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Technical Change Adjusted for Production of Bad Outputs in Input-Output Models

Abstract
Leontief (1970) was the first paper to incorporate production of undesirable by-products into an input-output framework.  His model included the joint production of good outputs and gross bad output, along with a pollution abatement sector where inputs assigned to pollution abatement are used to reduce bad output production (i.e., emissions).  Prieto and Zofío (2007) incorporated input-output tables into an activity analysis model when undesirable bad outputs are ignored.  In this paper, we extend the Prieto and  Zofío model to include the production of bad outputs.

JEL Codes; C67 (Input-Output), C61 (Programming Models)

Keywords: Input-output, Activity analysis, Bad Outputs

I. Introduction
Leontief (1970) was the first paper to incorporate production of undesirable by-products into an input-output framework.  His model included the joint production of good outputs and bad outputs, along with a pollution abatement sector where inputs assigned to pollution abatement are used to reduce bad output production.  tenRaa (1995) extended the traditional input-output framework with no bad output production to calculate macroeconomic technical inefficiency. Böhm and Luptáčik (2006 and 2010) extended tenRaa’s framework to calculate technical inefficiency in the presence of a constraint on bad output production (i.e., emissions of air pollutants). In their model, inefficiency is determined by the extent to which it is possible to proportionally contact primary input (i.e., capital and labor) use while maintaining the original final demand vector or  proportionally expanding the final demand vector with the original level of primary inputs.
   
With data from a single input-output table, each sector in the above models has a single production process at its disposal. As a result, a joint production input-output model assumes bad output production is produced in fixed proportions with good output production.  As a result, the only abatement strategy is a proportional reduction in good and bad output production. By introducing more than one production process, it is possible to specify a joint production technology for each input-output sector that consists of a piece-wise linear combination of production processes.  One consequence of allowing more than one production process to be available to a sector, is that the opportunity cost of reducing bad output production will be lower than the cost found by a traditional one production process input-output model.    

In the initial effort to allow input-output sectors to have access to more than one production process, Prieto and Zofío (2007) incorporated input-output tables into an activity analysis model that calculates the technical efficiency. They operationalized their model with input-output tables from a set of OECD countries. In addition, Zofío and Prieto (2001) proposed an extension of their model to calculate technical change, which requires input-output tables from more than one year.  

Because the models specified by Prieto and Zofío exclude bad output production, they depict an unregulated technology in which bad output production is ignored.  In other words, producers are allowed to freely dispose of the undesirable byproducts (i.e., the bad outputs) of their production activity.  However, modeling the consequences of pollution abatement requires specifying the regulated production technology in which bad output production is formally incorporated into the production technology.

We propose to augment the Prieto and Zofío model by introducing bad outputs into the specification of an input-output activity analysis model. This allows us to calculate adjusted measures of productivity change, technical change, and changes in technical efficiency in which an economy is credited for proportionally expanding marketed good outputs and contracting bad outputs (see Chung, Färe, and Grosskopf, 1997).  

The remainder of this study is organized in the following manner.  Section II introduces our extension of the Prieto and Zofío (2007) model by introducing the production of undesirable byproducts into an input-output activity analysis based model. Section III outlines the Malmquist-Luenberger Productivity Index used to calculate  productivity change, technical change, and the change in technical efficiency for an entire economy in which the economy is credited for simultaneously expanding good output production and contracting bad output production. Section IV discusses the data and empirical results, while in Section V we summarize our findings.
 
II. Input-Output Activity Analysis Model

Pollution abatement requires assigning inputs, which would otherwise be employed in producing good outputs, to pollution abatement. The output of pollution abatement is reduced bad output production (i.e., the undesirable byproducts of economic activity). Two strategies to model the cost of pollution abatement activities have emerged.  The first approach requires information on the quantity of inputs assigned to pollution abatement and the quantity of inputs assigned to good output production. Starting with Leontief (1970), environmental input-output models typically assume it is possible to identify which inputs are assigned to pollution abatement and assign those inputs to a separate sector with names such as the “anti-pollution” sector (Leontief, 1970), the “environmental protection services” sector (Schäfer and Stahmer, 1989), or the “purification” sector (Idenburg and Steenge, 1991). We refer to these models as “assigned input” models.  In the assigned input model, pollution abatement costs can be identified by either (1) the cost of inputs assigned to pollution abatement or (2) the reduced good output production that results from assigning inputs to pollution abatement.  
An alternative to the assigned input model requires modeling the “joint production” of good and bad outputs.  In this model, the foregone good output production associated with moving inputs from good output production to pollution abatement constitutes the opportunity cost of pollution abatement. Unlike the assigned input model, the joint production model requires no information about the assignment of inputs to pollution abatement and good output production.  As a result, the production technology that transforms inputs into good and bad outputs is treated as “black box.”

Because national income accounts do not assigned prices to bad outputs, assigning inputs to pollution abatement results in a drag on traditional measures of productivity that focus exclusively on good output production. In order to obtain a more accurate picture of the consequences of pollution abatement, it is necessary to consider both the cost (i.e., reduced good output production resulting from the assignment of inputs to pollution abatement) and the benefits (i.e., reduced bad output production).  One strategy for determining the adjusted productivity of an economy is credit a producer for simultaneously expanding good output production and contracting bad output production. Chung, Färe, and Grosskopf (1997) proposed a joint production model to calculate adjusted productivity in the presence of bad output production.

Denote exogenous inputs by x = (x1, ..., xN) 
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 good/desirable outputs by y = (y1, ..., yM) 
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and bad or undesirable outputs by b= (b1, ..., bJ) 
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.  In our case, the good output is gross national expenditure (million of 1980 krone), while the bad output is SO2.

The technology is modeled by its output sets


P(x) = {(y, b): x can produce (y, b)}, x 
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Hence, for any input vector x, the output set P(x) consists of all combinations of good and bad outputs (y, b) that can be produced by that input vector.  We assume (1) satisfies the standard properties of a technology including P(0) = {0}, P(x) is compact, and exogenous inputs are strongly disposable. See Färe and Primont (1995) for a discussion.  In addition, we assume outputs are nulljoint
 and weakly disposable.
 Null-jointness imposes the condition that no good output can be produced unless some of the bad output is also produced.  
Imposing weak disposability allows for the simultaneous reduction of good and bad outputs. This allows us to avoid the problem of explicitly modeling abatement activities, which requires assigning inputs to good output production and pollution abatement.

Finally, we assume the good output can be reduced without reducing the production of bad outputs. Hence, the good outputs are freely disposable, i.e.,

(y,b) 
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 P(x) and  [image: image7.png]


  ≤ y, implies ([image: image9.png]


,b) 
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 P(x).
Combining this assumption and null-jointness allows us to model good (freely disposable) and bad (not freely disposable) outputs asymmetrically.

A drawback to employing the joint production model with aggregate (i.e., country-level) data is that it treats the sector-level transformation of inputs into good and bad outputs as a black box.  In order to investigate the consequences of ignoring the transformation process, we specify a network technology of subtechnologies (see Färe and Grosskopf 1996a and 1996b, and Prieto and Zofío 2007).  The network technology looks inside the black box (of the economy) consisting of a set of joint production subtechnologies (i.e., each sector represents a subtechnology of the economy) or subprocesses.  These joint production subtechnologies are connected in a network (i.e., an input-output table) that forms the joint production frontier for the economy.  While the proposed network model continues to rely on sector-level joint production models, the network model allows us to view the transformation process of sector-level good and bad outputs into good and bad outputs produced by the entire economy.

Effectively, our proposed model treats bad output production for an economy as a network activity analysis or data envelopment analysis (DEA) model (see Hua and Bien (2008) and Färe, Grosskopf, and Pasurka 2011). The DEA model has an advantage over input-output models in that it incorporates multiple production processes (i.e., processes with different good output – bad output mixes). Hence, the network model allows us to incorporate the input-output framework into a DEA model that accounts for the interaction among sectors of the sector within the DEA framework.  


In order to investigate the consequences of ignoring the transformation process, we introduce a network technology of subtechnologies (see Färe and Grosskopf 1996a and 1996b).  The network technology looks inside the black box consisting of a set of subtechnologies or subprocesses.  These subtechnologies are connected in a network that forms the joint production frontier or reference technology.  Hence, the network technology requires information associated with all subtechnologies. 

The subtechnology for sector i resembles the original joint production technology with several modifications to account for the network specification:
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The first line indicates that sector i produces good and bad outputs and the good output can be used (1) to satisfy intermediate input demand, (2) to satisfy domestic final demand, or (3) be exported.  The second line states that the best practice frontier produce more of the good output than the observed good output of sector i in period t, while the third line states the best practice frontier produces less of the bad output than the observed bad output of sector i in period t. The fourth, fifth, and sixth lines state that the best practice frontier for sector i uses no more intermediate inputs, capital, and labor than sector i used in period t. The final line constrains the intensity variables to be non-negative.  
The next step is specifying the network joint production possibility set.  
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The last three lines impose economy-wide constraints on the capital stock, labor supply and the trade balance.

We propose to calculate adjusted productivity by specifying the network production technology as an activity analysis model.  We formulate linear programming (LP) representations of the regulated and unregulated production technologies. In addition to requiring information about the assignment of inputs to each subtechnology, the regulated network model also requires information about the quantity of good and bad outputs produced by each subtechnology.
 The following equation (X) specifies a directional distance network technology, 
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, for the entire economy in period t′ that generates one good output (good national expenditure) and one bad output: 

[image: image15.png]Max 6

st
G.1) L, fdf, + 3L, = (1+0)(fd +fm?)
(B.1) Zia bl = (1-8)b"
(0.1) ST,z B fa,
(0.2) ST, zffm = o,
(0.3) Iz} < b
(0.49) STzt = A
(0.5) Thozd; = d
(0.6)  ZI(yzd +fdf+ed) =z T dj o e
an TL,zd < a
a2 Tz < m
@3) P < <
(] P < L.
(L5) TLCL < T
(L6) T < r
(T.1) Zhmef - @l +Ihizm) 2 ¥
(s.1) Thazd = ZEazd;

z = 0

A = []

2t




where z
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 are the intensity variables for the subtechnology for sector i of period t. An (*) in the subscript indicates a variable.  
Summary of constraints in LP problem

G.1 = gross national expenditure (i.e., domestic absorption, which serves as our value for good output)

B.1 = aggregate bad output production

O.1 = Gross national expenditure (domestically produced), fd – value on right-hand sign may exceed observed value
O.2 = Gross national expenditure (imported), fm – value on right-hand sign may exceed observed value

O.3 = Bad output production by sector i, bi – value on right-hand sign may exceed observed value

O.4 = Exports from sector i, ei  – value on right-hand sign may exceed observed value
O.5 = Domestic production of output purchased for use as intermediate inputs, dij  – value on right-hand side may exceed observed value
O.6 = Combined uses of output of sector i (intermediate input, gross national expenditure, and exports)

I.1 = Use of domestically produced intermediate inputs, dij
I.2 = Use of imported intermediate inputs, mij 

I.3 = Capital constraint for sector j, Cj
I.4 = Labor constraint for sector j, Lj
I.5 = Aggregate capital constraint, 
[image: image17.wmf]C


I.6 = Aggregate labor constraint, 
[image: image18.wmf]L


T.1 = Trade balance constraint, TB
S.1  = Symmetry constraint

The intuition of the model is straightforward.  For the regulated network technology, the LP programming problem seeks to maximize the equi-proportional expansion of gross national expenditure (formerly domestic absorption) and contraction of the aggregate production of the bad output (i.e., the undesirable by-product of economic activity in the society).
  Hence, the LP problem seeks to maximize θ which maximizes the simultaneous expansion of good output production (via constraint G.1) and contraction of bad output production (via constraint B.1).  Next, two sets of constraints are specified in the LP program. The first set, which consists of constraints (O.1) – (O.6), is associated with the use of outputs produced by each subtechnology (i.e, input-output sector), while the second set, which consist of constraints (I.1) – (I.6), specifies the production technology for each subtechnology.  Constraints (I.1) and (I.2) are associated with domestically produced intermediate inputs and imported intermediate inputs, respectively. Constraints (I.3 – I.6) allocate the exogenous inputs (i.e., capital and labor) to the subtechnologies in the economy.  Constraint (T.1) forces the trade balance to equal or exceed the observed trade balance of the k′ observation.  Finally, constraint (S.1) imposes symmetry on the input-output coefficients. 

The unregulated network technology excludes constraints (B.1) and (O.3).  Hence, the goal of the unregulated production technology is to maximize the expansion of gross national expenditure, while ignoring bad output production.
The next step is incorporating the directional distance function network model into a Malmquist-Luenberger Productivity Index.
III. Malmquist-Luenberger Productivity Index

Next, we use the activity analysis representations of the production technologies to calculate productivity change, technical change, and the change in technical efficiency.     
If g = (gy,-gy) is a directional vector that credits a producer for simultaneously expanding good output production and contracting bad output production, then the directional distance function is 
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The directional distance function  [image: image20.png]Di(xt,y5,b*) = 0



 and equals zero when an observation vector (yt, bt) is on the frontier (i.e., the observation is technically efficient). The production frontier is shown in Figure 1. The line segment AB in Figure 1 depicts the directional distance function in which the good and bad outputs are treat asymmetrically (i.e., good output production is expanded while bad output production contracts).  Line segment AC depicts the case when the good and bad output are treated symmetrically (i.e., good and bad output production expand).    

We define the Malmquist-Luenberger (ML) productivity index with period t+1 reference technology for gy = yt and -gy = -bt as:
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The ML index of productivity change is decomposed into the technical change component ([image: image23.png]MLTECH®*!



) and its change in technical efficiency component ([image: image25.png]MLEFFCH:*!
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Both of the components of the ML productivity index can be specified in terms of directional distance functions: 
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and
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respectively.


If xt = xt+1, yt = yt+1, and bt = bt+1 (i.e., no changes in exogenous inputs or outputs), there is no change in productivity, i.e., ML
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Shifts of the production frontier that increase good output production and decreases in bad output production result in MLTECH
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 < 1 indicates an inward shift of the frontier (i.e., technical regress).  MLEFFCH
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, which measures the change in output efficiency between two periods, is the ratio of “how close” an observation is to its  regulated frontier, measured in terms of the proportional increase in good output production and decrease in bad output production.  If MLEFFCH
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> 1, the observation is closer to the frontier in period t+1 than in period t. If MLEFFCH
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 = 1, the observation is the same distance from the frontier.  Finally, if MLEFFCH
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 < 1, the observation is further from the frontier.  In this case, the technical efficiency of the observation decreases because the observation is “falling behind” over time.
IV. Data and Results

A time series of input-output tables linked to production of undesirable by-products has been developed by Statistics Denmark.  Jensen and Pedersen (1998) report input-output tables augmented with air emissions for 1980-1992.   The monetary values in the tables are in millions of 1980 Danish krone.  In addition, emissions (in 1000 tonnes) of CO, CO2, SO2, and NOx are reported for each sector.  While some information on sector-level energy consumption (in petajoules) is provided for each sector, we forgo adding this information to the model in the interest of simplifying the model.  
In addition, Statistics Denmark (2011) makes available input-output tables for 1961-2007, while air emissions data are available for 1990-2008.  By linking the time series of input-output tables from Denmark to sector production of air pollutants, it is possible to conduct a time series analysis for 1990-2007.


While the input-output tables provide an entry for the combined cost of compensation of employees and operating surplus, this value is not appropriate for our productivity study.  The double deflation technique used to calculate input-output tables in constant monetary units requires that the sum of the cost of sector production equals the value of the output of the sector. As a result, it is necessary to locate values for the capital stock and employment for each sector from another source.

As a result, the EU KLEMS project (Groningen Growth and Development Centre (2011) is the source of the capital stock and employment data (see O’Mahony and Timmer (2009) for an overview of the database) used in our LP model.
  Labor services, volume indices (1995=100) and capital services, volume indices (1995=100) are both provide by the Groningen Growth and Development Centre (GGDC).  In addition, the GGDC also provides data on labor compensation (in millions of Danish krone) and capital compensation (in millions of Danish krone).  
Because we allow factor mobility among sectors, it is necessary to modify the volume (i.e., quantity) indices (Qt = 100 in 1995) of capital services and labor services. Modified quantity indexes for capital services and labor services are derived by calculating the product of their monetary values in 1995 (M95) and their respective quantity indexes (Qt  / 100).  This weighting procedure is specified as:

MQt = M95 ( (Qt / 100)

Hence, the modified quantity index (MQt) represents capital services and labor services in constant (1995) krone.  
The data consist of a time series of input-output tables for Denmark for 1980-92.  Each year provides a unique production process for each industry.  By assuming the technology is sequential, the best-practice frontier for Denmark is constructed from the production process available in period t plus the processes observed in all previous periods in the sample.

A fixed domestic input-output coefficient technology is assumed for domestic intermediate inputs employed by each industry.  The constraint allows Denmark to employ less of a domestic intermediate input if the best-practice process can produce at least as much of the good output.  The Denmark input-output tables provide information on the aggregate level of imports used as intermediate inputs by an industry.  As a result, we treat the aggregate level of imported intermediate inputs as a separate fixed input-output coefficient. As is the case with domestically produced intermediate inputs, we assume the best-practice technology for a sector can use fewer imported intermediate inputs as long as the sector produces at least as much as its observed production of the good output.  


The best-practice use of the primary inputs (i.e., capital and labor) is derived in a different manner than the best-practice use of intermediate inputs.  The difference arises because the level of primary inputs employed by the best-practice technology for an industry is variable.  As a result, the best-practice technology for an industry may use less than, more than, or an identical level of primary inputs compared to the observed level of primary inputs.  However, the total use of capital and labor by an economy cannot exceed the quantity of each input employed by Denmark in period t.

 The external balance (i.e., balance of trade constraint) states that the difference between the best-practice aggregate level of exports and imports must equal or exceed the observed balance of trade for Denmark in period t. 


While the inputs employed by the best-practice frontier must not exceed the inputs used by Denmark in period t, the outputs of the best practice frontier must equal or exceed the observed level of outputs in period t.  The output of sector i, is distributed among its use (1) as an intermediate input, (2) to satisfy gross national expenditure, and (3) as exports.  The intensity variables for the intermediate inputs used to construct the best-practice frontier determine the demand for the output of industry i that is used as an intermediate input.  The intensity variables must simultaneously fulfill the requirement that the good output production of each industry must equal the demand for the output of that industry.       


RESULTS DISCUSSION: FORTHCOMING

V. Conclusions

This paper extends the Prieto and Zofío (2007) model by adding undesirable by-products associated with production activities. We then calculated the adjusted productivity in which producers are credited for simultaneously increasing good output production and decreasing bad output production.  We then compare the results of our regulated network model with those of an unregulated network model.

While data availability limits applications of the model we propose, there are instances when the model we derived can be operationalized.  This requires developing input-output tables for several countries over multiple years and linking these input-output tables to National Accounting Matrices including Environmental Accounts (NAMEA). While the Danish Environmental Accounts were discontinued after the release of the 2008 emission estimates, Tukker et al. (2009) describe an effort to develop new databases that could be used to implement the model outlined in this paper.  In addition, the GTAP database is another potential source of input-output tables.  This would require determining the feasibility of linking the input-output tables to data in the NAMEA.
If only cross sectional data are available, future applications might extend our model to determine the shadow prices (i.e., marginal abatement cost) of bad outputs (see Lowe 1979).  If data from more than one year exists, an additional extension might involve calculating the foregone good output associated with pollution abatement while ignoring bad output production (i.e., the effect of pollution abatement on traditional productivity). Finally, might be interesting to compare the results of the input-output activity analysis based model specified in this paper with the results of a joint production model using only aggregate (i.e., country level) data. 
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� tenRaa and Mohnen (2002) used Canadian data to extend this framework to incorporate growth accounting.  


� The appendix, data, and GAMS programs are available from the corresponding author upon request.


� Shephard and Färe (1974), if (y, b) � EMBED Equation.3  ��� P(x) and b=0 then y=0.





�  Shephard (1970), (y, b) � EMBED Equation.3  ��� P(x) and 0 ≤ θ ≤ 1 then (θy, θb) � EMBED Equation.3  ���P(x).





� Gross national expenditures (previously known as domestic absorption. consists of the summation of private consumption expenditures, government expenditures, and gross investment expenditures (see World Bank). 





� We use period t+1 as the reference technology when calculating mixed-period LP problems. While the geometric mean of models using period t and t+1 as reference technologies is the preferred method of calculating productivity change, infeasible LP problems can occur when period t is the reference technology.  As a result, period t+1 is specified as the reference technology as part of our strategy to avoid infeasible LP problems.  


� Finally, Appendix A contains the concordance between the industries in the EU KLEMS database and the sectors in the Danish NAMEA input-output tables.
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