Therefore, we expect that effective pollution control planning should combine pollutant reduction technology innovation with shifts in industrial structure.

The change of total pollutants, therefore, is:
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Suppose 
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(1.7)

which means that if we want to reduce total pollution, the alternatives rely on:

· Combining pollutant reduction technology innovation and industrial structure shift to decrease the total pollutant coefficient W, and/or

· Changing the life style, such as from sedan to mass transportation, to cut the pollution issued by the final demands.

II Environmental Input-Output Model for Pollutant Abatement

Pollutant abatement is an important criterion in life cycle analysis. Here we examine the effect of including specific pollutant abatement industries in the EIO for each of the pollutants generated by industry. By incorporating the pollutant abatement sector (PAS) into the EIO, an environmental input-output model for pollutant abatement follows (see Table II):

{insert Table II}

Define: Industry direct input coefficient: 
aij = Xij / Xj
(i, j = 1, … , n)


Industry direct pollutant coefficient: 
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PAS direct input coefficient:
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(i=1,…,n; j=1,…,m)


PAS pollutant reduction coefficient:
fij ​=[image: image11.wmf]j
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(i, j = 1, … , m)

Here we have assumed that each Pij is the same as that in the basic EIO, and that Fij is amount by which pollutant i is reduced by the pollutant abatement sector j. The sum of (PX –FS) will be less than or equal to PX from the basic EIO, reflecting the effect of the PAS on reducing the total pollutant emissions to the environment.  The matrix equations are as follows:

AX + ES + Y = X







(2.1)

PX - FS + R = Q







(2.2)

We define the environment protection level coefficient: 
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  (i = 1, …, m)

which is just the money required by the PAS for abatement of unit pollutant i. Then we have
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In combined matrix form: 
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Expanding out the resulting inverse, we have:

We define the matrices
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where U represents the effect of including pollutant abatement industries on reducing the pollutant emissions from the industrial sector, and W is the new total pollutant coefficient matrix modified by the effect of including the pollutant abatement sector in the model. Then we have

Consider now the structural decomposition of the change in W:
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thus, the change in total pollutants emitted per unit industrial activity is determined by the PAS effect (the amount of industrial pollution directed to the PAS and the effectiveness of the PAS in treating that pollution) U, the direct pollutant reduction from the main industrial sectors independent of the PAS [image: image16.wmf]P
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Accordingly, the change of total pollutants is:
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i.e. there is no loss of economic welfare and the PAS effect is stable, then:
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(2.8)

which also means that the total pollutant coefficient and/or the pollution issued by the final demands must be decreased if we want to reduce the total pollutant emission.

III Environmental Input-Output Model for Resource Recycling

Another basic goal of life cycle analysis is to evaluate the potential for recycling of resources made available at the end of a product’s lifetime. Particularly in mature urban regions, considerable quantities of resources are accumulated in the urban infrastructure as well as in durable goods such as cars, machinery and appliances (Fehringer and Brunner, 1997; Brunner and Lahner, 1993). The general recycling process of these embodied resources, taking steel embodied in car as an example, follows:

· Input virgin steel as well as recycled steel in car production;

· Car, as one of the durable goods, is used by customer in its lifetime, say 10 years;

· Car, after its lifetime, is broken down by garage and other resource recycling sectors for retrieving the embodied steel; and,

· The recycled steel is again input in car production or other industries.

We propose an EIO based process above to evaluate the feasibility of extracting, refining and reusing the materials contained in these durable products at the end of their lifetimes. We add to the EIO framework a stock vector of resource material accumulated in the urban infrastructure. This stock is increased each year by converting the total industrial output to durable commodities using an allocation matrix. The return flow of recycled/ recovered materials made available to the intermediate demand by recycling industries can be calculated from the infrastructure stock using a set of time constants for the rate of turnover, i.e. the average lifetime, of each of the commodities being tracked. 

We propose the following reformulation of the standard EIO table to handle the accumulation of durable commodities into an infrastructure, turnover of that material back to the industrial sector, transformation by the resource recycling sectors (RES) to valued materials and allocation to the intermediate demand (see Table III)

{insert Table III}

Suppose there are n kinds of virgin inputs, m kinds of recycled inputs, and k kinds of durable goods. Without loss of generality, let n>m>k.
Define 
direct input coefficient considering RES:
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input coefficient of RES:
eij = Eij / Sj                (i=1,…,n; j=1,…,m)



allocation matrix 
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distribution coefficient of recycled resource i input to industry sector j:
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embodied coefficient of recycled resource i in unit flow of durable goods j:
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and,

annual conversion ratio from stock to flow of durable goods i: [image: image28.wmf]i
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time span of total conversion from stock to flow of durable goods i: di, i.e.:
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suppose that all recycled resources are input to the correspondent industrial sectors annually, and also suppose that the above coefficients and ratios are constant over time, then the quasi-dynamic model in matrix form follows:

 Industrial production     
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(3.1)

Stock accumulation of resources 
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(3.2)

Conversion from stock to flow
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(3.3)

Resources available for recycling
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(3.4)

Distribution of recycled resources
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(3.5)

here 
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Define the resource recycling level coefficient: 
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This coefficient indicates how much money is required for the recycling treatment of one unit of recycled resource i, then we have
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Now we show how AE and 
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can be obtained from the original direct input coefficient: 

Define 
the original input (without resource recycling): 
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Since
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let 
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combining equation (3.10)~(3.13), and after an iterative process, i.e.:
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the value can be converged to 
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Thus the quasi-dynamic EIO for resource recycling can be run in the following way:
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Therefore, if the final demands Yt and the stocks of recyclable resources at start year Z0 are known, the total outputs [image: image55.wmf]E

t

X
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IV Application

Based upon above environmental input-output models for life cycle analysis, we can obtain the following important coefficients and results:

· the direct pollutant coefficient 
pij = Pij / Xj ;

· the PAS modified total pollutant coefficient [image: image57.wmf][image: image58.wmf]1
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; 

· the total output X and total pollutant emission Q determined by final demand Y and final pollutant emission R via equations (2.3) and (2.4); and,

· the total recycled resource Gt and total output [image: image59.wmf]E
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 determined by equations (3.6)~(3.13).

Through these coefficients and results, policy decision aids can be achieved as follows:

1.  Identification of key sectors for pollutant reduction.

There are many criteria for key sector identification (Pan, 1992). For pollutant abatement, we can propose the following pollutant multiplier: 
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and then identify the sectors for which the multiplier is largest or alternatively which sectors are greater than average for treatment of a certain pollutant i, i.e.:
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2. Alternatives for pollutant coefficient change.

Once the key pollutant sectors are identified, from the decomposition of the change in the total pollutant coefficient given in equation (2.7):
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we can weigh the effectiveness of alternatives between the use or improvement of pollutant abatement technologies U, direct reduction of pollutant generation in the industrial sectors [image: image61.wmf]P
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 to improve environment protection.

3. Time series planning for resource recycling

Once the final demands Y​t for each year and the stocks of recyclable resources at start year Z0 are settled, the total outputs X and total recycled resources G in following years (t=1,2, …, T) can be determined. The resultant time series can help decision makers to evaluate whether the resource recycling planning is feasible or not, and then select proper alternatives to modify previous planning.

V Conclusion

Neither the traditional environmental input-output models nor the standard life cycle analysis processes can link macro economic relations with micro industry design, though such linkage is indispensable for effective and efficient policy making of industrial process design at scales larger than a single enterprise. Here, we have presented two environmental input-output models that examine different aspects of life cycle analysis. The first model focuses on impact avoidance. This model is an excellent general framework to integrate macro and micro economic and ecological issues from the viewpoint of planning for pollution abatement industries. The second model considers the fate of materials accumulated in the urban infrastructure by adding an infrastructure stock matrix and linking the turnover of that stock to the intermediate demand though a resource recycling industry sector. By including consideration of stock accumulation as well as flows in the input-output framework, we have constructed an EIO framework that can address the issue of material circulation in industrial sectors which will become a pressing concern as natural resources become depleted and urban infrastructures begin to turnover. 

It should be pointed out here, however, that the linear characteristics of input-output framework limits the dynamics of above models. Not only the input coefficients are generally nonlinear, but also the pollutant abatement coefficients and resource recycling coefficients are normally time-varied. For example, the marginal cost of pollutant abatement may increase as the levels of pollution abatement rise, whereas on the other hand the technological progress can shift the marginal cost curve downwards. The nonlinear dynamic models incorporated with marginal cost benefit approach, therefore, are the directions for further research.

We also note that in most countries, regions and industries, the environment statistical data is too limited or unreliable to do robust empirical studies. Therefore, a major future priority is to collect necessary data by sampling or some form of hybrid procedure, and then to do a case study for model comparison and evaluation.
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� Suppose the second item can be omitted.


� Suppose the second and third items can be omitted.


� The methods of calculation for �is shown in equation (3.11)~(3.13).


� For example, assuming that a car is normally used for 10 years, we have d = 10 and�= 0.1.


� The mathematical convergence is easily proven: if � EMBED Equation.2  ���is smaller than � EMBED Equation.3  ���, then AE0 will be large, thus making� EMBED Equation.2  ��� will large; if � EMBED Equation.2  ���is greater than � EMBED Equation.3  ���, then AE1 will be small, thus making� EMBED Equation.2  ��� will small; … finally � EMBED Equation.3  ��� can be converged to � EMBED Equation.3  ���.
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Table I Basic Environmental Input-Output Model


�
Intermediate Demands�
Final Demands & Pollutants�
Total Outputs & Pollutants�
�
�
1     …     n�
�
�
�
Intermediate Inputs�
1 … n�
[X�ij]�
[Yi]�
[Xi]�
�
Primary Inputs�
�
[Vj]�
�
�
�
Total Inputs�
�
[Xj]�
�
�
�
Pollutants�
1 … m�
[�]�
[Ri]�
[Qi]�
�



�



















































Table II Environmental Input-Output Model for Pollutant Abatement


�
Intermediate Demands�
Final Demands & Pollutants�
Total Outputs & Pollutants�
�
�
Industrial Sector


 1   …    n�
Pollutant Abatement Sector


 1      …       m�
�
�
�
Intermediate Inputs�
1


…


n�
[X�ij]�
[�]�
[Yi]�
[Xi]�
�
Primary Inputs�
�
VI�
VP�
�
�
�
Total Inputs�
�
[Xj]�
[Sj]�
�
�
�
Pollutants�
1


…


m�
[�]�
- [�]�
[Ri]�
[Qi]�
�






�













































Table III Environmental Input-Output Model for Resource Recycling


�
Intermediate Demands�
Final Demands �
Total Outputs & Recycled Resources�
�
�
Industrial Sector


 1   …   n�
Resource Recycling Sector


 1      …        m�
�
�
�
Virgin Inputs�
1


…


n�
[�]�
[�]�
[Yi]�
[�]�
�
Recycled Inputs�
1…m�
[Hij]�
�
�
[Gi]�
�
Primary Inputs�
�
VI�
VR�
�
�
�
Total Inputs�
�
[Xj]�
[Sj]�
�
�
�
Flows of Durable Goods�
1…k�
�
�
�
[Li]�
�
Stocks of Durable Goods�
1


…


k�
�
�
�
[Zi]�
�
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