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Abstract 

Most empirical studies ofproductivity to date have considered only marketed or 

desirable outputs and bave neglected changes in the production of pollutant outputs. This neglect 

of negative extemaiities is also evident in studies that have atternpted to assess the impact of 

environmentai regdation on productivity growth. A redefition of technologies to provide a 

more correct representation of the production process is needed to get a Iess distorted meanire of 

economic progress. 

This thesis reports the resuits of three studies analyzing productivity trends in the 

Canadian pdp and paper industry from 1959 to 1994. First, input distance fùnction as well as 

index number approaches are employed to andyze productivity and efficiency changes in the 

industry without the incorporation of undesirable outputs. The r e d t s  fiom the Tomqvist index 

number anaiysis indicate that the average annual total factor productivity (TFP) growth rate due 

to technologicai progress and efficiency change was -0.06%. Based on the input distance 

fùnction estimation, the average annual rate of productivity growtfi was estimated to be O. 19%. 

.;Umost d l  of this productivity growth in the industry was due to technid change. 

In the second shidy, changes in the industry's two major water pollutant output., 

biologicai oxygen demand (BOD) and total suspended solids (TSS), are incorporated into the 

distance function anaiysis. The average rate of TFP growth was estimated to be I .00% per year, 

considerably higher than the estirnate obtained without c o n s i d e ~ g  polhtant outputs. 

The third stud y emp Ioys primai and profit dual nonparametric techniques to conduct 

productivity andysis in environmentaIly sensitive ways. The nonparametric andyses results 

confinn those obtained from the input distance fùnction analyses. Our pollutant shadow price or 

poIlution abatement cost estirnates, however, indicate that the cost to producers of pollution 

control has been rising. The main conclusion from the three studies is that productivity 

improvement, f?om the social viewpoint, has been more successfûi than conventional 

productivity measures would suggest. 
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CHAPTERI Introduction and Statement of Research Problem 

Most of the work on efEciency and productivity g r o h  to date has considered only 

marketed or desirable outputs and has ignored changes in the environmental &eds of economic 

adivity. This bias is also evident in studies that have atiempted to assess the impact of 

environmental regulation by counting the costs of environmental protection while at the same 

t h e  i g u o ~ g  the b e n e  of protecting the environment. A r e d e t i o n  of technologies and 

productivity measures to provide a more accuate representation of the produchon process and 

the choices that societies fhce is needed to get a less distorted measure of economic progress and 

to guide policy accordingiy. 

This shidy expIores alternative approaches to the measurement and analysis of economic 

performance in environmentally sensitive ways using data from the Canadian puip and paper 

industry for the period f!rom 1959 to 1 994. Pulp and paper is Canada's largest mandadurhg 

industry measured in terms of employment, value added and net exports (CPPA 1 996b). This 

industry is the worid's largest market puip supplier, accoudiDg for more than 25 percent of 

world supply of market pulp. Canada is also the largest producer and exporter of newsprint in 

the world; more than 25 percent of the world's newspaper pnnting uses Canadian paper. 

The industry is also a significant source of water pouution, accourrting for about 50 

percent of al1 the waste dumped into the nation's waters (Sinclair 1990). Recently, the pulp and 

paper industry has been the focus of considerable attention from the public as well as fiom 

provincial and federal regdatory agencies because of its environmental effects. This study 

analyzes productivity growth in the industry by taking into account the way the industry has 

treated the environment. 



1.1 The Background 

Speaking broadly and informaliy, productivity is about how much we get in products or 

s e ~ c e s  out of the resources we use. Productivity is one of the major h g s  that economics is 

fundarnentally about, whether the economizing is fiom the point of view of an individual, a firm, 

an industry, a nation, or the global economy as a whole. At the i5-m and industry levels 

productivity daermines competitiveness and profitability. At the national and global levels, 

productivity is one of the most important detenninants of standards of living. 

What appear to be smaii changes in productivity growth rates may cornpouad over 

time to cause serious econornic consequemes- For example, growing at the 1960-80 average 

percentage rate of 3.32, Canadian GDP per capita would double every 22 years. But i t  would 

take it 82 years to double if it grew at the 1 980-94 average rate of 0 -86 percent. ' Faster 

produdvity growth rnakes it easier to deal with problems of p overty, incorne distribution and 

the provision of public goods, Thus there is no wonder that changes in productivity growth 

attract serious attention fiom economists, politicians, the business comrnmity and others. 

This is especially tnie of the slowdown in produdi* growth of the industrialized 

nations that began in the late 1 960s or early 1 970s. The average GNP per capita growth rate for 

the seven major OECD corntries (Canada, France, Germany, Italy, Japan, United Kingdom and 

the United States) decLined from 4.3 percent for the 1955 -73 period to o d y  1.9 percent for the 

1973-1986 period.z This slowdown has been d e d  the most signincant maaoeconomic 

development of the Iast two decades (Fischer 1988). 

Although there is no universal agreement arnong economists, several potential causes 

for the observed productivity slowdown have been idaitified including: the OPEC energy price 

increase of 1973 and 1979, possible decline in the skiils of labour,' and additionai costs imposed 

by enviromental reguiations that have been enacted beginniiig in the 1970s.~ The search is far 

from over. In particuiar, the impact of avironmental regdations is the subject of ongoing 
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research and debate between those who have recently argued that enviro~maital regdations 

can improve economic performance and those holding the traditional view that these regdations 

retard productivity growth. 

Proponents of the traditional view that regulation retards productivity growth point to 

the empUical evidence in the fiterature accumulateci over the period of the last 20 years. Based 

on their survey of empirid studies on the subject, M e  et al (1 995) fhd  that eshates  indicate 

that environmental regdation has reduced productivity growth by 8 to 16 percent in the case of 

US rnanrrfàuring. Other studies have Uidicated that productivity losses were larger in more 

heavily regdateci sedors, su& as the US electric uiilities industry (see Repetio et al 1996). 

In a recent study of the paper industry and four other h e a d y  regdateci US 

rnanufacturing industries, Barbera and McConnell(1990) conclude that 10 to 30 percent of the 

decline in productivity from the 1960s to the 1970s is attributable to direct abatement capital 

expenditure and the indirect &eds of environnientai regdation on production processes. The 

d e c t s  were highest in the case of the paper industry wvhere abatement accounted for 30percenî 

of the redudion in produdivity. 

In another study covering the US pulp and paper industry, Gray and Shadbegian (1 995) 

use plant level data for the period from 1979 to 1990 to study the connection between 

productivity and poliution abatemerrt. They find that abatement costs have significaut effects on 

plant p roductivity f evels, a $1 extra cost in abatement having the eqriivalent of $1 -74 loss in 

produdivity.5 

The traditional view is challengeci by those who hold that environmental regdations can 

improve, rather than reduce, productivity and competitiveness (Porter 199 1; Porter and van der 

Linde 1995). According to this view, also known as the "Porter hypothesis", the traditiond 

beliefthat environmentai regulation retards productivity grows out of a static view in which 

information is perfect and firms have aiready discovered al1 profitable opp ortunities for 
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innovation. Porter and van der Linde argue that a beüer view of reality is one where there are 

technologiml opportirnities that remain unexploiteci because ofthe incomplete nature of the 

information that firms have, as weU as organ.izational inertia and problems of aligning 

individual, group and corporate incmtives. 

Under such circumstan-, the proponents of the Porter hypothesis argue that properly 

designeci and strict mvironmental regulations can trigger product or process innovations that 

"partially or more than M y  offset" the private costs of complying with these regulations. They 

M e r  argue that a nation may aIso benefit from early-mover advanîages by imposing str ict  

environmental regulations early, in order to enhance competitiveness. Porter and van der Linde 

provide many examples frorn case studies where such "offsets" have been observed and argue 

that "innovation offsets to environmentai regdation are cornmon." They also point out that 

studies have found little evidence that supports the cornmon daim that environmental 

regulatiom (in the US) adversely affeded its competitiveaess.6 

There is little disagreement about the appropriateness of many of the poLicy 

prescriptions denving fiom the Porter Hypothesis. For example, the innovation fostering 

advantages of incentive-based environmental regulations over command-and-control approaches 

are widely recognized and accqted among economists. There is also little disagreement about 

the usefidness of information in the dissemination of new environmental technologies. h the 

presence of unexploited or overlooked opporhmities, environmental regulations may spur 

innovations that could offset associateci cost. 

Nonetheless the central daim of the hypothesis, that innovation offsets are sigdicant 

aud pervasive, has attraded criticism. For examples of this criticism, see Palmer, Oats and 

Portney 1995. Data coliected by the Bureau of Economic Analysis for the US indicate that cost 

offsets arnount to less than 2 percent of environmental expenditures, Eiardly big enough to 

support the Porter-van der Linde hypothesis. 
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Cost offsets ako have littfe to do with the absence of sirmificanî evidence of adverse 

&eds of environmental regdations on competitiveness. 3afEe et al (1995) forward other 

possible reasons for the absence of such &eds. Cornpliance costs constitute a small percentage 

of production costs; Wereuces in the environmental regulations in different industrialized 

nations are too small; and fims prefer to buad stateof-the-art fàcilities even in developing 

c o d e s  where environmental standards are currmtly lax, Moreover, different studies have 

ernployed ciifFer& measures of competitiveness. Not ali the measures ernployed are idea. 

Unfortunately, the approaches foiiowed by proponents of the two views on the 

environment-p roductivity debate bave important shortcomings. in particular, both sides treat the 

environment as 'externai' and fail to consider the social benefits of environmentai protection. 

For environmentai regdations to be worthwh.de, it is not necessary that innovation or cost 

offsets be more than cornpliance costs. It is enough that the regulations pass the test of social 

ben&-cost analysis; and the sociai benefits of pollution reduchon or enviromentai 

improvement that are cornpletely ignored in the Porter hypothesis are an integral part of the 

benefit-cost d y s i s .  

Similady, those with the traditional vi ew of trade-offs b etween the environment and 

productivity employ conventionai measures of economic performance, ignoring the benefits of 

environmental improvement, while at the same tirne cuunting in capital and other input costs of 

poUution abatment. As a resuit, they inevitably draw the same conclusion: enviromenta1 

regdation causes productivity losses. Thus, iike the Porter hypothesis, this methodologicaüy 

flawed empiric. evidence has the potential to muse misunderstandings and distortions in the 

poiicy making process. 



1.2 Objectives of fttis Study 

The discussion above about the controversy surrounding producti* and environmentai 

regulation highligbts the importance of takuig aocount of environmental &ecü in the analysis 

of economic performance. A more appropriate way to masure economic progress in generai, 

and to h e  the environment-economic performance issue in particular, is to define economic 

perfotmance to include the social ben& associateci wah environmental regulation or 

abatement and ask what has been happening to produchvity, as measured in environmentally 

sensitive ways. Such an approach would provide a more accurate view of economic progress and 

social welfare. This requires the use of more cornpiete representations of production 

t ~ o l o g i e s  that ailow us to incorporate both the private and social costs and b a i e f i  of 

productive achvity. 

A major focus of this midy is to use such an approach to assess the performance of the 

Canadian pulp and paper industry in the period from 1959 to 1994. This is accomplished using 

altemative approaches for modelhg the produdion technology. First, the structure of the 

uidustry's production technology is exploreci using input distance fun&ons estimated without 

undesirable outputs. The results fiom input distance functions are compared to similar results 

derived fiom index number analysis. 

Second, the environmental &ects of the industry are brought into the analysis by 

s p m g  and estimating paramehic input distance functions incorporating ~o major water 

pollutaat outputs of the industry, dong with marketed inputs and outputs. Four desirable outputs, 

two major water poUldant outputs (BOD and TSS): and seven inputs were identifid in the 

estimation of input distance fundons. Estimates of producer abatement cos& or pollutant 

shadow pnces are also derived based on the estimated input distance functiom. 
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Wd, nonparametric approaches for mode- production technologies with and 

without undesirable outputs are exploreci. The nooparametric methuds aiiow us to buiid inner 

md outer baun& to the underlying production technology without imposing restrictive 

fimdonai forms. 

1.3 Organization of the Stndy 

This study has five chapters in totaI. The remainder of this introdudory chapter is devoted 

to general discussion about the Canadian pulp and paper industry: its significance in the national 

economy, the nature of the pulp and paper making process and related environmental effects. 

Pollution abatement adivities in the industry are also describeci Iater in this chapter. The chapter 

closes with a description of the nature and sources of the data used in the study. 

in the second chapter, resuits from two differenî approaches to productivity rneasures, as 

conventionally ddined, are examinecl. Index numbers are used to study both single factor and 

total factor productivity m) trends in the industry. Adjustrnents for output scale eEects are 

then made on the Tomqvist TFP estimates to derive input-based Malmquist indexes that measure 

changes in productive efficiency and technical change. These resuits are discussed and compared 

to those obtained fiom an input distance h d o n  analysis, the second approach explored in the 

study. 

The impact of accounting for environmental effects is explored using input distance 

fundons with poiiutant outpids in the third chapter. The use of input distance functions provides 

a framework for d y z i n g  productivity growth and d e r  parameters of a muiti-output 

technology without the need for extemal pollution damage estimates. in fact, it also provides a 

framework fiom which polluîant shadow prices can be estimateci. 

The cornparison between converrtional and environmentally sensitive masures is 

continueci in the fourth chapter, uskg nonparametric techniques. New and simple approaches for 
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incorporating environmental e f f .  in prima1 and profit-duai nonparamdc approaches are 

proposed and imp Lementeci. The nonparametric technology bounds are formulated in effedive 

quantities to incorporate technological change into the dysis. Both intertemporal and effective 

guantipr nonparametric approaches are employed for this purpose. 

The f5ft.h chapter summarizes and compares the findings from the Merent  studies. The 

implications of these findings as weli as suggestions for M e r  research work are discussed in 

that chapter. 

1.4 The M p  and Paper Industry in Canada 

1.4.1 National Signincance 

Puip and paper is Canada's largest mandachiring industry measured in terms of 

employment, value added and net q o r t s  (CPPA 1996b, p. 5). In 1995, the puip and paper 

industry was the source of direct employment for 66,000 peop f e, which amoinits to about 

OSpercent of total employment in the Canadian economy. The industry produced 28.8 million 

tomes of pulp and paper in 1995. Out of this, the industry exported 23.6 million tonnes ofpulp 

and paper valued at $25.4 billion. ui the period from 1990 to 1995, puip and paper was the 

industry that contributeci the most to Canada's merchandise made balance, $86.6 biUian, bigber 

than the contribution by energy ($72 billion), rnining ($58.8 billion), forest industries other than 

pulp and paper ($52.3 billion), the auto, trucks and parts industry ($39.9 billion) or fisheries 

($10.5).' 

Not only is the puip and paper indu- the nation's leadhg rnaaufacturer in t e m  of 

production, employment, and n a  exports, it also is a national industry in the saise that it is a 

geographically dispersed industrial employer. The 162 mil ls  that coqriseci the industry in 1994 

were located in Quebec (67), Orrtano (34), British Colombia (28), and Atlantic and Prairie 

Provinces (33). The direct employment generated by the industry was sirnilarly dispersed, with 
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Quebec, Ontario, British Colombia and the Atlantic and Prairie Provinces accounting for 

38percent, 24percent, 23percent, and ISpercent, respectively, ofthe puip and paper industry 

emp loyment. 

1.4.2 Industry Pro dncta and Revenue Shares 

The Canadian pulp and paper industry produces a wide variety of products. Outputs 

fkom the Canadian puip and papa industry can be ~ategorized into four major groups: newsprinî, 

paper d e r  than newsprinf pap erboards and building boards, and market" (or net output of) 

wood pulp. The "paper other than newsprint" category includes printing and d g  papers, 

wrapping papers, sanitary and speciality papers, and building papers. 

In the penod fiom 1959 to 1994, the aggregate output of the industry" grew at an 

average rate of 2.95 percent per year. Aggregate output expansion was highest in the 1960's 

when output grew at an average rate of 5.20 percent per year. The average rates deched to 2.26 

percent in the 1970s and then feu to ody  1.43 percent during the 2980s, before rising again to a 

rate of 2.84 percent per year in the penod fiom 1990 to 1994. 

W1th an average growth rate of 5.35 percent per year over the period fiom t 959 to 1994, 

paper other than newsprint was the fastest grow-ng product category of the Canadian pulp and 

paper industry. And within this category of outputs, writing and printuig papers grew the fastest 

(at 7.3 1 percent). ûther products that grew at rates faster than aggregate output were sanitary and 

specialty papers (4.34 percent), market wood pulp (4.17 percent) and paperboard (3.19 percent). 

During the period fiom 1959 to 1994, the production of newsprint had increased to 1 -6 1 

times of what it was in 1959, production of paperboards and building boards increased to 3.44 

times the 1959 level, puip to 4.3 1 tirnes, and paper d e r  than newsprint output increased to 6 -80 

times. Withui the last category, the output index for Wnting and printing paper was 12.90 times 
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the 1 959 level while sanitary and speciaIty papers production was 4.57 times of what it was in 

1959. By 1994, the aggregate output of the industry had increased to 2.9 times the 1959 level. 

Despite its relatively slow growth, newspriut has remained the most important source of 

revenue for the Canadian pulp and paper industry. The average contributions to industry revenue 

of newspnnf paper other than newspnnt, paperboards and wood pulp were, respectiveiy, 44.9 

percent, 15.7 percent, 9.5 percent and 30 percent over the p enod of the midy (Le. from 1959 to 

1994). The revenue share of newsprint declined fiom about 55 percent in the beginning of the 

period to less than 40 percent by the end of the period, while that of pdp rose fiom 22 percent to 

3 1 percent b y the end of the p eriod. The fastest increase, however, occurred in the revenue share 

of paper other than newsprinf the contribution of which increased fiom only 12.3 percent in 

1 959 to 23 -4 percent in 1 994.O The revenue shares of pap erboards and wrapping papers changed 

litîle. 

1.4.2.1 WoodPuZp 

Wood pulp is the major raw materiai in paper and paperboard making. l3 There are two 

principal categories of pulp: mechanical and che~nical.'~ Canada is the second largest producer 

of wood pulp, accountiag for 16.2 percent of world production, following the US which 

produces (and consumes) about 38 percent of total worid pulp output. Canada's consurnption of 

total world wood pulp output is only 9.7 percent. More than 35 percent of Canadian production 

of pulp is exporteci. This comprises more than 55 percent of Canadian production of chemicai 

paper grade wood pulp and about 12 percent of the production of mechanical pulp . Canada is 

also the world's largest nxuket pulp supplier, accounting for more than 25 percent of the world 

supply of market pulp . 

Pulping is the process by which soiid raw material (usually wood) is reduced to fibres. 

Wood contains four principal component groups.15 Roughly 50 percent of wood is cellulose 

fibred6, a versatile source of fibre for not only paper and paperboard making, but also a basic 
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element in a variety of other producîs including rayon, explosives, photofilm, and dher 

produds requiRng a cellulose base. The remaining 50 percent ofwood consists of roughly equal 

arnounts of hemicellulose and lignin. Hemicellulose serves as a binding agent between the 

cellulose and the lignia Lignin is a c o q l e x  substance that protecr and binds the ceiluiose 

fibers together, giving rigidity and strength to wood. Wood aiso contains extracives (such as 

resins, oils, alcohols and fatty acids) which constitute 1.5 to 5 percent of wood- 

Mechmical puip is obtained througb a mechanical separation of wood fibres fiom one 

d e r .  This is most commonly done by forcing debarked logs against a huge revoIving 

grindstone which shreds the fiber fîom the wood or sirnply by high speed refining of chips by 

subjeding the wood chips to rnillstone-like action of rotating discs. The first method is known as 

the stme gruundwood (SGW) rnethod and was developed in the 1840s. The refiner m e c h c a l  

pulp (RMP) process was developed in the late 1950s. 

Mechanical puip is also known as "hi& yield puip" because most of the components (85 

to 95 percent) of the wood are retained in the final product. Their relatively lower cost and high 

opacity have made mechanical puips a chief constituent for newsprint, directory and catalogue 

papers. However, paper made fiorn mechanid pulp tmds to be weaker because the fibres are 

damaged in the pulping process. Products made fiom mechanical pulps dso  suffer from some 

degree of discoloration or loss of brightness because the ligain has a tendency to yellow when 

exposed to heat or ultraviolet ligfit (CPPA 1996~). 

The most recent step in the evolution of mechanical pulps is the invention of chemi- 

themornechnical pulping (CTMP). " In the CTMP process, wood chips are diemical1 y treated 

prior to heating and mechanical defibration. Chemistry, temperature, and mechanical parameters 

can be varied to "custom tailor" the properties of the wood pulp output. The invention of the 

CTMP was preceded by another process, known as thennornechanicul pulp (TMP) that reached 

commerial viability in the early 1970s. In the TMP process, mechaaical separation of cellulose 



fibres is facilitated by sofiening wood chip inputs using steam CTMP pulp has irnproved 

physicai p roperties compared to TMP, SGW or RMP pulps. 

Chernical pulping depends on chernid so1veut.s that separate the ceiidose fibres by 

dissolving Li@ and wood extractives. For this process, the logs are first cunverted ta chips and 

are "digesteci" or cooked for several hours under pressure in an alkaline or acidic chernical liquor 

at high temperatures. The cooking liquor is then remove b y repeated washings to obtain ody  the 

pulp fibres and some occasional coarse particles which are separated by screening- Depending 

upon the species of wood and the pulping method, the fibres vary in colour fiom dark brown to a 

creamish white. A large portion are bleached, most oRm in chlorine, d o r i n e  dioxide and 

calcium hypochiorite. The chernical pulping process results in a much lower yield than in 

mechanid pulping, 40 to 55 percent as opposed to 85 to 95 percent of the onginai wood. But 

chemicai pulps are stronger, easier to bleach (whiten) and less likely to lose their brightness over 

time. 

The two principai chernical pulping methods produce sulphate or kraft puip and sdphite 

pdp.  The methods are similar, but whereas sulphate cooking liquor is an alkali solution of 

sodium hydroxide (austic soda) and sodium sulphide, sulphite liquor is an acid. In sdphate or 

kraft pulping, the chernicals are recovered and used again. 

Sui'phare or kmfipui'p is known best for its streagth and enjoys the most widespread use 

among pulps.'8 Unbleached kraft pulps are used chiefly in the manufachire of wrapping and bag 

papers and shipping sacks, as weii as in paperboard for shipping containers. Bleached sulphate 

pulps are most important in the manufacture of a broad category of p rinting and Wnting papers . 

Suiphite puiping, which was the dominant form of pulping until the 1 93Os, has been 

declining in relative importance for two reasons. First, although sulphite pulping produces a 

higher and bnghter yield than that of the sulphate process, it is not as versatile with regard to the 

~ p e s  of wood species it can handle. Second, the sdphite process does not d o w  the &&nt 
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recovery of chemicals used. As a result, currdy the suiphite process accounts for less than 7 

percent of the chemical pulps produced in Canada. Sulphite pulp is used in the manufacture of 

many book, bond, writing sanitaiy and tissue papers. It is also used with mecbanicai pulp in 

newsprint manufacture. 

In addition to sulphate and sulphite pulps, the Canadian pulp and paper industry produces 

several other typa of chemical pulps. These indude sanichernical and dissolving and special 

alpha pulps. Semichemical pulp is maadadured by a process partly chemical and partly 

mechanid. The puip u s d y  is unbleadied, and used mostly for the mandadure of corrugating 

medium, for use in corrugated board. Dissohdng midspeciul alpha pulp are exceptionally pure 

grades of bleached suiphite and bleached sulphate. Dissolving pulps are used in the manufacture 

of rayoq cellophane, explosives, and other products involving chemical conversion of the fibres. 

Because of their exceptional purity, high alpha pulps also have proven usefui for certain 

specialty papers, arnong them hlter, bluepriat, and photographie-base papers . 

2.4.2.2 ~ u p e r  ~ ù k i n f l  

The basic process of paper makuig has not changed in almost 2000 years. It is based on 

the phenomenon that cellulose fibres in an aqueous solution will adhere to one another when the 

water is rem~ved.'~ Hence, paper is made by nrçt mixing the raw rnatenal with water to create a 

suspension of individual fibres, and then by fonning felted sheets by e v d y  spreading this 

suspension on a porous surfiice or screen that permits much of the water to drain. Pressure and 

heat is used to remove the rernainiog water. The cellulose fibres bond, and we get a compact 

sheet. 

This phenomenon was discovered in Chha in the year 105 AD, when the earliest known 

tnie paper s t i l l  in existaice was made from rags? The art of paper making was confinecl to 

China for approximately 500 years before it reached Japan in 6 10. The secret of paper 

manufacture reached the western world by way of Arab caravan, which had taken Chinese 
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prisoners in batîie, and t o m  them to reveal the techniqpes of their craft (CPPA 1974).= 

The first European paper mili was built in Moorish Spain in 1 150 (Murray 1992). From 1 150 to 

the discovery of the groundwood pdping technology in the middle of  the 19" cenhiry, the 

feedstock of paper making remaineci recycleci ceiiuiosic materials such as rags, rope, fish nets, 

and burlap. 

Paper was made &ely by han& sheeî by sheet, rnieil the fist practicai paper machine 

was developed in France in about 1799. The first Canadian paper rnill was built at St. Andrews, 

Argenteuil Co-, Quebec in 1803-5. The mil1 manufactured wnfing, prinfing and wrapping 

papers. In the period from 1817-23,many more paper d s  were bufit in Portneuf County, 

Quebec. The first paper mil1 in the Maritimes was built near Halifax in 18 19, while the &st 

paper d s  in Ontario started up in 1827. Currentiy, the Canadian pulp and paper industry 

coasists of 162 pulp and paper milis each employing on average 416 people. 

Most paper today is formed on a Fourdnnier machine." The centrai feahire of this 

machine is a continuous belt of wire me& or screen (kuown as the fonner) that moves 

horizontally and is kept level by means of tension and the support of rollers. Watery pulp is 

spread on the screen. Mu& of the water is drained off during the brief movement of mixture 

on the screen, leaving behind a continuous sheet of wet pulp. This stock of bonded fibres is 

then pressed between rotating roils to force more water out. A fuliy formed paper is then 

obtained. The drymg process is completed by passing the paper through a senes of stearn- 

heated roiis. The paper is then given a machine finish through calendeting, pressing between 

smodh soiid steel cyiinciers. On a fast machine, it is only a fêw seconds from the time the 

stock moves onto the screen until it emerges as a ribbon ofpaper one hundred yards away. 

Modem alternatives to the Fourcirinier paper machine are a class of paper machines 

known as twh-wire mchines. In theses machines, fibres are formed into a sheet between two 

conveyor belts, enabling the removal o f  water fiom both sides of the she& simultaneously. The 
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advantages ofthis method is that it r d t s  in sheets with more t d o r r n  surfaces and higher 

production speeds . For more details on p a p a  making machines, see CPPA (1 974) or McCub bin, 

Boxor and Owen (1 WO), for example. 

Paper products with dinerent p rop erties can be obtained b y modifjring the sheet of 

cellulose fibres in innumerable ways. Dye may be added to the puip soluîion to colour the paper. 

Afiller (such as chinii clay) may be added to improve the pnntability, opacity, and appearance. 

Or the resistance to penetration by Liquids may be improved by using a sire, such as rosin or 

wax. Coating materials (such as minerai matter, adhesive, waxes, or water proofing agents) may 

be added before or after the paper is made to improve the surface of some hi&-grade papers and 

paperboards (CPPA 1974,1996~). 

I.#.2.,? 1 Naosprint 
Canada aijoys a long standing tradition as the world's largest producer and exporter of 

n e w ~ ~ r i n t . ~ ~  More than 25 percent of the world's newspapers are printed on Canadian paper. In 

1995, Canada produced 9.25 million t o ~ e s  ofnewsprint, contributing 26.7 percent of the total 

world newsprint production. Canada was foliowed b y the US (1 8 -4 percent), Western Europe 

(1 4.5 percent), Nordic Countries (12.8 percent) and Japan (8.9 percent). On the other hand, 

Canada's newspr.int consumption constituted only 3.5 percent of world demand for newsprint. 

Close to 90 percent of newsprint production is exported, making Canada the world's largest 

exporter of newsprint - with 50.57 percent of the export market. The US is by far the largest 

buyer of Canadian newsprint exports, accountUlg for 72 percent of the newsprint export demand. 

The other major markets for Caoadian newsprint exports are Latin Amena (8.6 percent), k i a  

(7 -75 percent), Western Europe (7.3 percent) and Japan (3.2 percent). 

Newsprint is made from about four-fifths mechanical and one-= suiphite or sdphate 

pulp. Recentiy the trend has been towards a partial substitrdion of the chernical pulp content by 
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recyclable paper, which accorints for 9.4 percent of the newsprint fibre source accoraing to 

statistics for 1992 (CPPA l996a). 

1- 4.2.2.2 Other Papers 
The i n d u e  produces a wide variety of other papers besides newsprint. These inchde 

prinîing and writing papers, kraft or wrapping papers, and sanitary and specialty papers. Printing 

rmd wntingpapers is a broad category that includes hundreds of paper grades. The fine paper 

grades are formed f?om carefuily bleached chernical wood pulps. (Rag pdp is still used for many 

of the finest pririting and writing papers .) Because of advances in mechanical pulp such as 

C m ,  an increasing proportion (currently 55 percent) of pnnting and writing papers is now 

made from mechanicd pulp . 

fi@? p q e r  is a strong and versatile class of papers used as paper bags, wrapping papers 

and for forming sacks that carry a wide variety of produds. Kraft paper is main1 y made from 

unbleached kraft puIp. Aithough its growth is less drarnatic than in the case of printing and 

wrïting papers, the iodustxy's output of tissue rmd speciahy papers has been steadily increasing 

to include products for use in the electrical fieid and in the manufacture of paper containers, 

paper cups, napkins, towels, handkerchiefç, diapers, and grease-proof and water-proof papers for 

m p p i n g  foods. The industry aiso produces numerous speci* products inciuding asphalt 

paper, w d  paper, slip cover fabrics, and carpet yarns and fabrics (CPPA 1974). An increasing 

proportion of the fibre source for sanitary papers is also coming from recycf able papers which 

have been replacing mechanical and diemical wood pdps as inputs. For example, in 1992,Sg.l 

percent of the fibre fumish for sanitary papers came from recyclable papers (CPPA 1996a). 

Chemical wood pulp accotmted for most of the remaining- This is a ciramatic increase in 
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recyclable paper content compared to 1982, when oniy 23 -4 p e r c e  of the fibre nimish came 

fiom recydable paper. 

Ia 1995, the Canadian pulp and paper industry produced 4.8 million tonnes of different 

printing and wnting grade papers, 544 thousand tonnes of wrapping papers, and 6 17 thousand 

tonnes of sanitary and specialty papers . About 76 percent of printing and wrîting papers and 72 

percent of wrapping papers produced in Canada were srporteci. Most sanitary and speciaity 

papers were, however, consumed in the domestic market, oniy 17 percent fin- their way into 

the intemational market. The US was by far the Iargest buyer (89 -7 percent) of Canadian exp orts 

of papers other than newsprint, with Western Europ e (2.4 percent) and Latin America (2.6 

perceut) following far behind. 

1.4.3.2.3 Paperboard 
Paperboards include a wide variety of products, rangin. from Light paper products that 

endose compact discs to heavy cases that carry refngerators. There are two major categories of 

paperboards: Boxboards and Container Bo&. Container boards include liners, corrugatùig 

medium, and container chipboards. The indutry aiso produces building boards of many types, 

including acoustic board, shoe board, ceiling des,  and decorative board. Current Canadian 

output of paperboards totals 3 -4 million tonnes, about 70 percent of which is container board. 

Only about 40 percent of paperboard production is exported. The US is by far the largest buyer 

of Canadian exports of paperboard, accuunting for 64 percent of Canadian experts, foilowed by 

Asia (excluding Japan) 17 percent and Western Europe (1 1 -2 percent). 

1.4.3 Input Use and Cost Shares 

Seven input categories were identifieci in this study. Thwe include energy, wood 

residue, pulp wood, non-wood materiais, production labour input, administration workers, and 

capital. The non-wood materials category includes: 1) industrial chernicals 2) containers and 
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packaging materials and supplies, 3) ail other operating, mainSenance and repair supplies, 4) 

amount paid to &ers for work done on materials and supplies owned by the establishment, 5) 

terrtile and rags, and 6) recycied and waste paper and paperboards. 

Aggregate input grew at an average rate of 2-54 percent per year fiom 1959 to 1994. 

Wood residue (8 -6 percent), non-wood materials (4.47 percent) and capital (3 -79 percent) grew 

at a higher rate than aggregate input. But the use of pulpwood increased at the lower rate of 0.21 

percent, bringing down the average rate of virgin fibre input growth rate to 2.65 percent per year 

and that of total matenal inputs to 3 -5 1 percent. The average annual growth rate for energy was 

2.04 percent, mainly because of aiergy input inmeases in the period f?om 1959 to 1974. 

The input of production labour deched in the 1980s and the 1990s and had the Lowest 

average growth rate of al1 inputs in this study, at 0.12 percent per year, for the period fiom 1959 

to 1994. The number of administration workers also showed a negative trend in the 1980s and 

1970s, aüahbg an average rate of growth of0.87 percent for the period fiom 1959 to 1994. 

Aggregate labour input declined in the 1980s and eariy 1990s after increasing at the rate of 2.54 

percent in the 1960s and 0.51 percent on average in the 2970s. The average rate of growth of 

aggregate labour input was 0.30 percent for the period fiorn 1959 to 1994. 

Wood residue input had increased by twenty fold over the period from 1959 to 1994, 

while the inputs of pulpwood and production labour were only 8 percent and 4 percent higher in 

1994 than in 1959, respdvely. Energy consurnption had doubled between 1959 and 1974 and 

changed iittle since then. The induçtry was emplo ying 1.36 times more workers, 3 -8 times more 

capital and 4.8 times more non-wood materials in 1994 compared to what it utlized in 1959. 

Material inputs accounted for the highest average cost share (52 percent) for the penod 

fiom 1959 to 1994, followed by labour (25.8 percent), energy (1 1.3 percent) and capitai (10.8 

percent). For specific materials, the average share of fibre was 28.1 percent in total input costs 

while that of non-wood materials was 24.1 percent. While the cost share of wood residue 
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increased substantiaily (fiom 2.2 percent in 1959 to 14.6 percent in 1994), the cost share of 

virgin fibre in total deciined fiom 32 percmt in 1959 to 22.7 percent by 1994 because of the 

decline fiom 29.8 percent to 8 percent of the share of pulpwood in total cost. 

The cost share of non-wood materials increased fiom 17.2 percent to 28.9 percent over 

the study period. The cost share of labour decreased fiom about 28 percent to about 2 1 percent 

over the penod, mainly due to the decrease in the cost share of produdion labour (fi-om 2 1 

percent to 15 percent). The share of administration labour changed very little (fiom 6.6 percent 

in 1959 to 5.7 percent in 1994).= Energy's cost share increased fiom 9.3 perceut in 1959 to 12.9 

percent in 1994. By the end of the period, however, energy had a lower cost share compared to 

produdion labour, wood residue, non-wood matends or capital, but a cost share higher than that 

of administration workers or pulpwood. 

1.4.4 Environmental E ffects and Regdation 

Although the Canadian pulp and paper industxy is a major contributor to the national 

economy in terms of national incorne, employment and foreign exchange earnings, it has aiso 

been the focus of considerable attention from the public and provincial and federai govemments 

because of its environmental effects. The industry consumes vast amounts of forest resources 

every year for its production of pulp and paper. The industry is also a significant source of water 

and, to a lesser ment, air and land poliution. 

Major air poflutant emissions from the pulp and paper industry include particdate 

matter, suiphur dioxide, totai reduced sulphur (TRS) and voIatiie organic compounds (WC).  

The term TRS refers to a group of compounds that include hydrogen sulphide, methyl 

mercaptan, dimethyI sulphide, and dimethyt disuiphide. The TRS are the compounds that cause 

the characteristic fou1 odour associated with p d p  mius; they have very low odour threshold and 

can be discemed by smeil at concentrations that are seldom hazardous to human health (Murray 
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1992, p. 8). Other air poiiiltiintc generated b y the puip and paper industry indude carbon 

monoxide, c h i o ~ e ,  chiorine dioxide and nitrogen oxïdes. 

The industry is not a sinnificar& contributor to global air poiiution problems related to 

acid rain and global warming. It is a source of Localized and nuisance odorous air pollutants 

(Gaston 1993, p. 19). It is estimated that the industry contributes about 5.6 percent of cornmon air 

contarninants from known industrial sources (Sinclair 1990, p. 34). Recent estunates indicate 

that the puip and paper i n b t r f s  contribution to national air emissions range fiom lows of 0 -84 

percent for CO and 1.9 percent for VOC to a high of 7.7 percent for PM, with NO, and Sa in 

between at 2.5 percent and 3 -8 percent of the total man made sources (Environment Canada 

1995). 

However, the Canadian pulp and paper industry is estimateci to be the source of 50 

percent of a i l  the waste dumped into the nation's waters (Sinclair 1990). Thus, most of the 

atîention on the Canadian pulp and paper industry has focused on its water pollution output. The 

pulping, bleaching and pap er making processes generate a large volume of water effluents 

containhg pollutants, mainly wood particles, orgânic matenal and waste chemicals fiom the 

puiping and bleaching process.'6 The wood particles are measured as totaI suspended soli& 

(TSS)~ and are expressed in kilograms." Suspended solids increase turbidity, upset aquatic 

habitat and nun fish spawning beds. Organic matter cantained in mil1 effluents stimulates algal 

growth and consumes dissolved oxygen, thereby reducing the ability of the water to support 

aquatic life. This oxygen consurnption potenfial of dissolved organic material is generdy 

measured as biological oxygen d e d  (BOD) expressed in kilogram per tonne of p r o d u ~ t . ~  

Miil effluents also carry toxic substances such as resins and fatty acids. In addition, in 

the case of rnills that use demental chlorine for bleaching, a very large nurnber of 

organocbiorine compounds are generated and dischargeci into the environment (Murray 1992, 

Gaston 1993). Some of these curnpounds are known mutagenic and carcinogenic agents ( M m y  
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1992). Dioxîns and furaos have also been iderrtified in emissions fiom chlorine bleaching and 

from bu@ of black liquor during the recovery of chernicals used in the dpha te  pulping 

process. Dioxins and furanç are considered to be highiy toxic by Environment Canada (Gaston 

1993). 

R e c d y ,  the pulp and paper industry faced new coostraints reguiathg the release of 

various pollu*ints. Total suspendeci soiids, biological oxygen demand and, more recently, 

dioxins and fiiraos are among the incikators selected by regulatory authorities in Canada for the 

purpose of monitoring pulp and paper industry poilution. In the period fkom 197 1, when 

regulations on the pulp and paper industry were first introduced, to 199 1, only new d s  and 

miils that underwenî sign.Lfïcant expansion were subject to restrictions under the Fisheries Act. in 

1992, the federal government introduced new regulations that apply to ail mills, The 1992 

regulations, mder the Fisheries Ac& apply to discharges of BOD, TSS, and efnuents acutely 

lethal to fish." The new regdations passed under the arahority of the Canadian Environmentai 

Protedion Act (CEPA) require the eiimination of any measurable levels of dioxllis and furans 

from mil1 effluents (Environment Canada 1 992a).31 Some provinces have also passed regulations 

using the more striagent genenc classification of Adsorbable Organic Halogen (AOX) .~  

f -4.5 Poilution Ab atement 

The pulp and paper industry has spent large sums of money to reduce or eliminate 

discharge of dioxins and furans in response to publitity and public fear of dioxins which peaked 

with the discovery of dioxins in milk cartons (Murray 1992). Between 1988 and 1993, discharge 

of dioxins and furam feli by 98 percent (OECD 1995). 

Pohtion abatement in the industry has foilowed two generai approaches. The first 

approach involves new trends toward in-piant process changes, iocluding improved 

delignification (e.g. oxygen delignificabon) and partid or complete replacement of dilorine for 
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bleaching with such chernicals as dor ine  dioxide, hydrogen peroxide (Murray 1992). The 

second approach involves the use of end-of-the-pipe primary and secundary duent treatment 

facilities (se ,  for example, McCubbin, Bonsor and Owen 1990; McCubbin Foike1993). Tbis 

secund approach has been used to reduce the discharge of traditional poilutaats such as TSS and 

BOD. 

The purpose of the prirnary treatment is the removal of suspendecl soli& from the 

effluent. This usually involves the use of gravity clarifies or s e t h g  basins and removes fiom 

80 to 90 percent of the satleable portion of the suspendeci solids, and also 10 percent of the total 

BOD (Gaston 1993; McCubbh, Bonsor and Owen 1990). The objective of the secondary 

treatrnent is to reduce, wing biological processes, BOD by from 70 to 95 percent and to render 

the effluent non-lethal to fish (Gaston 1993 ; McCubbin, Bonsor and Owen 1990). 

In Canada, secondary treatment alrnost universally involves the use of aerated Iagoons 

that utilize naturally occurring micro-organisms (bacteria, algae, hg i ,  protozoa and other forms 

of He) to convert much of the organic material in miil effluent into water, carbon dîoxide or 

organic solids. Secondary treatment, however, is not effective in elirninating dio* and furans 

(Gaston 1993). Moreover, the aerobic secondary treatment facilities in use are more e&cient in 

treahg low moledar weight poliutants, such as methanol, than in treating the hi& molecular 

weight materiais, such as chlorinateci Lignins (McCubbin, Bonsor and Owen 1990). Recent 

experirnents aimed at improving the effectiveness of secondaq treatment in reducing resin acids 

and organochlorines include three stage aerobic-aaaerobic-aerobic treatments (Murray 1992). 

The technology for effluent treatment continues to change. 

1.5 Sources and Construction of Data Used in the Study 

Time series output and input quaatity and price data were coiiected for the national pulp 

and paper industry of Canada for the period from 1959 to 1994. Output data were coiledeci 
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mainly fiom Canadian Pulp and Paper Association's (CPPA) Refrence 7'ablesU (1965 to 

1996). Average export produd d u e s  were use-  for output prices. More than 85 percent of 

newsprint, and most of the market wood pdp, printing and writing papers and wrapping papers 

produced in Canada are exported." 

Input use quantities and prices were coilected fiom different Statistics Canada 

catalogues andior obtained by special request fiom Statistics Canada. Most of the published 

Statistia Canada data for the pulp and paper industry group (SIC 271) is obtained from Pulp d 

Paper Mills (Catalogue No. 36-204, 1959- 1 984) and Puper and AZIied Products Indzrsrries (36- 

250, 1985- 1994). The publication CCI)ZCtCIian Foresîry Statistics (Catalogue No. 25-202, 1 962- 

1993) contains additional information on the industty. ûwing to the partial suspension of the 

Census of Manufactures in 1987 and 199 1, some figures for these years had to be imputed fiom 

pnce indices, trends in the variables themselves, shares, and average input-output coefficients. 

Additional data (known as "Principal sbtistics" ) for the period fiom 196 1 to 1994 were 

obtained fiom Statistics Canada b y speciai request. For 1959 and 196 1 the data were coilected 

fiom the 1960 publication of Statistics Canada Catalogue No.36-204. The Statistics Canada 

"principal statistics" include the following: production workers, production hours paid and 

production wages, number of administration workers and salary paid, cost of fuel and electricity 

data, manufacturing and total materials use, shipments and value added data. 

Energy data for the penod h m  1959 to 1974 were coiiected from Statistics Canada 

Catalogue No.36-204. Additional data for the years 1975-1 986 and 1990- 1994 were obtained by 

sp ecial request fiom Statistics Canada. Energy consumption was converted into gigajoules using 

the following conversion factors: 26 million British Thermal Units @TU) per rnetric ton of coal 

and coke; 0.1492 million BTU per gallon of gasoline; 0.1796 million BTU per gallon of (heavy) 

fuel oil; 22.25 million BTU per cord of wood; 1 Million BTU per thousand cubic f& (MCu-ft) 

of natural gas; 0.1 17 million B'ïüper gallon of liquefïed petroleum; 3.412 million BTU per 
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thousand kWh of electri*, and 1,054-6 15 joules per BTU. These conversion factors were 

obtained fiom Statistics Canada (1969) Catalogue No.57-505, entitled DetaiIedEnergy Suppiy 

undDernandin Cmtadir. 

To fill in rnissing energy data for 1987, 1988 and 1989, we constructed implicit energy 

Quantity data as follows, First, energy price indexes for these years were used to calculate per 

gigajot.de energy costs. Implicit energy data were then calculated by diMding these energy prices 

into cost of fuel and e l d c i t y  data- The energy price indexes used in these calculations were 

denved fiom pnce indexes for fuel oil, naturai gas and electriciv by averaging these indexes 

using the energy cost shares s d e d  to add up to one. These three sources account for 90 percent 

of the cost of energy. 

Materials consumption data were coiiected fiom Statistics Canada Catalogue No.36-204 

and fiom Catalogue No.25-202. The CPPA's (1989, 1993) Role of C d i m  Wood Pulp in 

World Markets was the source of some own wood pdp consumption data for Canada for 1983, 

1984,1987 and 1991. 

Inputs of materials other thim wood were caldateci as foliows. The money value of 

expenditures on materials other than fiber was calculated by sub t rahg  the values of virgin fiber 

(pulpwood and wood residue), and purchased wood pulp from the value of total materials for 

tbis industry. This eçtimated d u e  of non-wood materials was then divided by a pnce index for 

non-wood matenals estimateci as a share-weighted average of the pnce indexes of the Industrial 

Inorganic Chernicals Industry Selling Pnce Index (CANSM~' data series D694146) and the 

GDP impiicit deflator. The GDP implicit deflator was used as a price index for a variety of 

inputs. These include: 1) containers and packaging materials, 2) operating, maintenance and 

repair supplies purchased and used (excluding fuel and electricity), and 3) arnount paid to other 

establishments for work done on materials owned by the establishments classinecl to the pulp 
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and paper incktrydussl The non-wood materials figures thw d d a t e d  were used as impliat 

guantity indexes. 

Shipment Quantity and value data for the penod from 1959 to 1984 were miiected from 

Statistics Canada Catalogue No.36-204 (1959 to 1984 publications). For the period fiom 1985 to 

1994, the sbipments data were colledeci £kom Statistics Canada Catalogue No.36-250 and from 

the 1 995 and 1 996 Selected Forestry Statistics Canada publications of the Canadian Forestry 

Service. Average shipment prices were calculateci fiom the shipment quantities and values data. 

Whenever this procedure for the caldation of average prices was not possible because of 

missing data points in the period after 1983, appropriate product p r i a  indices nom CANSIM 

were used to ca ldate  average shipment price estimates. 

Export guastity and value data for the period fiom 1959 to 1994 were wllected h m  

Statistics Canada Catalogue No.25-202 (1 962 to 1993). Average export prices were calculateci 

by dividing export values data by export quantitties. 

Recentl y revised capital stock data for the pulp and paper industry were obtained b y 

special request from the Investment and Capital Stock Division of Statistics Canada. These 

estimates are obtained &om annual capital expenditures using the perpetual inventory rnethod 

(PM). See Hulten 1990. for example, for a description of the PIM. The capital stock data were 

construaed by Statistics Canada ushg the following procedures. Discards are calcuiated using a 

tnnicated normal distribution for service lives. This discard fundion has an advantage over the 

simultaneous exit method used previously. The beU-shaped fundon reduces the s o - d e d  "echo 

effect" by allowing for Mnation in the age at which identical assets are removed fiom the stock 

A normal distribution witb a standard deviation equal to one quarter of the mean is used. The 

tnmcation is made at twice the standard deviation and then the total area under the curve is 

adjusted by v e r t i d y  raising the m e .  Recently revised service Lives estimates were used in the 

calculation of stock estimates. 
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The discard function is uçed to weighî the individual depreciation rates for different 

subcohorts of a given vintage of capital. Geometric form was assumed for depreciation. There is 

empincal evidence that the pattern of dqreciation for Canada foliows a geometric forrn . (See 

the 1994 Fixed Capial FIows a d  Stocks publication of Statistics Canada). 

The capital coasumption ailowance charged in year i against an asset of age x (CC&) is 

given by: 

here G I Q ~ ~ ,  is capital srpenditure in year (y-a+ 1) and DR ,, is the depreciation rate in year y 

for assets of age a. The latter is a weighted average calculateci as foilows: 

in which F(u,L)= ( 2 L ) .  (1- 2/L)(DL' is the geometric depreciation rate for assets of age a with a 

s e ~ c e  Life of L and W(L) , stands for the podon of assets of age a with service Life L in year 

Y -  

We used the foliowiog formula due to Boadway (1985) to calculate the service phce of 

capital to be used with the capital stock data obtained from Statistics Canada: 

where i is the oppominity cost of capital, 6 is the capital depreciation rate, r, is the rate of 

growth in the acquisition price of capital q, a is the rate of Uination in the economy, s is the 



corporaîe income tax rate, 4 is the investment tax credit, and a is the percentage mpitaI 

consumption aiI~wance.'~ 

The above capitai user cost formula is appropriate for the Canadian tax system 

(Boadway 1 985). Because of a difference in the treatment of investment tax credit in the 

calculation ofthe depreciation base for tax purposes, the appropriate capital user cost formulas 

for the US and Canada shouid be different. In Canada, this depreciation base is s d e r  than 

actual investment by a proportion e c p i  to the investment tax credit. In the US this proportion is 

equai ody to one half of the investment tax medit; Le. the US tax system is more generous in 

this respect. 

For the dculation of the geometnc depreciation rate (6), we used the foilowing sample 

mean service Lives: 28 years for building and engineering construction, 18 years for machinery 

and equipment, and 20 years for aii  components of(total) capital. The annuai geornetric 

depreciation rate was calculated as 2 divided by the average senrice iife. The infiation rate 

(R) was calculated fiorn the @kit  GDP deflator. Bank of Canada's Scotia-McLeod industrial 

bond yieid average on long terrn investment (C ANSIM data series B 140 16 and B 140 1 9) was 

used as an opportunity cost of capital, i. The taxation data needed for the caldation of the 

service price of capitai were collected fiom pubiications of the Tax Foundation of Canada and 

the Canadian Institute of Chartered Accountants. The corporate income tax and investment tax 

credit rates vary fiom province to province. The overaii corporate income tax rates and 

investment tax credit rates for Canada were estimateci as value-added share weighted averages of 

the correspondhg provincial rates. 

NOTES 

1 These average growth figures are taken fiom Richett (1 988). 
* The figures quoted here were caldateci fiom a table of figures in Fischer (1 988). 
This could be associateci with demographic sh& fiom baby boomers and wornen's increased 

participation in the labour market 



4 S e  &O Lipsey (1996), Fischer (1988), Jorgenson (1988), Griiiches (1988) and Repetto et al (1996). 
Based on empiecaI analysis using data for the United States* Zvi Griliches also snggests that a slowdown 
in the rate of cteation of laiowiedge might have contriited to the retardaiion in productivity, For an 
opposite view point on this particuIar possiiility, see Richard Lipsey's historical anai- of technological 
rogress- 

'These authors &O unde- a similar study of oil refïnery and steel mills. They f i d  that the 
productivity loss cent associateci with a $1 exPendi& is S 1.35 for oil refineries and that a loss of 
$3.28 applies for steel mitls. 

kcording to Porter and van der Lin&. the 4'product o&ets" occur because the enviro~iental regulaîion 
mates better, safer or more easily disposable procfucts or lower costs of production due to input 
substitution or reduced packaging The ''proces e e t s "  occur because of such f'actors as higher process 
*el&, l a s  domtirne, materiais savings, lower energy consumption, utilization of by-products and 
comrsion of waste into valuable forms. 
7 BOD andTSS stand for biological oxygen &mand and total suspended solids, mpxtkely. These two 
water poilutam ate described in more cietail later in this chapter. 

The total merchandise trade balance was $7 I. 1 billion for 1990-95. 
9 These figure are fiom "Principal Statistics" data obtained fiom Statistics Canada by special request. 
'O The na wwd pulp output d d  to here was obtlmed by nibhaUmg wwd puip consumption by the industry 
h m  total wood pulp producti~t These figures are not necessaüly the same as market puip figures reported m 
publications by the Canadian Puip and Paper Association (CPPA). Market puip, as defined by CPPA, excludes wood 
pulp shipped to suùsidiary or sffiliiite milIs m Canada or the US. The term "market pulp" is used synonymously wiîh 
aet wood pulp output in this section for ease of refefence O*. " W e  used the Tomqvist index fo~muia for a .  the input and outputs aggregations r e f d  to here and elsewhere m 
this papa. 
12 W1th.i~ this output category, the &me of wrifing and pràiting papers in mdurtry revenue had increased fiom less 
than 6 percent of total mdustry revenue m the begmning of the period to about 16 percent by 1994. ï h e  share of 
sanitary and speciality papers had haeased fiom less tban 2 5  percent to about 6 percent 
l3 Before a process for manufimuhg groundwood or mechanical pulp was inventeci in Ge- in 1843, 
paper making was largely based on linen and Cotton W. The chexnical process for manirfacturing pulp by 
cooking wood chips in chernicals was iuvented in England in 185 1. 
l4 The following discussion of the two different types of puip is based on CPPA (1974,1996~). 
l5 See, for example, Kringstad and Lindmom (1984). CPPA (1974, 1996c) or Murray (1992). 
l6 The fibres are holiow, tubular cells. Cellulose is the major componem of the ceil walls of wood fibres. 
17 The fht mil1 using the CTMP process commenced operation in 1978 (CPPA 1996~). 
'* ''KG&" is a German word for sbong 
The description of the paper making process is &y baseci on CPPA (1 974). 

20 This happens through the hydrogen bonding of the celiulose molecules. 
2L Paper is predated by Egyptian p a p  and Chinese SUC cloth which had semd as writing materials. 
Egyptian papyrus is not considered a form of paper because it is made up of layers rather than a bonding 
of discrete fibres. " The art reached Central Ana in about 75Q and Egypt in about 800 but paper was not manufactured 
there until900. 
" This Froudrinier machine for making "endless papef' was patented in England in i 807. The fist 
mnchine of this type in Canada was installed at Portneuf, Quebec, in 1 843. 
24 Canada has been the most important exporter of the pulp and paper since 1918, Le. shortly after the 
lowering in 1909 and then the rem& in 1913 of US import tariEs on newsprint (CPPA 1974). See also 
Uhler, Tonwsend and Constantho (1987) for a discussion of the historical forces that shaped the output 
mix and trade pattem of the Canadian pulp and paper industry. 
zAlthough production labour input had increased little (nom 107.1 million hours in 1959 to 11 1.6 million 
hours in 1994), the production workers' wage rate increased from its 1959 l m 1  of $2.29 per hour, to $3.80 
in 1970, $10.79 in 1980, $20.02 in 1990 and $22.90 in 1994. The average atllluaf eamings of an . . 
admrnistration worker also showed a similar increase, fkom $6,6 19 per worker in 1959 to $10,342 in 1970, 
to $27,356 in 1980, to $52,552 in 1990 and to $60,644 in 1994. The number of administration workers in 
the industry had risen from 1 1708 workers in 1959 to 207 12 in 198 1 but deched afterwards and was only 
15,889 by 1994. The inchistry had 51,607 production workers in 1994. 



26 Milis producing only paper, refened to as noeintegrated paper mirfs also discharge water contaminated 
with h e  fibres in the stock preparaîion and papa making processes. Coaîhg materials useci in the paper 
mills (eg. starch, latex and other coatiag mater&) cm also cause signincant biological oxygen demaod 
Otherwise, the BOD discharge from non-integrated papa miils is considered to be small or negligible 
(McCubbin et ai 1990). 

The altemative name total ~spended matter (TSM) is also used ins&ead of TSS. nie  latter term is used 
here. 
28 Suspended soli& are m e d  as the dry weight of the solids setaineci on standard filter paper 
(McCubbin 1993). 
BOD is determineci by meaniring the guantity of oxygen used in biochemical oxïdation of compounds 

contauiing carbon and nitrogen in a Specined tirne, at a specined temperature and under +ed 
conditions. The standard measurement in North America is made for five days at 20' C and neutral pH 
(McCubbin 1993). 
30 These regulatiolls can simplisticatly be summrised as maximum monthly average rates on BOD and 
TSS of 7.5 and 1 1.3 kg per tonne of product, respectivety. The maximum d d y  regulations on these two 
pollutants are, respectively, 12.5 and 18.8 kg per tonne of product, See Department of Fisheries and 
Oceans ( 1992). 
" Additional new regulations under CEPA Lunit the use of defoamers and wood chips treated insecticides 
(Environment Canada 199b). 
n AOX includes ail halogen compomds, not just o r g a n o c h l o ~ ,  In Onîario, British Colombia and 
Quebec the reguiations lirnit AOX discharges to ody 1.5 kg per tonne effective by 1993 (Murray 1992). 
33 The newspr9it production qm&y data h m  CPPA are exncüy the same as those h m  Statistics Canada; the 
production data h m  the two soiaces are aiso very simr'lar for paperboarâs and building boards, for wood pulp and for 
14p" oth€?rthan ""pet 
The average export price figures wtze almost exact& equal to average @ces calcuiaîed ftom shipment &ta for 

wood pdp; the two series were very close for paperboard for all periods, and for newspfmf especialEy behre 1980. 
For papa otha than newsprist, shipniait prices are ~nsistently higher than average export @ces, bui both price 
series have sÉmilar tmznds. 

CANSiM stands for Statistics Canada's Canadian Socio-Economic I n f o d o n  Management System, a 
database containing more than 650,000 items. 

acquisition price of capital q net of the mvestmait tax credit + and the presait value of tax depreciation on a declinmg 

bahcebasiror 7a~(1-0.Thepierentvahieoftaxdqreciati0nir~enmiofy~&wrireoffs 
i + a  

sa .(l - 4x1 - a y discoimted by the oppomniify cost of capital (l+$. The urer cost for capital is derived by 
equating the marginal net of  tax retum on mvestmeat (ie (1-7) &es marginal retmn on mvestment) to the cost of  
holding caphi, which is the sum of annual cos& of depreciation and h c i n g  (*gr@) mubjplied by the effective 
purchase pxice of capital. See Mniîz (1996). 
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CaAPTER2 Index Number and Distance Function AnaIysis of Prodnctivity and 

EffEaency 

2.1 Introduction 

SeveraI attempts have been reported in the literature to measure productivi@ growth in the 

Canadian pdp and paper industry. Among the studies conducted in the last meen years, Sherif 

(1 983) and Martineiio (1 985) use coçt fùnction approaches to anaiyze data for the periods 6.om 

1957 to 1977 and 1963 to 1982, respectively. Frank et al (1 990) use data for the period f?om 1963 

to 1984 to analyze productivity trends using index number and cost fiinction techniques. More 

recently, Hsue and Buongiorno (1 994) compared the productivity performance of the pulp and 

paper industries in the US and Canada during the 1961 to 1984 period using index number and 

nonparametric techniques. 

This study attempts to analyze technical efficiency and productivity trends in the Canadian 

pulp and paper industry. It contributes to the literature in the following ways. First, the analyses in 

this study are based on data covering a longer period (1 959 to 1994), extending the period covered 

in empiricai studies ofthe indus- beyond 1984. Most studies to date have covered the period only 

up to the early 1980s. Second, recently revised capital stock estimates f h n  Statistics Canada 

(1 994,1996) are used in this study. Third, two alternative approaches - input distance functions 

and index numbers - are used. Input-based Malmquist productivity growth estimates are derived 

fiom Tornqvist productivity indexes and the results are compared with similar estimates caicdated 

fiom the estimated input distance function. Findy, the study de& with productivity growth and 

efficiency in an integrated way; most previous productivity shidies ignored changes in the degree of 

productive efficiency. 

This chapter is organized as foliows. In the next section, general productivity concepts and 

sources of productivity change are discussed. The section also discusses approaches to productivity 
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measurement thaî have b e n  foilowed in the empirical literature. The study resuits reported in this 

chapter are based on analyses conducteci using input distance function and Mairnquist productivîty 

indexes. The deiinition and properhes ofinput distance fùnctions in general as weli as the 

functional f m  and the estimation procedures used in this study are discussed in the third section of 

the chapter. The fourth section presents Malmquist productivity concepts. The re1ationship of these 

indexes to the most cornmonly used index number fmuia ,  the Tomqvist index, are also discussed 

in that section. ïhe  resdts fiom index number and fiom input distance fiinction analyses are 

presented and compared to results fiom other studies on the industry in the 6R.h section. The Iast 

section summarizes and concludes the presentation in ttiis chapter. 

2.2 Prodnctivity Measarement 

At the elementq level, productivity is simply defined as the rate of output per unit of input 

utilized. For a production technology involving one homogeneous output and one homogeneous 

input, this simple definition serves weU In fact, most ofthe alternative definitions of productivity 

growth thaî have been suggested in the literaîure in one way or another tum out to be equivdent in 

the case of one output, one input production processes. Ln particular, the following dennitions of 

productivity are equivalent: ratio of output quantity index to input quantity index; ratio of technical 

coefficients (or average products) relating output to input; defiated revenue divided by deflated 

cost; output quantity index divided by deflated cost; and deflated revenue divided by input quantity 

index. A definition sugges ted by Jorgenson and Griliches (1 967) in which productivity is measured 

as the ratio of input price index to output price index also is equivalent to the above five alternative 

deftnitions ifcosts equal revenue in each of the periods. See Diewert (1 989, pp. 3-1 1) for these 



The dedinition and measurernent of productivity for technologies invofving multiple outputs 

andh multiple inputs is Iess straightfbrward Recent advances in productivity measurement have 

focused on total productivity measures (TFP). Totai factor prociuctivity is based on the cornparison 

of aggregates ofoutputs to aggregates of inputs. A centrai probfem in the rneasurement of total 

f a o r  productivity relates to the choice of aggregation methods. First, the generalitations to 

multiple output and input production processes of alternative productivity definitions do not Iead to 

results that are eqgivaient (Diewert 1989). Second, there is no agreement on how the difEerent 

measures ought to be generalized. That is, the choice of aggregation meuiods is enormous and 

choosing corn the alternative conceptual measures of productivity change is not an easy task 

(Diewert 1989). 

2.2.1 Sources of Productivie Change 

Regardless of the rnuinplicity of inputs or outputs, observed productivity gains or losses, as 

measured by aggregate rneasures of output to aggregate measures of input, generafiy occur due to at 

least three important factors: changes in the degree of efficiency with which resource inputs are 

utilized; production scale effects; and changes in the state of the technofogy O\Tishimuzi and Page, 

1982; Perelman 1995). These can m a t  easily be illustrateci using a neoclassical production 

tiuiction, as in Figure 2.1, that relates the level of input (X) to the maximum output level of output 

(Q) that cm be produced. F'QQ and ~~m represent the production technologies in pends 1 and 2, 

respectivefy. ' 
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In p e n d  1, the producer is operating at point B, using OA or XI wiits of the input to 

produce AB or QI (rather than AE) units of output, Ia the second period, the producer is operating 

at point El, producing DH or Q units of output using OD or X2. Production in both penods is 

characterized by technical inefficiency. Using an output-orientetf Farrell-type ( 1  957) measure, we 

can determine the level of technical efficiency (TE) in a given period by the ratio of actual output to 

the maximum output that can be produced using the same quantity of inputs, aven the prevailing 

technology. This gives us technical efficiency levels of AB/AE and D m 1  for periods 1 and 2, 

The level of productivity has changed fiom period 1 to period 2; points H and B lie on 

Werent rayç through the 0rigi.n. The three components of the total productivity change 

accompanying the move fiom point B to point H can be identifieci as foiiows. First we have 

productivity changes due to the change in the efficiency with whïch the input was used in p e n d  2 

compared to pend  1. This is given by the index of technical efficiency change (ITEC), which is 

greater (iess) than unity if there has been an increase (decrease) in TE. 

ITEC = 
TE in period 2 
TE in period 1 

The scaie at which productive activity is carried out has changed fkom period 1 to 2, as 

s h o w  by the expansion in input use fiom XI to Xt. Comparing points E and G, we can measure 

the scale effects ofthis expansion by the ratio of the proportionate increase Ui output to the 

proportionate increase in input use to get the index of production scale effect (ISE) as foiiows: 



Since the production fùnction is concave as we move f?om E to G, the productivity contribution of 

the expansion is negative. The expansion raises output f?om E to G rather to F. 

The last productivity change cornponent, consisting of the move fiom point G to point I, 

measures the contribution of techn01ogical change (ITC) or the shift in the production techndogy 

fiom FI@) and The index m e d g  this is: 

M e r  combining (muitiplying) the above three components into a productivity index, we get the 

total factor productivity index: 

= lTEC x ISE x ITC 

This last result, which is aiso equai to  the ratio ofproductivity values in period 2 and 1 or DEi/DK, 

is the conventional measure of productivity obtained by comparing the index of outputs to inputs. 

The empiricd anaiysis in this study uses input-oriented measures of efficiency and 

productivity because these measures are more meaningFul in the presence of undesirable or 

poilutant outputs. Cornpaison of r d t s  fiom analyses with and without undesirable outputs is 

also facilitated if input-baseci measures are used. The TFP decomposition results flustrated above 
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can also be shown using input based measures, The input-oriented FarreiI (1 957) mesure of 

technical efficiency would be given by the reciprocal of the ratio of actual input use to the minimum 

amount of input th& can produce the same output level under the prevailing technology. in the 

diagram, this minimum input levei would be identified by moving horizontally fiom the observed 

point of operation to the production ftnction, Thus, the technical eficiency levels in p e r d  1 and 2 

are OS/OA and OR/OD, respectively. The productivity &ects associated with the scde expansion 

of output fiom QI to Q, is measured by ratio of (Q/ QI) to (OT/OS). The third component, 

technical progress, would be measured by the proportionate reduction in input use made possible 

by operating at point N rather than point L to produce Q, i.e. OTIOR The product of the three 

input-oriented indexes of technical efficiency change, scde effects, and technicd progress equals the 

TFP mesure of output index divided by the input index describeci above. 

The simple example above indicates th& observed clifferences in productivity may be 

explaine. by factors that have dEerent managerial and policy implications. As a result, the 

importance of employing empirical methods that ailow for distinguishing between these 

components must be emphasized. In practice, however, the record of empincd research has been far 

fiom ideal in this regard. 

2.2.2 Approaches to Productivity Measnrement 

AIthough the definition and measurement of technoIogica1 change and technical efficiency 

share a common methodological basis (such as the production function), empiricai analyses of 

productivity growth have evolved dong two largely independent lines (Nishùnuzi and Page 1982, 

Grosskopf 1993). The nonfrontier or traditional approaches to productivity measurement generaily 

(irnplicitly) assume thaî observed productive activities are best practice or fiontier activities. Thus 
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technicd change and total factor productivity are used synonymously in this literature (Nishimuzi 

and Page 1982, Grosskopf 1993). On the other hand, the fiontier or efficiency literature is based on 

Farreli's (1957) concept of fiontier or "best practice" production function against which variations 

in TFP of individual observations are rneasured3 More ofkn than nof in both the nodontier and 

the eontier iiteratures, estimation and interpretation is simplifieci by employing the assumption of 

constant retums to scaie to d e  out productivity effects arising fiom changes in scde of production. 

2.2-2.1 NonfrontîerApproaches 

Two generai approaches to productivity measurement have commonly been used in the 

n d o n t i e r  literature: the index number (growth accounting) approach and the econometric 

approach. Extensive surveys of the techniques ernployed under in this literahire are mailable in 

Diewert (1 9891, Link (1 987), and AntIe and Capalbo (1 988). 

Under the index number approach, productivity is sirnply measured through the residual 

growth in output5 that is not explaineci by growth in inputs. There is an endless number of index 

number formulas that the analyst can chooçe fiom for aggregating inputs and outputs. These 

include such widely known indexes as the Laspeyres and Paasche indexes as weU as the Fisher's 

ideal and Tornqvist indexes that are commonly used in contemporary productivity analysis. 

Tbe greatest advantage of the index oumber approach is that it does not d e r  fiom degrees 

of fieedom problerns. It can be applied when econometric estimation is infeasible, regardless of the 

number of inputs and outputs or the number of observations. However, the choice of a particular 

index number formula impiies implicit assumptions about the nature of the underlying production 

technology (Diewert 1976). Index number approaches typically assume constant retums to scaie 

and the absence of technical ineficiency or changes thered Thus residual measures of productivity 
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caldated fiom index numbers indude the effects of technicd change and other factors such as 

changes in the degree of productive efficiency and output scaie e f f ' ,  as îndicated above- 

Mmeover, index numbers do not account for measurement or sarnpling errors, and statisticai 

approaches cannot be employed to assess their reiiability. 

Econometric approaches to nonâontier productivity measurement are based on expiicit 

specificatim and ecniometxic estimation of the structure of the technology. Rimal (commoniy 

production fùnctions) or dual (cost or profit fùnction) representations of the production technology 

are used. In contrast to the index number approach, technologicai change is assumed to be a smooth 

function of t h e  that can be represented by the inclusion of a time trend variable as a proxy for the 

state of the technoIogy. The shift in the fiinction, as measured by the derivative of the estimated 

function with respect to the time trend variable, is used as a m e m e  of technical change. 

A shortcoming of the use of the production function is that output is required to be scalar. 

On the other han& the extension of cost and profit function andysis to accommodate multiple 

output production processes is straight fornard- in addition, the derivation of optimal input demand 

andior output supply functions is Iess compiicated under the duai approach (Diewert 1974). 

However, the use of duai fhctions implies the imposition of cost minimizrttion or profit 

maximization behaviorai assumptions. The justification for the use of approaches which impose 

nich behavioral asçumptions oa aggregate data is not clear (Pope 1982). 

AIthough it is theoreticaüy possible to expiicitly mode1 productive efficiency using 

econometric approaches, most traditionai productivity studies ignore inefficiency. Many studies 

foiiowing the econometric approach ako assume constant rehims to scale to s i m p q  andysis or for 

degrees offieedom reasons; therefore, the distinction is not always made between technicd change 

and output expansion effêcts even when econometxic techniques are employed. Furthemore, 
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Werent separability assumptions are commonly iqosed on the underîying technology as outputs 

and inputs are aggregated into indexes to faditate econometric estimation and Save degrees of 

fieedom 

332.2 Frontier Approaches 

The modem literahrre on fiontier analyçis or efficiency measmernent began with the work 

of Farrell (1 957). Farreii proposed sp&c measures of technical and docative efficiency within the 

context of linearly homogenous production technologies. The study of fiontiers has advanced in the 

four decades foiiowing Farrell's path breaking work. For extensive surveys of the history and 

techniques of the titerature see Co&, Rao and Battese (1 W8), Lovell(1993), Schmidt (1 %6), and 

Fsrsund, Loveil., and Schmidt (1 980). 

Techniques employed in the efficiency literature include econometric, nonparametric and 

goal programming approadies (Loveli 1993). The econometric approach involves the use of 

econometRcaiIy estimateci singie and multiple equations modek, including models based on panel 

data An increasingly popular econometric approach consists of the stochastic fiontier or composed 

error models introduced by Aigner, Lovell and Schmidt (1 977) and Meeusen and van den Broeck 

(2977) . 

The nonparametric techniques used in efficiency analysis include such currently popular 

approaches as data envelopment analysis (DEA). DEA involves the construction of a nonparameûic 

piece-wise fkontier using mathematical programming. The DEA fkontier is equivalent to the inner 

nonparametric bound explored in the econornics Gterature by Varian (1 984) and others based on 

nonparametxic tests of regulari ty conditions.' Nonparametric fiontier techniques are discussed in 

more detail in Chapter 4. 
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Goal programming approaches to dliciency analysis invalve the estimation ofparametric 

deteRninistic fiontiers using mathematical programming. This approach was initiated by Aigner 

and Chu (1 968) and has been used in severai studies since then (Laveii 1993). The technique is 

discussed in more detail later; it is also used to estimate the parameters of distance functions in this 

and the next chapter. 

32.3 3 Integtated Approaches 

So far the discussion has focused on studies that deal with productivity measurement in the 

traditional sense, without account of efficiency changes, and on efiiciency investigations focushg 

on cross-section observations. In the last Meen years, however, some studies have attempted to 

measure productivity in ways that d o w  for the distinction between technical efficiency and 

technological change. These integrated s tudies have used both parameûic and nonparametric 

techniques. Nishirnuzi and Page (1 982) were the f is t  to propose a method for analyzhg technical 

change simultaneously with efficiency change. Their study defines total factor productivity as the 

sum of change in technicd efficiency and technological progress; the study estimated a 

deterministic translog production fiontier using the Aigner and Chu (1 968) mathematical 

p r o g r a d g  technique. Perelman and Pes teau (1 988) apply a similar productivity measure using a 

production fùnction estimateci using corrected ordinary least squares. Perelman (1 995) applies this 

produtivity measure using a stochastic tiontier production tùnction. Fare et al (1 989) and Fare et 

al (1994) have employed nonparametric (DEA) &ontiers to compute the Malmquist productivity 

index which combines both the technological change and efficiency change components of 

productivity growth, 

This study uses input distance hctions as weii as index number procedures to analyze 
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technicd change and productivity growth in the Canadian pulp and papa industry during the 

period fiom 1959 to 1994. Distance fiuictions have feaîures that d e  them especially attractive for 

technicd change and produdvity analysis as the foiiowing section shows. 

2.3 Distance Fundons 

Input distance firnctions were introduced into economics by Ronald Shephard in a 1953 

book that is widely known for other more popdar reasons, including the commonly used lemma 

n d  d e r  him Although Shephard (1 970) continueci to explore the properties and potential 

applications of input distance and output distance functions in his later work, distance fuactions 

remained less hown and less used bols in empirical economic analysis. The last decade and a half 

has, however, been a p e n d  of rising interest in the use of distance fuaction methods. There are at 

least two important factors behind this increasing popularity. One is the introduction into the 

literature, by Caves, Christensen and Diewert (1 982a), of new output- and input-oriented 

Malmquist productivity indexes that are denied in terms of output and input distance fùnctions, 

respectively. The second is the numerous works on input and output distance functions of Roif Fare 

and associates (e.g. Fare 1 988; Fare and Grosskopf 1 9 94; Fare and Primont 1 995). 

Distance functions are more versatile and more general than production functions. Like 

cost and profit fiinctions, distance fiuictions are cunvenient for handling multiple output, multiple 

input technologies. Unlike cost and profit functions, the use of distance hctions does not require 

data on input or output pnces, or any implicit or expiicit assump tions regarding economic 

behaviour. Moreover, distance function values are directly related to the most fiequentiy used 

Farreii measures of technical efficiency. Malrnquist (productivity, output, or input) indexes are 

defïned in terms of distance functions. Under cornmon regularity conditions, distance hctions 

provide a complete representation of the technology; and bey are dual to cost, profit or other 



2 1  Definition and Properties 

In the case of a production technology using N inputs to produce M output., the input 

distance ikction (Shephard 1953,1970; Fare and Primont 1995) 

is dehed as foIIows, after the introduction of a time trend in our particular case to capture 

technological change, 

where: x and u are the input and output vectors; t is the time trend variable; and Y(t) is the 

technology (or production possibility) set at t h e  t. h other words, the value of the input distance 

funtion measures the maximum factor by which the input vector c m  be proportionaily defl ated, 

given the output vector and the state of the production technology. 

Since by definition the input distance function measures the maximai proportion by which 

the vector of inputs can be reduced, its inverse provides an input-based measure of Farrell (1 957) 

technical efficiency, i.e. 
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In other words, (1-TE,J measures the proportion by which costs wodd be reduced by improving 

productive efnaency, without reducing output An input distance function value ofgreater than 

urtity indicates that the f3m is inetncient An input distance function value ofunity indicates that 

the h is operating on the technology i?ontier. 

The distance ninction has the foflowing properties: it has a finite value' for u t O; it is an 

increasing cmtinuous fùnction of x for u E R~+; it is concave and homogeneous of degree one in x; 

it is decreasing,' upper semi-continous, and quasi-concave fûncticm of u. If inputs are fieely 

dispos able^ the input distance hinction provides a complete charactenzation of the production 

tec hnology. 

We can denne technical efficiency and technical progress in ternis of output-enhancement 

or input-saving and measure productivïty growth accordingiy. The two measures cm be relateci 

through the retums to scale parameter. And they are equd when the technology is characterized by 

constant retums to scaie. We will focus on input-based measures of productiviey in this study for 

the reasons mentioned previously. 

Our input-oriented measure of technical change is defined as the rate at which inputs can 

be proportionally decreased over time without change in output levels. This rate is eqyal to 

where < is a scalar representing an equiproportionaîe change in the input vector x. This measure 

reduces to a cavenient form, spdca l ly ,  the derivative of the distance fùnction with respect to 

time," Le. 



The alternative output-based meanire of technicai change measures the rate at which ail outputs 

codd be increased over time without any change in the vector of inputs useci, i.e. 

where 5 is a scalar representing the proportion by which the output vector is changed. By 

definition, TCu is eqyd to the product of the input-based rneasure TCx and the retunis to scale 

mesure (RTS). The latter can be computed &om the foiiowing formula: 

The h t  equaiity in (2.5) foilows firom the definition of retums to scale as the equiproportionate 

change in outputs resulting fcom an equiproportionate change in inputs. The second and third 

equaiities foiiow, respectively, f?om applications of the implicit function nile and the chain mie for 

Merentiaîion. The Linear homogeneity in inputs of the input distance fiinction Mplies the fourth 

eqy ality. 

2.3.2 Functional Form 

Flexible fimetional forms provide a second order approximation to the uniaiown 

technology. The flexible translog functional fonn (Christensen, Jorgenson and Lau 1973) was 

chosen for the input distance function: 



where: n indexes the vector of inputs such that the nibsaipt numbers 12, ..., 7 represent, 

respectively, energy, wood residue, pdpwood, non-wood rnaterials, production labour input, 

administration workers, and capital; rn indexes the output vector ofthe k m  such that the 

subsaipts 1,2,3 and 4 represent wood pulp, newsprint, paper other than newsp~t ,  and 

paperboards and building boards, respectively; and t denotes time trend. 

2.3.3 Estimation of Parameters 

The parameters of the distance fùnction can be estimated either econometricaiiy or using 

mathematical programming. Both estimation methods have their own strengths and iirnitations. 

Econometric estimation was not possible for this study because of the short length of the time series 

data that was mailable, compared to the nurnber of mode1 parameters to be estimateci- Mathematical 

programming methods were used to estimate the parameters of the input distance function in 

equation (2.6). 

Mathematical programming (&O known as goai programming) rnethods for the stimation 

of parameter values were fkst employed by Aigoer and Chu (1 968) to estimate production function 

parameters for efficiency analysis. The method has been used in diEerent efficiency and productivity 
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studies since then, See Loveli (1993) on this. Recentiy Fare et al (1 993) and Coggins and Swinton 

(1 995) emplayed h e a r  programming to estimate output distance fiinction parameters. 

The estimation problem ws fonnulated in the form of the foiiowing linear programming 

problem. The objective in the problem is to choose the set of parameter estimates that minimizes the 

sum of deviations of the values of the distance hc t ion  fiom unity. Monotonicity, homogeneity and 

symmetry conditions are irnposed as consiraints. An additional constraint imposeci on the problem 

is the requirement that the value of the input distance shouid be equai to or greater than unity for d 

the 36 observed input output combinations. That is, the estimation takes the foiiowing form: 

Subject to the foilowîng constraints: 

x y ,  = O ,  m = l,.., 4 
n - t  

The fint set of constraints (CI) ensures that the estimated technology includes the 

observeci input output combinations as feasible. The second set of constraints (C2) imposes the 
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rnonotonicity condition that the distance fiinction be nondecreasing in inputs, while the third set of 

coustraints (C3) requires that the fùnction be a non-increasing function of outputs. The remahhg 

set of constraints ensure the linea. homogeneity of the input distance fiinction with respect to inputs 

(C4) and the symmetry conditions for the translog fiuiction (CS). 

In other words, the pararueter estimation for the input distance fùnction without poiiutant 

outputs is carried out by minhhhg the sum of deviations fiom unity subject to 472 constraints. 

These are 36 feasibiiity constraints; 396 monotoaicity constraints relaîing to inputs (252) and 

outputs (144); 13 h e m  homogeneity conditions, and 27 translog symmetry restrictions. Despite its 

size, the programming problem is iinear. A GAMS program was written to compute the parameter 

estimates by solving this linear programming problem- 

The estimation procedures employed here are very s d a r  to those in Fare et al (1 993) and 

Coggins and Swinton (1 995). The ciifference is that we have imposed monotonicity conditions 

relating to inputs in addition to those relating to outputs. Moreover, this analysis includes technical 

change. 

2.4 Malmquist Indexa 

Productivïty estimates obtained usinp index number fornuias such as the Tomqvist index 

reflect the effects of output scale changes in addition to technicd change and changes in the degree 

of productive efficiency. To render index number estimates comparable to those obtained fiom the 

input distance function anaiysis discussed above, the former should be decomposed into output 

expansion effects and a residual productivity growth component. This is accomplished using a 

proposition due to Caves, Christensen and Diewert (1 982a) for relatùig Malmquist and Tomqvist 

productivity indexes described below. 
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Caves, Christensen and Diewert (1 982a) intrduced a new productivity index de6ned in 

tems of distance hctions. However, they treated their new (Maimquist) productivity index as a 

theoreticai index and showed how the Tomqvist index can be denved fiom it. For two Grms, k and 

Z, " with output -input vectors (uk,x3 and (u',xl) and production technologies given by the input 

distance fûnctions DL(.) and Di.), respectively, their MaLnquist input based productivity index for 

comparing the productivity of I to that of k is dehed as: 

M is a geometric mean of the two Malmquist input-based produtivity indexes, each dehed with a 

different reference technology. If the fkms are both technicdy efficienf the first ratio inside the 

square brackets in (2.7a) measures the minimat inflation factor such bat the idated input for firm 1 

and the output vector of h l lie on the production surface of h k. This ratio is higher thm one if 

and only if- 2 has a higher productivity Ievel than fkm k. The second ratio measures the maximal 

input deflation factor such that the deflated input fiom h k and the output vector of k Lie on the 

production surface of i. This again is above unit- if and only ifl is more productive than k. 

The Malmquist index is related to the commonly used Tomqvist productivity index by the 

followi~g theorem due to Caves, Christensen, and Diewert (1 982a): 

rffim k and Z have aanslog input distance finctions, wirh identical second 

order coeflcients, then the MaImquist input bmed producîivity index M 

deBned above is a product of a sccde factor and the ratio of the Tornqvist 

index for cornparihg the ouprir of k and 1 to the Tomqvist index for 

cornparihg the inpu trs of k and 2, i.e. 



where: r and p denote, respdvely, output and input price vectors; and ek and et are the rehims to 

scale values for firms k and 1. respectively. The fhst two fines in the equation above are equal to the 

Tomqvist index for comparing the productivity of h I to that offirm k. The third Line represents 

the scaie factor that constitutes the merence between the Malmquist and Tomqvist indexes. lfthe 

production technoIogy is characterized by constant retums to scale, this scale factor vanishes. In 

other words, the above resuit eom Caves, Christensen and Diewert (1 98îa) shows that the 

Toxnqvist index is superlative in a more general sense than was shown by Diewert (1976). 

Although not recognized by Caves, Chris tensen and Diewert (1 982a) at the tirne, the 

formulation ofthe Malmquist index in terms of distance fiinctionç (which are reIated to Farreii 

measures of efficiency) le& to a straight forward caiculation of the index f%om parametric as wefl 

as nonpararnetric representations of the technology. Following Fare et al (1 989), the Malmquist 

index in (2.7) can be decomposed into efficiency and technical change components as folIows: 

This is accomplished by first multiplying the tenn under the square root sign in equation (2.7a) by 

@(u1,x5/ @ ( u ~ , x ~ ] ~  aud then multiplying the whole nght hand side by [DL(uk,xp/ D'(U',X')] to 
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presenre equaiity. The fust ratio measures the technical efliciency o f h  Z relative to k. The second 

term is the technicd change component of the Malmquist index computed as the geomeûic mean of 

the shift in the technology measured on the two obsemed output levek instead of at one point In 

tenns of the production changes iiiustrated in Figure 2.1 above, the two components of the 

Malmquist index can be computed as foiiows, after assuming that h n  k is operathg at point B and 

has the technology îndicated by ~ ' m  whereas h n  1 is the one producing at point H while facing 

the production technology F~W: 

1 - 
Technical Change ~'(u',x') D'(U~,X*) 

= [ ( D k ( u ' , d ) ) - ( D k ( u k , x k ] ) ]  

Obviously, the Malmquist index includes total factor productivity change due to technicd 

change and technical eficiency changes, to the exclusion of production scaie effects. The Malmquist 

index can be calculated from nonpararnetric technology representations such as DEA (e.g. Fare et al 

1989) m from parametricaiiy speded  technologies (e.g. Nishimuzi and Page 1982; Perelman 

1995). 

in this study, the proposition of Caves, Christensen and Diewert (1 98îa) discussed above 
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was used to derive Malmcpist index M fiom the Tornqvist productivity index, using retum to scale 

estimates obtained &om the estimnted input distance function. These were compareci to Malmquist 

indexes calculateci &a the distance fiindon. For the denvation baseci on input distance fiindon 

results, the growth rate in the Malmquist index in (2.7b) was computed as foiiows: 

The first term in square brackets mesures the rate of improvement in technical efliciency between 

period t and t+l . The second term represents the eshated rate of technical change over that period 

obtained by averaging the technical change growth rates computed at t and t+l. This formula was 

employed by Nishuzi  and Page (1982) to a p p r e a t e  the Maimquist index growth rate based on 

their estimation results for a deterrninistic translog eontier. Perelman (1 995) uses the fonnula to 

wmpute Malmquist indexes based on estimation resdts for a stochststic Cobb-Douglas IÏontier. 

2.5 Results and Discussion 

Outputs fiom the Canadian pulp and paper industry were categorized into four major 

groups: newsprint, paper other than newsprint, paperboards and building boards, and market (or 

net output of) wood pdp, Seven input categork were identilied in this particular study. These 

include energy, wood residue, pulpwood, non-wood rnaîerials, production labour input, 

administration workers, and capital. The sample consists of tirne series data for the national pulp 

and paper industry c o v e ~ g  the p e n d  &om 1959 to 1994. 



2.5.1 Input Distance Functioa AnaIysis 

The parameter estimates for the input distance fùnction in ecpation (2-6) are shown in 

Table 2.1. These estimates were obtained by minimiang the sum ofdeviaîions fkom unity, subject 

to the monotonicity (C2 and C3), the "feasibility" (Cl), homogeneity (C4) and symmetry (C5) 

conditions described above. Cwaîure conditions of the input distance fiuiction were not imposed 

during the estimation because thai turned the mathematical programrning problem into a highiy 

non-linear probIem. Instead, the cucvature conditions were tested for all the years in the sample 

perîod after the model was estimated. Concavity and quasi-mncavity conditions were satisfied by 

tke estimated input distance fùnction for ail the observations in the sample. The eigenvdues for the 

tests of concavity in inputs are reported in Table 2.2. The results fiom detemiinanta1 tests of quasi- 

concavity in outputs of the input distance fùnction are reported in Table 2.3. 

Estimateci technical efficiency was Iess than 100 percent m d y  during periods of 

macroeconomic recession, oii pnce hikes of eariy and iate 1970s and periods of large capacity 

expansion and capacity underutilization. These include the macroeconomic recession periods of 

1 98 1-82 and 1989 caused by Central Bank of Canada's policy of monetary restraint. Other p e r d s  

of estimated technical inefficiency include 1966,1967,1972,1974, 1976,1979 and 1986. The 

years 1966,1967, I9 î l  and 1972 were periods of the largest expansions in the industry, when puip 

and paper production capacity increased by 8.5,6.6,6.4 and 5.2 percent, respectively- Furthemore, 

the capacity utilkation rates for 1966, 1 967,1972,1974 and 1976 were aiso smaiier than the 

sarnple average utiiizatim rate of 89.3 percent according to industry statistics. The computed 

overall or sample average degree of technical efficiency is 99.6 percent. This high level of overail 

technical efficiency is partly due to the nature ofthe model in which only one producer (i.e. the 
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national puip and papa industry) is included and due to the nature ofthe input distance function 

parameter estimation wbich is based on the minimi7iition of the sum ofdeviations &om the fiontier. 

The production technology of the Canadian pulp and paper indusûy is characterizai by 

Gicreasing retunis to scale (RTS). A mean retums to scde estimate of 1.27 was calculated for the 

sample p e n d  Compareci to r e m  to scale estimates fiom previous studies, the estimates obtained 

here appear to be lower and more consistent with the observation that many firms do exist in this 

industry. The estimated value fiom Sherif(1983) is 1.5- MartineUo (1 985) and Frank et al (1 990) 

report returns to scale estimates of 2.0 and 1 -79, respectively. 

Input-based MaImquist productivity indexes were calculated fiom the distance fûnction. 

The Maimquist indexes discussed above, include the effects of changes in productive efficiency and 

technicd progress. Since the degree of productive or technicd efficiency was high throughout the 

period, the sample average estimates of productivity growth reflect mainly the effects of technicd 

change. The results are shown in Table 2.4. 

Most of the productivity growth in the Canadian puip and paper industry occurred in the 

periods d e r  the 1981-82 recession. Productivity improved at an average annual rate of 0.99 

percent in the 1980s. Growth was fastest in the period fiom 1990 to 1994, when productivity grew 

at the rate of 3.95 percent per year. On average, reductions in productivity occurred in the 1960s 

(- 1 -55 percent per year) as well as in the 1 970s (-0.74 percent per year). ûverali, estimates fiom the 

input distance function indicate that the productivity of the Canadian pulp and paper industry 

progressed at a rate of 0.1 9 percent per year over the p e n d  fiom 1 959 to 1 994. 

A combination of factors contributed to the rapid improvernent in productivity evidenced in 

the early 1990s. The first is the addition of a relatively large number of new puip and paper mils. 

Nine new pulp milis commenceci operation in the four year pend  f?om 1990 to 1993, compared to 
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d y  six new start-ups in the entire 1980s. These new milis include giant d i s  like the Daishowa 

mil1 in Peace River, Alberta, and the Alberta-P&c mill in Athabasca, Alberta The addition of 

these two new miUs with production capacities of M O  and 500 thousand metric tomes of pulp per 

year in 1990 and in 1993 constituted, respectively, a 4.0 and a 5.3 percent expansion in the national 

market pulp production capacities. The industry also has four new paper mills (three of which were 

large) which started up in 1 990 and 1 99 1. The three large new newsprint milis increased the 

national newsprint production capacity by 6.6 percent. Four large paper miUs had also been added 

to the industry in 1 986 and in 1 989. The addition of 9 paper mills in the six year p e r d  fkom 1 986 

to 1 99 1, as compared to only two new mills in the decade fiom 1 976 to 1 985, means a higher 

proportion ofpaper miils equipped with efficient and modern technologies in the early 1990s than 

in the previous decades. The second phenornenon that contributed to the rapid productivity growth 

in the early 1990s is the closure of a number of old mills. One puIp and eight paper milis closed 

down in this period. High cost or marginal miils exit the industry during periods of lower than 

anticipakd price that may corne in the wake of large expansions in capacity (McCubbin et al 

1990). 

The retardation in productivity in the 1970s is explained, at least parhally, by the economic 

contractions resulting ftom the two oil crises. The rate of capacity utilkation in the 1970s was 

lower than in any other decade covered in the stuc@. The share of pollution abaiement in total 

capital expenditure also rose substantially as a result of the introduction of new environmental 

regulations in the early 1970s. As the conventional measures used in this chapter include these 

abatement expenditures to costs without adding the benefits of the protection tu the output 

measures, higher abatement expenditures have negative d i t  on produtivity growth rates as 

measured in conventional ways. 
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The productivity decline in the 1960s is dficult to explain. One possible explmation is the 

rapid investment in capacity expansion and low capacity utilizatioa in the decade. The overd or 

ma~oeconomic situation in that decade was encouraging. The capacity of the industry increased at 

4.4 percent per year on average in the 1960s. The capaciîy utdizaîion rate for this period was also 

lower than the sample average rate ofutili7litim although it was higher than the rate for the 1970s. 

Detded data on changes in the composition of the industry would have helped shed more light on 

the productivity trends in the 1960s. Unfortunately, we do not have information on individuai mill 

expansion, exit or entry for the period before 1976. However, results fiom the other studies in this 

thesis indicate that productivity growth was higher in the 1960s than in the 1970s. 

It is difEcult to draw f h  conclusions by comparing our reçults to those fiom other studies 

because of the differences in estimation methods, as weii as differences in the nature and coverage 

of the data used in these studies. But rough cornparisons of our results from the parametric input 

distance fûnction approach to those &om the studies using cost hc t ion  approaches indicate the 

foîlowing. Our productivity growth estimate for the period fiom 1 959 to 1 977 (-1 -2 percent per 

year) is simila. to the -1 -3 percent per year reported by Sherif (1 983) for the p e r d  fiom 1 957 to 

1977. Our estimates for the 1963-1 982 period (-0.97 percent) are rnuch higher than the rate of -9.5 

percent obtained by Martineiio (1 985) for the same period. 

2.5.2 Index Number Andysis 

2.5.2.1 Single Factor Pruducrivity 

Tomqvist index formulas were used to aggregate inputs and outputs. Then partial and total 

factor productivity measures were calcdated. As indicated in reference to equation (2.8) above, the 

Tomqvist index for cornparing the total fator productivity (TFP) of period t+l  to that of period t is 



The estimates of single factor productivities (Sn) are cornputeci by taking the ratio of the 

Tomqvist output index to the index of the particuiar factor under consideration. For input n, for 

example, we have the foUowing single factor productivity growth formula: 

The resuIts fiom these calculations are sumrnarized in Table 2.5. Labour productivity, the 

most commonly used measure of single factor productivity, showed the fastest growth in the pend  

firom 1959 to 1994, growing at a rate of 2.64 percent per year. As a result, the productivity of 

labour was 152 percent above what it was in the beginning of the period. Growth in production 

labour productivity was fatest in the period firom 1990 to 1994 (6.65 percent) and lowest in the 

1970s when labour productivity grew at a rate of only 1.1 1 percent. Within the labour input 

category, the productivity of production labour grew at a rate of 2.83 percent during 1 959- 1 994, 

higher than the rate of 2-07 percent for the productivity of administration workers. ï h e  productivity 

of pulpwood and energy also increased at average rates of 2-73 percent and 0.90 percent per year, 

res pectively. 

The productivity of wood residue showed the greatest decline (-5.66 percent per year), 

followed by that of non-wood matmals and capital inputs which deched at the rates of-1.53 
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percent and -0.84 percenf respectively. The productivity ofvirgin fibre as a whole, however, 

increased at a positive rate of0.3 percent, despite the fast deciïne in the productivity of w d  

residue. The productivity of ail matenals, on the other han& showed a dechne at the rate of-0.57 

percent per year. See Figure 2.2 for the single factor productivity indexes. 

Figure 2.2 
Single Factor Productiv'i Indexes: Canadian Pulp and Paper Industry, 

+energy 
+ wood 

4 a l l  materials 

+capital 
+labour 

2.3.3.2 Total Factor Productivltivlîy 

When a muiti-factor or total factor productivity 0) measure is used instead of the single 

factor productivity measures, the results are dramatically Merent. Aggregate input use and output 

grew at very close rates during most of the 1960s. As a result, there was a very smaii productivity 
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improvement fiom 1959 to 1969. h 1969, praludvity stood at d y  104.6 percent of what it was 

in 1959. 

In the 1970s and l98Os, TFP generdy declined. The fd in TFP (aî an average rate of -0.22 

percent) in the 1970s was primarily due to reductions in productivity in 1974,1975 and also 1979. 

This TFP decrease cmtinued in 1 980- 1 982 and this, together with the TFP decreases that occurred 

in 1 986 and 1 989, resuited in an average TFP growth rate of -0.38 percent for the 1 980s. However, 

in the period fiom 1990 to 1994, TFP increased at a rate of 3-14 percent Overall, the productivity 

of the industry as measured by the Tomgvist index had been growing at an average rate of 0.41 

percent and as a result the productivity ofthe industry in 1994 was only 15.3 percent above what it 

was 36 yean earlier in 1959. Possible reasons for the variation in productivity growth rates over 

time were discussed above in co~ection with the results fiom the input distance fundon. 

Figure 2.3 
Output, Input and Total Productivity Indexes: Canadian Pulp 

and Paper Industry, IgSg-lg94 



62 
The Caves, Christensen and Diewert (1 98îa) theorem ia (2.8) reIating Malmquist and 

Tornqyist indexes was employed to adjust estimstes fiom the latter by removing output scale 

effects. These productivity growth estimates fiom the index number approach are compared with 

the same estimates fiom the input distance function in Figure 2.4. 

Figure 24 
Input-üased Malmqust Productiuty lndex Growth Rates for the Canadian 

Pulp and Paper Industry, 19SS1994: Distance Function \iç T-st 
Index Based Results 

based on input distance function 

- - -- - -  - - - - - - - 

Both approaches give çimilar productivity trends for most of the periods covered in the 

study, i.e. most points lie on the first and third quadrants in the diagram, However, after controllhg 

for output expansion effects, the average productiviy growth estimate obtained fkom the Tomqvist 
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index was d y  -0.06 percent per year. These resultts corroborate previous findings which indicaîed 

that most of the productivity growth as measured by TFP index f o n d a s  was due to output scde 

effects. For example, Frank et al (1 990) calculate the average Tomqvist productiity growth rate for 

the Canadian pulp and paper industry over the period h m  1 963 to 1 984 to be 1 -2 percent per year. 

But they &bute only about a quarter of that (0.32%) to technical change after adjustment for scaIe 

effects. 

2.6 Summary and Conclusion 

This study attempted to analyze productivity in the Canadian pulp and paper industry 

using input distance fiinctions and index number procedures. The input distance function offers a 

fiamework within which efficiency and productivity can be measured in an integrated way. The 

study also extended the existing productivity literature on the industry by using a revised and 

extended data set covering the p e n d  from 1959 to 1994. The superlative Tomqvist index formula 

was used to compute output, input, single factor aad total factor productivity indices. The input 

distance fiinction was s p d e d  as a translog f o m  The parameters of the function were then 

estimateci by linear programming rnethods in which the sum of deviations of distance function 

. .  . 
values fiom unity were mmmmd, subject to moaotonicity, homogeneity and symmetry conditions. 

Single factor productivity estirnates indicate that the productivity of wood residue, non- 

wood materials and capital inputs declined. This fa11 in productiety was highest for wood residue 

input, the use of which had increased twenty-fold in the period from 1 959 to 1 994. Because of 

improvements in the productivity of pulpwocxi, however, the productivity of wood (Wgin fibre) 

inputs increased at the rate of 0.30 percent per year. The productivity of energy increased at the rate 

of0.09 percent. The highest increase occurred in the productivity of labour, which grew at a rate of 
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2.64 percent per year. Aç a resuit, labour employed in the Canadian puip and paper industry was 

2.5 times more productive in 1994 than it was in 1959. 

The total factor productivïty of the industry, on the other han& showed Little or no signs of 

change in the p e n d  fiom 1959 to 1 994. hprovements in efficiency and technical change occwed 

at an average annual rate of 0.19 percent accordhg to the input distance b c t i o n  estimates. 

According to the comparable Malmquist index growth rate denved ficm the Tornqvist index by 

removing output scaie effects, produciivity declined at an average annual rate of -0.06 percent. 

Productivity growth was negative or very weak in the 1960s, 1970s and 1980s. In the period fiom 

1990 to 1994, however, the productivity of the industry showed very strong positive trends because 

of a favourable change in the mil1 composition as a result of the closure of many old d i s  and the 

entry of new and modem pulp and paper mius. 

Resuits fiom the distance h c t i o n  anaiysis show that the production technology of the 

Canadian pulp and paper industry is characterizai by modest increasing retums to scale. An 

average retums to scale value of 1.27 was calculateci. This estimate is lower and also arguably more 

reasonable than the higher estimates (ranging fiom 1.5 to 2.00) reported by several previous 

studies. The resuIts show that most of the gains in productivity as measured by widely used index 

number procedures are attributable to output expansion effects rather than to technical progress or 

improvements in productive efficiency. 

The efficiency and productivity estimates derived and discussed in this chapter are 

conventional measures in the sense that they do not take into account changes in the effects of the 

industry on the environment. in the next chapters, we wiii look at models and productivity 

measures that incorporate undesirable or poilutant outputs dong with marketed inputs and outputs. 



Table 2.1 Parameter Estimates for the Translog Input Distance Function: The Canadian 
Puip and Paper Industry, 1959-94*. 



Table 22 
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Test Results for Concavity in Inputs of the Esthaîexi Input Distance ~unction" 



Table 2.3 13eterminantd Test of Quasi-Concavity in Outputs ofEstimated Input 
Distance ~unction'~ 

year 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Determinants of the principal minors of the bordered Hessian: 



Table 2-4 Technical Efficiency and Producîivity Growtb Estimates fiom Input 
Distance Function: The Canadian Pdp and Paper Indusûy, 1959-94 

hdex Gmwth Rate 



Table 2.5 Single- and Totai-Factor Roctuctivity Growth Rates fiom the Tomqvist 

Index Formula: The Canadian Pulp And Paper Indusûy, 1959-94 

Virg in All A Il TFP 
Year Enerciv Canifal Fibre Materials Labour lA l l  I n ~ u t s '  

1959 .. . - .. . . - . . . 



NOTES 

1 AtteoiHtivsIy, FIOC) and can b thonght of  as the prodaction technologies of two h m  operating in the same 
peliod,arattwodin~fent~ods~tnns.  
The decomposition of TFP into iîs compcments cari be smied out ushg i n p u t m a d  m ~ s w s  of &cimoy and 

prodactivity. Jh facf the emphicai anaiysis m this stridy employs mpntdriented d e r  than output&ented measmes W e  
staa with oatputhented rnamues because these are more familiar to most readers The decompo9tim of prodnctivity 
change rismg input-oriented measnres of technical change and efficiency is alsb diçcnssed below. 
3 Iu terms of Figme 2-1, the prodactiaa fimc6ions F'(x) and p(x) wouid be constnicted baçed on the most efficient 
observationç m the h t i e r  litanrtme. Under the nonfhmtier approach, these estimated fimctims wouid pas  throngh 
ciopds of obsenrations for their respectim peniods. 
Otfier possible approaches mclude rnuiîi* index n m k  forniPlas like those mtmduced by Caves, Christensw and 

Diewert (19820) *ch can be açedto measure eEciencynSmg cros-secticm orpaaei data Soch appicatianç am 
daîiveîy rare, hawever- 
5 For compraben9ve surveys of the DEAtBchnip, see Ali and Seiford (lm), for eXHIllpie. Co&, Rao and Battese 
(1998) and Lodi (1993) provide goodmtroductims to the DEAihatum. 
6 See Shephard (1970) and Fare and h o n t  (1995) for a detailed treatment of distance fUnctions and their 
du* relationships. 
7 

D(u,x,t)=û if (UJ) 61 A = {(v)J u 2 O, x 2 0,3 Â. > O such that (yhx) E Y(t)). And D(O,x,t) = +W. 

gIbc input distance h t i o n  is decreasing in u oniy in the absence of undesirable outputstS 
9 Free disposability of inputs simpiy means there are no holes in the input requhment set L(u), ie. x E L(u) 

x/S E L(u) v 6 E (0,1]. 
10 

Sinqiy by asing Eoleis theorem. This is also intuitive, ficm the very deanition of input distance fimctiuns. 
11 The k and I couid be the same firm at two diff~feult puints m tirne, or two hms  at the sarne or Mmt points in 
tirne- 
12 These are an Atlantic Packaging Products mil1 in Whitby, Ontario, an Alberta N ~ w s ~ M ~  miU in 
Whitecourt, Aiberta, and a Howe Sound PuIp and Paper mil1 in Poa Meiion, British Colornbia They have 
annual production capacities of 150,180, and 195 thousand tonnes of newsprint, respective@ 
U rhe a, 's are the £kt order coefficients for the inputs such that the subscript numbers 12,. .. ,7 represent, 
respectiveiy, energy, wood residue, pulpwood, non-wood materiais, production Iabour input, administration 
workers, and capital The Pm's are the first order coefficients for the outputs where the subscripts 12,. . . ,4 
represent net output ofwood pulp, newsprint, paper other than newsprint, and paperboanis and building 
boards, respective@- 
'' For cancavity a11 Bigenvalues shouid be noa-positive. 

For ~ - c c m c a v i t y B H 2 ,  BH4 2 O 2 BH1, BEB. 
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CEiU'TER 3 An Input Distance Fundon Approach to Environmentally Sensitive 

Productivity and Efficiency Andysis 

3.1 Introduction 

Conventional mesures of productivity and efficiency nich as those employed in the second 

chapter of this thesis account for saleable or marketed outputs and inputs while ignoring changes in 

undesirable outputs that are jointly produced with marketed goob. Therefore, the costs of pollution 

abatement are included as inputs while the social benefits of improved environmental quality are 

generaiiy ignored. in the case of the Canadian pulp and paper industry, for example, the share in 

total capital expenditure of capital spending for pollution abatement increased fiom 5.48 percent in 

the pend fiom 1960 to 1971 to 25 percent in the early 1990s. This increased expenditure has 

brought with it a large reduction in the output rates of traditional poiiutants such as BOD and TSS. 

These changes in pollutant outputs were not taken into account in the analysis in Chapter 2. Such 

asyrnmetric treatment of marketed "goods" and " bads" leads to distortions in our assessrnent of 

changes in social weli being and distorted pictures of relative economic performance (Fare er al 

1993; Repetto et al 1996, 1997). This ais0 leads to misguided policy recornmendations. 

This study uses input distance fwictions to provide a fhrnework for a more complete 

representation of production technology, fiom which environrnentdy sensitive productivity and 

efficiency measures can be generated. Both desirable (marketable) outputs and undesirable (BOD 

and TSS) outputs are incorporated into the anaiysis. The approach has the additional advantage that 

it aiiows us to estimate producer shadow prices ofpoilutant outputs. The producer abatement cost 

information thus generated can be usefid for evaluating and guiding environmental policy and for 

further economic analysis. 

Some attempts have been made in the iiterature to incorporate poliutant outputs in 
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efficiency and productivity analysis(e.g. Pittman 1983; Fare et al 1993; Repetto et a[ 1996; and 

Coggins and Swinton 1 995). Pittman (1 983) provided the earliest attempt at incorporating 

undesirable outputs in efficiency rneaswement. He used shadow prices caiculated fiom abatement 

costs in his computation of enhanced Caves-Christensen-Diewert (1 982) mdtilaterai productivity 

indexes to compare the productive efFiciencies of a sarnple of 30 pulp and paper rnills operating in 

Wisconsin in 1976. More recentiy, a study by Repetto et al (1 996) used adjusted non-market 

valuation estirnates of the marginal pollution damage values to compute adjusted productivity 

indexes for three US industries, including the puip and paper industry. 

These index nurnber approaches depend on externai damage vaiue estimates (as in the 

Repetto et al (1996) study) or on the estimation of poliutant shadow prices fiorn abatement 

expenditure by producers (as in the study by Pittrnan). Estimating abatement costs is likely to 

become less and less practical because it is increasingly difficult to distin=gÜsh between 

"productive" and poiiution abatement expenditures on capital or other inputs. Pollution damage 

eshmate values are difEcult to get. Moreover, the accuracy and transferability across regions and 

time periods of these non-market valuations of poliution damages are similarly open to question. 

The use of distance hc t ions  incorporating both desirable and pollutant outputs can help 

overcome the problems associated with the index number approaches discussed above. Fare et al 

(1993) and Coggins and Swinton (1 995) use output distance functions for this purpose. Fare er nl 

(1993) used Pittman's data to estimate an output distance function fiom which they caiculated 

efficiency measures and producer specific shadow prices for pollutant outputs. Coggins and 

Swinton (1 995) use the method to estimate sulphur dioxide shadow prices for 14 coal-burning 

elecû-ic plants in Wisconsin. 



3.2 Input Distance Function with Poilutant Outputs 

This study uses input distance fùnctions to analyze productivity trends in the Canadian 

pulp and paper industry in environmentaily sensitive ways. Both input and output distance 

fiuictions are capable of handling multi-output technologies. Nonetheless, input distance tiinction 

were chosen for this analysis because the efficiency interpretation of the input distance function 

values remains unambiguous even when poilutant outputs are incorporated into the analysis. 

The input distance fiuiction was formally defined in equation (2.1 ) as the fiuiction that 

indicates, for a @ven or observed cornbinaiion of inputs and outputs, the maximal proportion by 

which the input vector should be deflated to bring it to the fionber of the input requirement set. The 

output vector or zr is now interpreted more broadly to include a subvector v of desirable outputs 

and a subvector w of pollutant or undesirable outputs. The properties of the input distance f ict ion 

with respect to inputs and desirable outputs as well as the definitions of and formulas for efficiency, 

technical change, Maimquist indexes and r e tms  to scale measures also remain the same as 

discussed in Chapter 2.' 

We &il, however, distinguish between the monotonicity properties of the input distance 

function with respect to desirable and undesirable outputs. Since the fùnction measures the 

maximum radial contraction in the input vector that is consistent with the production of the 

observed output vector, it was indicated in Chapter 2 that the tùnction should be non-decreasing in 

inputs and non-increasing in desirable outputs. in this chapter we wiii impose the additional 

requirement that the fùnction be non-decreasing in poilutant outputs. This is because a reduction in 

poilutant outputs requires the use of additional inputs for abatement, other outputs remaining the 

same. This additional reqyirement is incorporated into the estimation of the parameters of the 

distance function as described later. 



3.3 Poiiutant Shadow Price Derivation 

Not only does the distance tiiriction approach not require extemai estimates of pollution 

damage values, but it can &O be used to derive producer shadow pnca for poiiutants that can be 

useM for other analyses or to guide environmental policy. Moreover, the shadow prices are d e r i d  

under the mild2 assurnption ofproducer cost minimization behavior. 

The cost hc t ion  is the solution to the foliowing rninimi7ritioa problem: 

where p E R*+ is the input price vector. Equation (3.1) is the duality relationship between the cost 

and input distance functions due to Shephard (Shephard 1953,1970; Fare and Primont 1995). 

Upon a straightforward application of the envelope theorern on the first order conditions, the above 

cost minimization problem yields the foilowing output shadow pnce formulas: 

The fkst equation fobws directiy fi-om the first order conditions for the solutions to (3.1 ). The 

second equation obtains because the Lagrangian multiplier (A) is equal to the vaiue of the 

optimized cost function. The shadow price of a given output is the increase in costs that the 

production of an additional unit of the output entails. The shadow prices for poilutant outputs will 

be non-positive, as the input distance function is non-decreasing in poilutant outputs. 

If we do not know about the accuracy of the cost of production estimates, we can use the 
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foflowing alternative formula deriveci fiom (3.2a) to calculate the ratio of the shadow p r k  of output 

i to that of output j: 

Thus the ratio of the shadow prices is e q y l  to the trade offbetween the two inputs - how rnuch of 

units of output j the producer would be willing to forego for the right to emit one more unit of 

poiiutant output i. And if we assume that the market price of u j equals its shadow price, we cm 

calculate the shadow price (Ci) of poiiutant output u i as follows: 

This formula is used in this smdy to calculate shadow prices for the two water poilutants, BOD and 

TSS, included in the estimation of the input distance function. 

3.4 Functional Form and Estimation of Input Distance Function 

As in Chapter 2, the flexible translog functional form (Christensen, Jorgenson and Lau 

1973) was chosen for the input distance function: 



where: n indexes the vector of inputs such that the subscript numbers 12, ..., 7 represent, 

respectively, energy, wood residue, pulpwood, non-wood materials, production labour input, 

administration workers, and capital; m indexes the output vector of the firm such that the 

subscripts l,2,3, and 4 represent marketed outputs of wood pulp, newsprint, paper other than 

aewsprlnt, and paperboards and building boards, respectively, while 5 and 6 represent pollutant 

outputs of biological oxygen demand (BOD) and total suspended solids (TSS), respectively; and r 

denotes time trend. 

The estimation problem was formdated as a tinear programming problem similar to that 

used in Chapter 2 but with the additional constraint that the input distance funcrion be non- 

decreasing in pollutant outputs. The objective in the problem is to choose the set of parameter 

estirnates that rninirnizes the sum of deviations of the values ofthe distance funchon Born unity. 

That is, the estimation takes the foitowing optimization problem form: 



Subject to the following constraints: 

/nD ( ~ r ,  x ,  t )  2 0 ,  t = 1 ,..., 36 

a / . ~  ( L i ,  x , t )  
2 0 ,  t =  1 ,..., 36 , n  = l ,..., 7 

x n  

a / n ~  ( r t ,  x , t )  
I O ,  r = l  ,..., 3 6 . m  = l ,  ..., 4 

a L i ,  

a l n o  ( L i ,  x , t )  
2 0 ,  t = l ,  ..., 3 6 , m  = 5 , 6  

C a,,,,. = 1 ,  

The first set of consttaints (C 1) ensures that the estimated fUnction identifies the observation as one 

that is w i t h  the technology eontier (that it is feasible and thus its distance function value should 

be unity or higher). The second set of constraints (C2) imposes the monotonicity condition that the 

distance function be non-decreasing in inputs. The third set ofconstraints (C3) requires that the 

hnction be a non-increasing b c t i o n  ofthe four marketabte or disposable outputs, while the 

constraints in (C4) ensure that the estimated input distance fiinction is non-decreasing in the two 
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poilutant outputs. The remaining set of constraints ensure the iinear homogeneity of the input 

distance fiinction with respect to inputs (C5) and the symmetry conditions for the translog (C6). 

in other words, the parameter estimation for the input distance fùnction with pohtant 

outputs is camed out by m i n i m i ~ g  the sum of deviations fkom unity subject to 555 constraints. 

These are 36 feasibility constraints; 468 monotonicity constraints relating to inputs (252), desirable 

outputs (144) and poliutant outputs (72); 15 iinear homogeneity conditions, and 36 translog 

syrnmetry restrictions. This large h e a r  programMing problem was written in GlLMS solved to 

compute the parameter estimates. The estimation procedures employed here are very similar to 

those in Fare et al (1 993) and Coggins and Swinton (1 995) but with monotonicity conditions 

relating to inputs imposed in addition to those relating to outputs. 

Industry aggregate t h e  senes data set for the period £?om 1959 to 1994 is used. Each of 

these 36 observations include data on four desirable outputs, two undesirable outputs and seven 

inputs were identified in this study. The four desirable output categories include net pulp output, 

newsprint production, paper other than newsprint3, and paperboards and building boards. The 

undesirable outputs are biologicd oxygen demand (BOD) and total suspended solids (TSS) in water 

effluent fiom the industry. The seven input categories are: energy, wood residue, pulpwood, non- 

wood materiais, production Iabour hours, number of administration workers, and capital. 

The sources of quantity and price data for the seven inputs and the four marketable outputs 

ofthe industry are described in detail in the Iast section ofthe introductory chapter. Poilution data 

for the industry were obtained by request fiorn the Canadian M p  and Paper Association (CPPA). 

Biological oxygen demand (BOD) and total suspended solids (TSS) rates were available only for 
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I Figure 3.1 
I 
! Ac- and Regtession Equation Predicted BOD and TSS Rates: 

Canadian PuIp and Paper Industry, 195S1994 

a c t u a l  BOD -a- predicted BOD 
-jt actual TSS & predicted TSS 

year 

1959 and for 1970 to 1 994. The rates for 1960 to 1 969 were interpolated fiom regressions of 

pollutant rates on time trend. BOD and TSS pollution output per wood pulp production rates 

exhibit very clear and consistent trends time trends. 

In the p e n d  fiom 1959 to 1994, BOD rates declined f?om 102 kg per tonne to 13 kg per 

tonne of wood pulp production. The decline foUowed a linear trend. The foiIowing results were 

obtained for the regression of BOD rates on thne trend (t): 



BOD rate = 98.1524 - 2.4342 (rime trenn) 

The R-square for this regression was 98.51 percent and the standard errors for the intercept and the 

slope were, respectively, 2.5952 and 0.06 1 O. 

TSS rates declined fiom 1 18 in 1959 to only 6 kg per tonne of pulp in 1994. These rate 

changes, however, foiiowed a log-linear trend over time rather than a linear one. The estimated 

regression equation is, 

log (TSS rate) = 4.61 64 - 0.0782 (tirne trend) 

The R-square value for tbis regression is 98.45 percent white the intercept and dope standard errors 

were 0.0850 and 0.0020, respectively. The actual and predicted BOD and TSS rates are ptotted in 

in Figure 3.1. 

3.5 Results and Discussion 

As in the case of the analysis without poliutant outputs, the estimated input distance 

function was found to be concave in inputs and quasi-concave with respect to outputs for aii the 

years. The finction curvature test results are reported in Tables 3.2 and 3.3. The parameter 

estimates fiom the analysis incorporating poiiutant outputs are s h o w  in Table 3.1. 

AIso, the efficiency and returns to scale estimates fiom the input distance hc t ion  with 

poiiutant outputs are sirnilar to those obtained fiom the function estimated without poliutant 

outputs. An average r e t m s  to scale estimate of 1.27 was obtained. The average level of productive 

efficiency obtained in this chapter was sirnilarty hi$, at 99.6 percent. More or less the same 

observations are identified as penods of less than 100 percent technical efficiency in both studies. 
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Productivïty growth esthates, however, change dramaticaliy when poilutant outputs are 

incorporated into the analysis. The average annual growth rate of the Malrnquist index" obtained 

fiom the input distance function that includes undesirable outputs is 1 .O0 percent. This estimate is 

substantialiy higher than the rate of 0.19 percent calculated from the input distance function 

involving no poffutant outputs. 

The results also show that most ofthe productivity growth in the Canadian puip and paper 

industry occurred in the p e r d  after the 198 1-82 recession. Productivity growth was fastest (at 

4.19 percent per year) in the 1990-93 period than in eariier periods. Mean productivity growth 

estimates of 43-12, -0.32, and 1-84 were obtained for the t 959-1 969, 1970-79, and 1 980-89 

periods, respectively. The environrnentally sensitive measures of productivity improvement are 

higher than the conventionai ones obtained in Chapter 2 for the same periods. See Table 3.4 for 

the complete efficiency and productivity growth estimates. As indicated in the discussion with 

regards to the results fiom the conventional measures in Chapter 2, the reasons for the very rapid 

productivity growth in the early 1990s include the change in the miIl composition of the industry 

which increased the proportion of rniils with modern techno10,oy. 

Whiie the conventional estimates from Chapter 2 indicate that productivity growth was 

higher in the 1970s than in the 1960s, the resuits obtained when pollutants are included indicate the 

opposite. The growth rate declines tkom -0.12 in the 1960s to -0.32 percent in the 1970s. This is 

partly due to the economic contractions resulting fiom the two oil crises of the 1970s and a 

generally lower capacity utiiization rate in the 1970s. There was aIso an increase in pollution 

abatement expenditure in the 1970s foilowing the introduction ofnew regdations aimed at 

reducing water pollution. As a result the share of pollution abatement capital expenditure jurnped 

fiom only 5.4 percent oftotal capital expenditure for the p e n d  fiom 1960 to 1972 to 12.2 percent 
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for the period fiom 1972 to 1979'. But the reduction in poiiutant outputs rates was faster in the 

1960s, especidy in the case of TSS, the production of which decluied by 66 percent Çom 1 18 kg/ 

tonne of pdp  in 1959 to 40 kghome ofpuIp in 1970. The production of BOD also deciined by 33 

percent fiom 102 kgtonne of pulp to 68 kghome of pulp over the same period. The reduction rates 

in the 1970 were lower (53 percent) for TSS, although they were siightly higher (35 percent) for 

BOD. In other words, a much faster reduction in poiiutant output was achieved in the 1960s using 

m d y  lower cost primary treatment facilities that were effective in reducuig TSS output and, to a 

lower degree, BOD output. Thus, when poiiutant outputs are incorporated into the productivity 

mestsures, the reduced effectiveness of resources used in pollution abatement contnbutes to the 

reduction in the rate of productivity gowth. However, the gap between environmentdy sensitive 

and conventionai estirnates of productivity is highest for the 1960s, when poilution reduction was 

rnost rapid. 

The productivity indexes f?om the input distance function with and without undesirable 

outputs are plotted in the chart in Figure 3 -2. Productivity measured in environmentaiiy sensitive 

ways is higher than the conventional rneasure of productivity throughout the period. Accordmg to 

the conventional measure, the productivity of the Canadian pulp and paper industry increased only 

by 7 per cent over the entire 36 year period fiorn 1959 to 1994. By cornparison, the results fkom the 

andysis with poliutant outputs indicate that the industry was 41 -8 per cent more productive in 

1994 than it was in 1959. 



Figure 3.2 
Malmqust Productidty Indexes for the Canadian Pulp and Paper 

Industry , 1959-1 994: Results fiom Input Distance Functions 

+ env~onmentaiiy sensitive + conventional 

year 

3.5.1 Abatement Cost or Shadow Price Estimates for Poiiutants 

Poilutant shadow pnces were calcuiated using equation (3.2~).  The market price of 

paperboards was assumed to be equai to its shadow price. Then the poilutant shadow pnces were 

determined by rnultiplying the price of paperboards and the ratio of the derivative values of the 



input distance function with respect to the poliutant and to paperboards. The ratio of these 

denvatives reflects the trade-off between the poiiutant and paperboard, fiom the perspective of the 

producer. The caiculated shadow pnces measure the cost of pollution abatement to the producer 

(and also to society). These pices can be compared to the benefits of pollution abatement (or 

damages fiom environmentai pollution) to assess the optimaiity of cunent environmentai 

regdations. The estimated shadow prices are plotted in Figures 3.3 and 3 -4. 

Figure 3.3 
I Biolacal Oxygen Demand (BOD) Abatement Coçt (Shadow Prïce) 
I Estirnates D e r i d  h m  Input Distance Function: Canadian Pulp and 
! Paper lndustry , 1959-1 994 

year 

One minor problem, an artefact of the LP nature of the estimation of the distance function 

parameters, was encountered in the implernentation of the above procedure. For some of the years, 

the rnonotonicity constraints relating either to the pollutant or paperboards were binding ' T h s  

resdts in a derivative ratio that has a value of zero numerator or zero denorninator. The zero 
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estimates of shadow pices were Ieft and reported as ~ u c h . ~  But for the few (three) years7 for which 

the poliutant-paperboard had a zero denominator, the poiiutant shadow price was calculated using 

equation (3.2a) instead of ( 3 . 2 ~ ) .  The meaning of the estimate, however, rernains the same - the 

shadow pnce thus cdcdated indicates the abatement cost that the producer would incur if she/he 

were to reduce pouutant output by one unit, at the margin. 

The trends in the computed poilutant stiadow price estimates indicate the effects of the 

dirninishing retums to pollution abatement. The calcdated shadow prices of biological oxygen 

demand (BOD) were generaiiy less than $100 for the fïrst two decades covered in the study. The 

averee shadow prices for the 1960s and the 1970s were very close. The prices for the 1980's and 

the '90s are, however, much higher. The average BOD shadow pnce increases fiom $34 for the 

1970s to $147 per rnetric tonne for the 1980's and to $436 per metric tonne for the p e n d  fiorn 

1990 to 1994. The average value of the BOD shadow pnces for the sample period 1959 to 1994 is 

$123 per metric tonne. 

Shadow prices for total suspended solids were generally found to be higher than shadow 

pnce estimates for biological oxygen demand. For the period fiom 1959 to 1994, the average of the 

TSS shadow prices was calculated to be $286 per metric tonne. Like the BOD prices, the TSS 

prices show increasing trends over time. TSS shadow price estirnates ranged between $100 and 

$300 during the 1960s and 1970s with average vdues of $16 1 and $157 per metric tonne, 

respectively. Average prices of $365 and $663 per metric tonne of TSS were calculated for the 1980 

to 1989 and 1990 to 1994 periods, respectively. 
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I Figure 3.4 
i Total Suspended Solids (TSS) Abatement Cost (Shadow Price) 
I 
! Estimates Deriwd fiom Input Distance Function: The Canadian 

PuIp and Paper fndustry, 195S1994 

I year 

3.6 Summary and Conclusion 

This study attempted to anaiyze productivity trends in the Canadian pulp and paper 

industry in a way that is sensitive to the environmentai effects of the industry's production activity. 

This was done by estimating a parametric input distance function fiontier that incorporates both 

desirable and undesirable outputs. The parameters of the function were estimated using 

mathematicai programmiog. Data covering the p e r d  fiom 1959 to 1994 are used. Four desirable 

outputs, two water pollutant outputs (BOD and TSS) and seven inputs were idenhfied for the 

estimation of the input distance function. 

The degree of productive or technical efficiency was found to be high during rnost of the 

periods. This is not surprising, given the nature of the data (a single tirne series) and the objective 



function (minimizing the sum of deviations from the fiontier) of the parameter estimation 

procedure. If instead, panel data were used, efficiency level estimates would then be computed by 

cornparing different observations from the same p e n d  as well as Merent penods. The greater the 

number of observations that a given observation is compared to, the lower the eEciency estimate 

for that observation is likeiy to be. But interestingly, many of the periods idenûfïed as inefficient in 

our estimation coincide wi th ail crises and macroeconomic recession periods. S i d a r  techmcai 

efficiency results were aiso obtained in Chapter 2. -4s in Chapter 2, the resuIts aiso indicate that 

production in the Canadian pulp and paper industry is characterized by rnodest increasing retums 

to scaie. 

The technical change esha tes  ùidicate that productivity rneasures that ignore pollutant 

outputs substantidy underestimate the performance of the industry. Our environmentaily sensitive 

approach indicates that the total factor productivity ofthe indusûy has been growing at the rate of 

1 .O0 percent per year over the p e n d  fiom 1959 to 1994. This is higher than most of the 

productivity growth estimates obtained for the industry, regardless of whether those estimates 

include output scaie effects in addition to technical change and efficiency irnprovement. This 

estimate is aiso considerably higher than the estimate of O. 19 percent per year that we obtained 

fiom the input distance fuaction estirnated without pollutant outputs. The main conclusion of this 

study is that productivity improvement, f?om the social viewpoint, has been stronger than 

conventional rneasures would suggest. Our shadow price estirnates, however, indicate that the cost 

to producers of poiiution control has been rishg as the rates of poliutant outputs of biological 

oqgen dernand (BOD) and total suspended solids (TSS) declined. 



Table 3.1 Parameter Estirnates for input Distance Function with Pollutant Outputs: 
Canadian Pulp and Paper indusûy, 1959-94' 
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Table 3.3 Determioantai Test of Quasi-Concavïty in Outputs of Estimated input Distance Function: 

y a a r  
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Deterrninants o f  the principal minors o f  the bordered Hess ian:  
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Table 3 -4 Shadow Prices, Technical Eficiency and Productivity Growth Estimates fiom 
input Distance Function Incorporating Poiiutant Outputs: Canadian Puip and 
Paper indusûy, 1959-1 994 
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NOTES 

' The input distance function has a h i t e  value for a non-zero output vector. it is an increasiag, concave and 
Linearly homogeneous in the input vector, and it is upper semi-continuous and quasi-concave function of the 
output vector. An input distance function provides a complete characterïzation of the production technolog 
if inputs are f k l y  disposable. 

That is by cornparison to the assumption of profit maximizatioa 
'This category inducies the foiiowing: pxintuig and writing papers, wrapping papr .  sanirary and rpcsialty papers, and 
builcikg papers. 
'' The Malmquist index growth rates are computed by summing technical change and technical efficiency 
growth rates using equation (2.9). 
5 These figures are based on pollution abatement capital expenditure data obtained by request ikom the 
Canadian Pulp and Paper Association 
6~ occurred in 1959, 1971,1973,~980,1982,1989,1990, and 1994 for BOD. For TSS, zero derivative 
values were obtained 197 1, 1979, 1985-6, 1989, 1990, 1992-3. 
7 The derivative of the input distance function with respect to paperboards was zero only for 1 967, 1 965, and 
1971. 
' The a , ' s  are the k t  order coefficients for the inputs such that the subscript numbers 1,2,. . . .7 represent, 
respectively, energy, wood residue, pulpwood, non-wood materials, production labour input, administration 
workers, and capitaL The Pm's are the first order coefficients for the outputs where the subscripts 13,. . . ,6 
represent net output of wood puIp, newsprint, paper other than newsprint, paperboards and building boards, 
BOD and TSS, respectively. 
9 For concavity aii eiçenvaiues should be non-positive. 
'O For quaSconcavity BHZ. BH4. BH6 > O 2 BHl. BH3, BH5. 
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CHAPTER 4 Envkonrnentaily Sensitive Nonparametric Anaiysis of Economic Performance 

4.1 Introduction 

This study proposes and implements nonparametric techniques for environmentaily 

sensitive analysis of economic performance. The techniques are applied to analyze productivity 

trends in the Canadian pulp and paper industry. Two major water poiiutants fiom the industry (BOD 

and TSS) are identified dong with desirable outputs and inputs for the analysis. 

The proposed pnmd and duai approaches are based on m&cations to the Varian-Banker- 

Maindiratta inner and outer nonpararnetric technology bounds as extended by Chams and Cox 

(1994) to incorporate technical change. The modified imer nonparametric technology bound 

requires only input and output quantity data and aiiows for the presence of poiiutant outputs that are 

not fieely disposable. Producer shadow prices for bidogical oxygen dernand (BOD) and total 

suspended solids (TSS) obtained fiom the input distance function analysis in Chapter 3 are used in 

the construction of the outer nonparametric technolo~ bound. 

The chap ter is organized as foilows. The next section introduces nonp arametric approaches 

to productiviv analysis in general and outlines some relevant efficiency concepts. The section also 

presents the m&ed inner and outer technology bounds proposed for incorporating undesirable 

outputs into the anaiysis. An effective quantities approach for recognizing technicai change in 

nonparametric anaiysis usina time senes data is discussed in the third section. The data on which the 

analysis in this chapter is based are described in the fourth section. The results Erom the 

implementation of the effective quantities approach to nonparametric production analysis are 

presented and discussed in the fifth section of the chapter. The last section bnefly surnmarizes and 

concludes the chapter. 



4.2 Nonpararnebic Methods for Efficiency Analysis 

4.2.1 Introduction 

Approaches to efficiency measurement f d  into two broad categories - pararnetnc and 

nonparametric. The paramemc approach starts with a postuiated functional form for the production 

fùnction or some dud representation of the techno10,oy (alrnost always using a cost or profit 

fûnction). The parameters of this function are then econometricaLly estimated by minirnizing some 

function of the deviations of the observed data fkom the estimated function. The fiindamentai 

shortcoming ofthis approach is that the rnaintained hypothesis of parameûic form can neither be 

theoreticaiiy substantiated nor directiy statisticaüy verdled. In short, the assumption of parametric 

form must be "taken on faith" (Varian 1984, p. 579). 

Nonparametnc approaches, on the other han& do no4 explicitly or implicitiy, impose n 

priori or ad hoc restrictions on the underiyiag technology.' This flexibility is the most important 

advantage of the nonparametric approach to production analysis. For exarnple, the production 

possibility set Y, Le. 

where x and tî are input and output vectors, respectively, can be expressed nonparametricaliy as a 

piece-wise fiontier without assurning a functiond form for the technology, This representation of the 

technotogy can then be used as a reference for gauging the econornic performance of a given 

obsenration. 
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4.2.2 Efficiency Measurement Concepts 

Efficiency can be broady defined as the degree to which a desired set of effects are achieved 

(Fare, Grosskopf and Loveli 1985). The ievel of efficiency is then measured using some index for 

cornparing observed with desired performance. 'This cornparison may be made in t e m  of quantities 

(inputs and outputs) or vaiues (cost, revenue, and profit). Efficiency can aiso be decomposed into a 

number of cornponents. 

The efficiency measures or indexes that are most fiequentiy used in modem efficiency 

literature were originaliy proposed and applied in Farrell (1 957), which is by far the mos t influen tial 

work in fiontier efficiency anaiysis. Farreii drew upon and extended, through the addition of price 

dependent efficiency aspects, measures proposed earlier by Debreu (1 95 1 ) and Koopmans (1 95 1 ). 

Farreii proposed that the overaü efficiency of a firrn can be decomposed into two components: 

technicai efficiency and aüocative efficiency. Technical efficiency measures the ability of the 61.m to 

produce a given set of outputs with the minimai set of inputs, given the state of the production 

technology. Aiiocative efficiency ("price efficiency" in Farrell's terminology) measures the ability of 

the firm to use the optimal (cost minirnizing) mix or proportion of inputs. Economic eEciency (or 

"overall efficiency" in Farreii terminology) combines the above two measures of efficiency and 

reflects the ability of the finn to minimize the cost of producing a aven vector ofoutputs. 

The eficiency measures defined above are illustrated in Figure 4.1 using a piece-wise linear 

input fiontier or isoquant constnicted using observations R, S, T and W which use Werent input 

vectors to produce the output vector u. 



Figure 4.1 Input-Oriented Technical and Aiiocative Efficiency 

F i m  S, T and W are al1 on the fiontier and technicdy efficient in the sense of Farrell. The input- 

oriented technical efficiency (TE) of firm R is measured by the ratio: 

This measures the proportion by which the input vector utitized by R can be scaled down, without 

any reduction in the vector of outputs produced. It is the ratio of the srnailest feasible radial 

contraction of the input vector of fim R to the actual input vector uhlized by this firm. 

For the prevailing ratio of input prices, which is given by the dope of the isocost iine 22, 

the optimal mix of inputs for producing output vector u is achieved at T. The allocative efficiency 

(AE) of firm R is equal to: 



which indicates the extent to which cost could have been reduced by a reaiiocation of input costs 

fkom the technicaliy (but not aiiocatively) efficient input vector at P to the technicdy and allocatively 

efficient input vector at T. This is simply the ratio ofthe isocost iines through points T and P. 

Similady, the ratio of the isacost lines through T and R indicates the overail or economic efficiency 

of the firrn, which reflects the reduction in costs that would occur if production took place at T 

instead of at R Econornic efficiency is equal to the product of technical and aiiocative eficiency: 

In practice, aliocative efficiency 1s computed as a residuai by dividing economic by technicai 

efficiency as discussed below. Given a piece-wise representation of the production technolog Y ,  

the technicai efficiency mesure for a firm i utilizing a set of inputs, xi, to produce a vector of 

outputs ui, is computed by solving the following mathematicai programrning problem to search for 

the maximum equiproportionate reduction in the vector xi that is consistent with the continued 

production of the vector ui: 

T E '  = Min, (6 : ( ? l i  B x i ) ~ Y ,  B E R ' )  

In other words, this FarrelI mesure of technical efficiency is equai to the reciprocal of the value of 

input distance function (Shephard 1953, 1970). Similarly, the relevant value of the cost fbnction for 

this finn is computed as follows, using mathematicai prograrnming to search for an input vector that 
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minimizes the cost of producing the output vector , subject to the existing technology and input 

prices: 

where pi is the vector of input prices that the firm is facing. Then the ratio of the minimum cost to 

the cost of the actual set of inputs utilized by the firm, plxi, gives the measure of economic efficiency: 

The measure of ailocative efficiency for firm i is then obtained &om TE' and EE': 

EE' =- 
TEii 

ï h e  Farrell efficiency measures defined above and used in our empiricd analyses are known as 

radial efficiency measures because technical efficiency is cornputed relative to the proportionally (or 

radïally) smdest feasible input vectors.' Radial measures have several features that make them 

attractive for empiricaI analyses (Fare et al 1985; Loveii 1993; and CoeUi, Rao and Battese 1998). 

First, they are easy to compute as the prcportion of inputs is constrained to remain the same for the 

calcdation of technical efficiency. Second, they are invariant with respect to the units with which 

inputs are measured. Third, these efficiency measures have straightforward cost interpretations. For 

example, the values (1 -TE), (1-AE) and (1-EE) measure the proportiond cost savings that can be 

achieved by the eiimination of technical, ailocative, and both techcal  and albcative inefficiency, 
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respectively. Fourth, these measures are rnultiplicatively decomposable. Findy, the technical 

efficiency measure is equivaient to (the reciprocal of) the input distance function value and can be 

used in the computation of Maimquist productivity indexes. 

However, radiai measures may lead to an overstatement of the level of efficiency by ignoring 

input slacks or excesses such as the segment PS in Fi,we 4.1 when the input isoquant has sections 

that nui parallel to the axes.' Four things c m  be noted about this shortcoming (Cwlli, Rao and 

Battese 1998). First, there are no simple and sirnultaaeously unit invariant methods for incorporating 

slacks in the technical efficiency measure. Second, the importance of such sIacks may be overstated 

in practice; slacks occur onIy on the horizontal or verticai extremes of the tiontier. Third, slacks may 

essentidy be looked at as aiiocative rather than technical efficiency (Ferrier and Lovell 1 990). 

Findy, slacks can be reported dong with the radiai measures. 

4.2.3 Construction of Nonparametric Technology Frontiers 

423 .1  Technology Sets withozrt Undesirab le Otttputs 

AIthough Farrell (1 957) illustrated his different efficiency measures using a nonparametric 

or piece-wise linear convex unit isoquant4 which he consmicted using agricultural data Eom 48 US 

States, the nonparametric approach to efficiency analysis was rarely used in the two ensuing decades, 

the exceptions being BoIes (1 966) and a a t  (1 972). The turning point came with the publication of 

a paper by Charnes, Cooper and Rhodes (1 978) (CCR) introducing an increasingly popular 

nonparametric method known as data envelopment analysis (DEA) in the management science/ 

operations research literature. DEA involves the use of mathematical programming to constmct a 

nonparametric piece-wise linear fiontier that "envelops" the observed data Banker, C harnes, and 

Cooper (1 9û4) @CC) proposed a variable returns to scale (VRS) version of the (CC R) model. The 

BCC DEA is the same as the inner bound technology set used in nonparametric production analysis 



in econornics. 

la the economics li terature, Varian ( 1 984), building on the work of Afiiat ( 1 972) and 

Hanock and Rothchiid (1 Wî), shows how nonparametric bounds for the underlying technoIogy can 

be constructeci if the observed data are consistent with profit rnaximization. In other words, Varian's 

approach requires that all the observed data be consistent with his Weak Axiorn of Profit 

Maximization (WAPM) condition. Banker and Maindiratta (1988) introduce the concepts of weak 

rationalkation and extend Varian's approach to cases where, because of finn technical or alIocative 

inefficiency, the data may not be rationalizable in the sense of Varian (or strongly rationalizable). 

Banker and Maindiratta's tightest inner bound technolog set is the same as Varian's. Their outer 

bound, however, ciiffers fkom Varian's in that it excludes observations that fail the WAPM test. 

4.2.3.2 Technology Sets with Undesirable Oittputs 

The nonparametric approaches by Varian (1 984) and Banker and Maindiratta ( 1988) as 

weU as the approaches by Chavas and Cox (1 994) and Chavas, a b e r  and Cox (1 994), discussed 

later in this section, ai i  assume that outputs are desirable and fieely disposable. Their approaches do 

not acknowledge the presence of undesirable (pollutant) outputs. Since pollution abatement is an 

activity that consumes scarce resources, the exclusion of undesirable outputs leads to distorted 

rneasures of economic perfomance of fims and a distorted sense of economic progress over tirne. in 

particular, fims or periods with higher poüution abatement activities wili appear inefficient or less 

productive, relative to other finns or periods if the conventional nonpararneûic specifications are 

used. 

These nonparametric approaches can be modified to incorporate undesirable outputs into the 

andysis. Suppose the production process in an industry employs N inputs to produce M outputs. Let 
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x E % + ~ ,  p I r €!FiM denote vectors ofinputs, input prices, outputs, and output (market 

and shadow) prices, respectively5. Start with obsemed input and output quantity and pcke data for a 

set 3 of T fims. Suppose M e r  that a subvector v of outputs is desirable while the remaining 

subvector w of u is a vector of "bads" or poUutant outputs. The purpose is then to construct 

nonparametric bounds for the underlying production technolo,oy. 

This requires spe-ng the minimum requirements that a set Yc < R + ~ x  R + ~  must satisw in 

order to quw as a production possibility set representing the technology underlying the set of 

observations in 5 Foiiowing Banker and Maindiratta (1 9881, we will consider a production 

possibility set Y admissible ifit satisfies the Mowing four requirements: 

1) Y is closed and convex. 

2) F o r d j  E x(d,x!) EY. 

3) Y rationaiizes the subset of observations ;ip=(i: A*) c where the criterion function 

- .  - .  
A is defined by Ai = max ( ( ~ - p ~ ) - ( f u i - p k ' ) ,  i, j s 17 2 O. in other words, we have 

. .  . .  
r i i l p k k  rbpk, for ali (u,x) E Y and for ai i  i E F 

4) if (v,w,x) EY and v 2 v', w' L w, x' 2 x, then (v',w',xl) EY. 

Closure and convexity are basic regularify conditions that are customarily imposed on the 

production possibility set. Closure is customarily irnposed, at no cost, because it ensures that the 

extrema for optimization problems such as those in equations (4.1) and (4.2) above are part of the 

technology. The convexity of the production possibility set is commonly assumed for reasons of 

analytical convenience. With the convexity assump tion standard linear progarnrning can be used to 

compare the efficiency of any observation ajainst a Linear or convex combination of an efficient 

subset of observations. 
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The justification for the second requirement is obvious; we want the constnicted 

technology to include (or support as feasible) aii the empincdy observed input-output combinations 

we have in the sarnple. The third condition is Banker and Maindiratta's (1 988) concept ofweak 

rationalization. The subset F (of 9) consists of the observations that are consistent with Varian's 

WAPM condition. The condition in (3) requires that the production possibifity set rationalize tbis 

subset of efficient observations to q u a l a  for admissibility. 

The fourth requirernent, which is different than that of Banker and Maindiratta, is for the 

monotonicity conditions that we have m a e d  to incorporate undesirable outputs into the 

spedication ofthe production technolog. As in conventional analysis, desirable outputs and inputs 

are assumed to be Eeely disposable. But a reduction in poUutant outputs requires the diversion of 

inputs fkom the production of desirable outputs for abaternent purposes. in other wordç, it requires 

the use of additional inputs, other outputs remaining the same; or it requires sacrificing desirable 

outputs if the reduction in undesirable outputs is to be achieved without the consumption of 

additional input resources. Therefore, pollutants can essentially be treated like inputs into the 

production process for the purpose of our analysis. This feature of undesirable outputs is reflected in 

the fourth admissibility condition above. Our proposal for the treatment of undesirable outputs in 

the same fashion as inputs is s i d a r  to a suggestion made by Haynes er a2 (1 995) in the context of 

DEA type formulations for measuring relative efficiency in pollution prevention activities. Haynes et 

al (1 995) focus on mestsuring efficiency in pollution control; but their approach can be extended for 

the purpose of measuring productive efficiency. 

The following two production possibility sets provide, respectively, the tightest imer and 

the tightest outer bounds to the set of admissible technology sets satismng conditions (1) to (4) 

described above (Banker and Maindiratta 1988): 



where z' is the weight assigned to firm or obsenration i in construction of the DEA fiontier and r" 

represents the vector of poilutant shadow prices for finn or observation i. in other words, for any 

admissible production possibility set Y we have EYI ~ Y E  EYO. The inner technology bound EYi is 

the convex h d  of the observations in yand as such is the smaiiest convex set enveloping these 

data6 It also satisfies the other three conditions for admissibiiiv. Similady, the outer bound EYO 

satisfies all four conditions, and it includes any set that is admissible as a production possibility set 

because the only restriction on the outer bound is that it rationalize the elements in g. [t follows fiom 

these results that the technicd efficïency and the overall cost efficiency rneasures from the imer and 

outer bounds provide, respectively, the upper and lower bounds to the technicai and overaii cost 

rneasures for a given observation evaiuated over all admissi bIe sets. See Banker and Maindiratta 

(1 988) for more details on these results. 

in the discussion below, we will aiternatively refer to the imer and outer technolog bounds 

as the primai (inner) and the profit duai (outer) bound to emphasize the nature of their construction; 

the first makes no behaviourai assumption while the latter is based on the postulate of profit 

maximization. The techno10,oy bounds required for conventionai (Le. without poilutant outputs) 

productivity analysis are obviously special cases of those in equations (4.5) and (4.6); and we wili 

refer to the conventional bounds corresponding to the EYI and EYO as YI and YO, respectively. 

The construction of the imer and outer technology bounds is iiiustrated in Figure 4.2 using 
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four observations fiom a one inpuf one output production process. The four observations are the 

firms operating at points B, C, and D. The b e r  technology bound YI &om would then be given 

by the double Line segments comecting points K, A, C, and D and extendhg horizonntaiiy to the right 

ofpoint D. The input-output combinations on this huer bound and to the left and below it make up 

the smdest negative monotonie convex hull that includes ail the observations. Firms 4 C, and D 

are operafing on the Eontier while firm B is technicatiy inefficient. 

The outer bound Y0 is forrned fiom the boundary of the intersection ofthe haifspaces 

created by the profit hyperplanes or isoprofit h e s  for the firms that satisfy the WAPM condition, i.e. 

firms 4 C, and D in this case. This outer bound is marked by the heavy line passing through points 

O, M, E, F, and S in Fi,oure 4-2. 



ire 
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While p h a i  nonparametric or DEA representations of the technology have been modified 

in severai shidies to aiiow for undesirable outputs; we are not aware of any study that has employed 

dud nonparametric methods for the purpose of environmentdiy sensitive analysis. This is rnainly 

due to practical rather than conceptual Mculties. The problem lies in h d i n g  reliable estimates of 

poilution damages or the benefits of pollution abatement that can be as pollutant prices in the 

construction of the outer nonparametric bound. 

in this study, we use the BOD and TSS shadow prices or abatement cost estimates obtained 

fiom the input distance fiinction anaiysis in Chapter 3 as pnces for these pollutants in the 

construction of the outer technology bound. Whether these prices are below or above the pollution 

damage values depends on whether abatement is carried out at below or above the socidy optimal 

levels. Lf we assume that pollution abatement was below optimum levels for most of the periods 

covered in the study, then our estirnates understate the benefits of pollution reduction. Under such 

circumstances the environmentaily sensitive measures of produc tivity growth we derive in this 

chapter are LikeIy to be Iower than the true rates. 

4.3 Technical Change and Nonparametric Andysis 

The techniques discussed above are ideal for cross-section efficiency anaiysis, or for analysis 

panel data Eorn which both efficiency and techcal  change can be separately identified.' When only 

time series data for a single econornic e n t i ~  is used, however, changes in both technical efficiency 

and technicai change have to be deait with simultaneously. 

There are two alternative ways to deal with the problem created due to technical change over 

time (Chavas and Cox 1994). One solution is to adopt an "intertemporal" view of the production 

technology and interpret the efficiency scores computed with reference to the technology as 

cornbined efficiency and technicai change scores. Since al observations are judged against the sarne 
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"intertemporal" fiontier or reference technology, the computation of productivity index senes is a 

straightforward exercise, after a preferred base period has been chosen. 

This intertemporal approach to technical change has some important shortcomings, 

however. Tt is possible that a Iarge number of data points or observations in the time senes might hi1 

the WAPM test because of inefficiency andor technicd change that occurs over time. Under such 

circumstances, the subset m u t  of which the Banker-Maindiratta outer b o n d  is to be constnicted 

can have too few obse~~ations. In the extreme case, the efficient ~ m i g h t  be empty or it might have 

only one observation resdting in a perfectly flat outer technology bound. 

To overcome this problem, Chavas and Cox (1994) propose an alternative approach based 

on the concept of "technical augmentation" to deal explicitly with technicai change in the model. 

Technical change modifies the effectiveness of inputs and outputs. The relationship between effective 

inputs and effective outputs rernains the same throuphout the period of shidy. But the relationship 

between effective quantities and actual quantities changes with technology. It is hypothesized that 

technical change " augments " actual quantities (x,,v,, w,) into "effective quanti ties" denoted by (X,V,, 

WC) according to the folowing one-teone increasing tùnctions: 

where: is now the set representing the time series; r E 3- indexes the time period; n =1, ... sV, 

indexes inputs; m =l ,. , . ,d indexes the d desirable outputs and k =(d+ 1 ),. . . ,A4 indexes hl-d 

undesirable outputs; and the A:s, Bis and Cis are period t technology indexes that augment the 

actual quantities ofinputs (x), desirable outputs (v) and undesirable outputs (w) into effective 

quantities. Foiiowing Chavas and Cox (1 994), we adopt a transIation hypothesis for the relationship 



between effective and actual quantities, i-e. 

The Chavas-Cox methodology has the additionai advantage that the changes in the 

technology indexes can be interpreted in tenns of technical change b i s  (Chavas et al 1994). An 

increase (decrease) in the technology index for the n-th input, A, implies technicd change that is n- 

th input-using (input-saving) because the production of the sarne effective inputs requires the use of 

more (Iess) of the actud input with the technical change. For desirable outputs, an increase 

(decrease) in the technology index of the m-th output corresponds to technicd change that is m-th 

output-reducing (output-augmenting). The opposite is bue in the case of undesirable outputs 

because the technology indexes Cit are restncted to be non-positive as discussed below. 

The technoloy indexes are computed by rninimizing some function of these technology 

indexes, subject to the foiiowing conditions: 1) technology indexes for inputs and desirable outputs 

are positive and the technology indexes for undesirable outputs are negative; 2) a i l  effective 

quantities are non-negative; and 3) effective quantities satis@ the WAPM condition. in Our case, the 

technology indexes were estimated by rninimizing the sum of the absolute values of the ratios of the 

technology indexes to their respective actual quanti tiesSg Therefore, the following linear 

programrning problem was solved to compute the technolow indexes: 



and 
A, ,B , ,C ,V ,W,X  2 O; s,r E 2- 

This formulation of the technology index estimation problem makes it clear that the effective 

technology obtained can be interpreted as the minimum perturbation to the observed data required to 

satis@ WAPM at aii data points, The outer and imer bounds based on the effective quantity 

approach include aii observations, whether they are expressed in effective or actuai quantities. This 

is implied by the monotonicity condition discussed in the previous section above together with the 

fact that v, l V,, w, 2 W, and x, 2 X, because the technolo,oy indexes are restricted to be non-negative 

for desirable outputs and inputs and non-positive for undesirable outputs. 

To summarize our discussions so far, the imer and outer bounds under the effective 

quantity approach are represented by the foliowing two sets: 

These are used as reference technologies for computing efficiency measures under the Chavas-Cox 

or effective quantities approach to nonparametric anaiysis of productivity growth. The conventional 

counterparts to the above technology bounds are obtained as special cases by excluding poliutant 



outputs fiom the formulation; we will refer to these bounds as YI' and YO', respectively. 

4.4 Data 

The data descrïbed and used in the previous chapters were used in the nonparametric 

analysis in this chapter. To simpl& the cornputational burden, however, al1 desirable outputs were 

aggregated into one output index. The seven input categories were similady aggregated into four 

input indexes. in particular, wood residues, pulp wood and non-wood materials were aggregated into 

aMarerials category. Administration and production labour were also combined into one, Labour, 

category of inputs. These aggregations were carried out using the Divisia-Tornqvist index nurnber 

formula Thus, for the foiiowing analyses, one aggregate desirable output, two pollutants (BOD and 

TSS) and four inputs (enerw, capital, labour and materials) were identified. The BOD and TSS 

quantities were also indexed by dividing by their respective 1959 values to place aü quantities on a 

comparabIe scale. Therefore, the base period for ail the quantity indexes is 1 959. 

4.5 Discussion of Results 

The mathematicai programrning probtems discussed in section 4.3 were formulated in 

GAMS and solved to obtain: 

1) technolom indexes (A, B, and C) from the formulation in equations (4.9) to (3.1 1 ), and 

2) technical, allocative and economic efficiency scores fiom the effective quantity 

technology bounds in equations (4.12) and (4.13), with and without poliutant outputs. 

The estirnates of technical efficiency scores and the technolow indexes are discussed below. 

Ailocative and economic esciency scores are not required for the constmction of productivity 

gowth rates or indexes, and are, therefore, excluded £tom the discussion below to Save space. 



The strongest observable trend in the technology indexes occurs for capital in the period 

f?om the mid-1980s to 199 1, during which the index for capital has been rising. This indicates 

capital-using technicai change during that period. The other technolo,oy indexes showed no 

discemible trend. Although there were some variations in the technolow indexes for materials and 

labour, the overail trends show that technicd change has been neutral with respect to these inputs as 

weli. 

These technolo~ indexes were used to transform the actual inputs to effective inputs and 

the "effective" technology bounds, primai (YI3 and profit duai (YO?, were consû-ucted fiom the 

effective quantities. These effective technologies were then used as references against which each of 

the observations in the period fiom 1959 tol994 were compared. Unlike the case of the 

intertemporal technology approach discussed above, the profit dual "effective" technolow is 

constructed fiom aii the observations in the sample. This is because ail the observations satise the 

WAPM tests in effective quantities by construction. 

Estimates of productivity growth derived using the inner technolo,ay bound indicate that 

overall there was Little or no productivity gwth over the period of the study. This is to be expected 

given the fact that the inner t j o ~ d  is the tightest technology including the sarnple of observations 

and that the efficiency estimates obtained fiom it constitute the upper bounds on the tme efficiency 

scores. As a tight bound arouud the data, the imer bound fails to adequately discriminate between 

efficiency IeveIs of observations . 

The results fiom the outer technology bound, on the other hand, suggest substantial g o w h  

in productivity, at 3 -9 percent per year over the sample perd.  Since these are based on the tightest 
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outer bound to the set of admissible technologies, these results are Likely to overstate the tme 

productivity changes. To get a better approximation of the tme productivity changes, we combined 

the effiuency estimates fiom the imer and outer bounds by taking their geometnc means. 

These combined estimates indicate that productivity growth was positive throughout the 

period except in 1 967,1970, 197475,2980-82, 1986 and 1989. The early 1990s was once again 

found to be the period of most rapid improvement in productivity, at the rate of6.1 percent per year 

Productiv* growth rates for the 1960s, 1970s and 1980s were estimated to be, respectively, 2.0 

percent, 0.3 percent, and 1.1 percent per year. On average, productivity grew at the rate of 1.8 

percent per year duing the p e r d  fiom 1959 to 1994. 

4.5.2 Analysis With Poiiutant Outputs 

The results obtained when poliutant outputs are incorporated into the anaiysis confirm the 

conclusion fiom Chapter 3 that conventional mesures understate the productivity gains in the 

industry. There is a big gap between the imer and outer bound t echno lo~  results. There is littie 

change in productivity according to the resdts fiom the imer bound, whiie the outer bound results 

suggest s i d c a n t  (an average of 7.45 percent per year) increases in productivity. The combined 

results fkom the two bounds show that productivity in the Canadian puip and paper industry grew at 

a rate of 2.1 percent per year over the study period. 

The results concerning the nature of bias of technologcal change and the periods of negative 

productivity change are the sarne as those obtained fkom the analysis without poiiutant outputs. The 

trends in productivity change over time obtained here are aiso similar to those obtained in Chapter 3 

and the results fiom the nonparametric analysis ignoring polutants discussed above in this chapter. 

Productivity growth slows down fiom 2.7 for the 1960s to only 0.2 percent in the 1970s and nses to 

1.1 percent per year in the 1980s before jumping to 6.6 percent per year for the early 1990s. The 
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rapid increase in the 1990s was explained in Chapters 2 and 3 as a resuit of a combination of factors 

that Led to a higher proportion of new d s  eqpipped with modem technologies. 

The productivity indexes, conventionai as weii as environmentai, are plotted in Figure 4.3. 

Table 4.1 contains more detail on the results fiom both the conventional and environrnentaüy 

sensitive nonparametric approaches discussed here. 

Figure 4.3 
Productivity Indexes from Analysis with Nonpararnetric Technology 

I 
in Effective Quantities 

I 
i -C- Conventional + Engronrnentally Sensitive 
I 

4.6 Summary and Conclusion 

The study proposed modincations for incorporating poiiutant outputs into nonparametric 

analyses of productivity and efficiency. These methods were implemented using an effective quantity 

approach for recognizing technicd change in nonpararnetxic anaiysis. 

Although nonparametric anaiysis is attractive because it avoids imposing restrictive 

functional fonns for the technology, the gap between the imer and outer nonparametric bounds cm 
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be large making it difticuit to "pin dom"  the nature of the underlying technology. In both the 

anaiyses with and without poilutant outputs, there was a large gap between the results fiom the 

inner and outer technology bounds. The imer technology bounds generally indicate Iittle or no 

productivity change in aü cases. This is to be expected because these bounds are the tightest inner 

bounds to the technology and the observed data, As a result, the inner technology bounds 

discriminate little between the dinerent observations. The outer technology bounds, on the other 

hand, indicate substantiai or large productivity increases over tirne. Geometric means of the 

productivity estimates fiom the imer and outer bounds were used to approximate the wilaiown true 

productivity levels. 

Technical change was neutral with respect to hast aii inputs. There were no signs of 

e n e r s  or labour saving b is .  Technical change was capital-using in the mid to the late 1980s. 

Althou& lack ofsigns oflabour-saving bias in the results may look surprising, this is not the first 

study to report such findings. For the varies. of the findings. see Constantin0 and Haley (1 985). 

The resdts in this chapter indicate that productivity changes, as measured in 

environrnentaily sensitive ways, have been increasing faster than most conventional studies to date 

have indicated. in Our study, the environmentaüy sensitive productiviv percentage growth rate 

estimate was 0.30 points higher than the conventional measures. These confirm the conclusion from 

Chapter 3 that productivity in the Canadian pulp and paper industry has been rising &ter than is 

suggested by measures that ignore changes in the industry's pollution output 



Table 4.1. Productivity in the Canadian Pulp and Paper Industry: Resuits fiom Analysis 
Using Nonparametrïc Technology in Effective Quantities 

W I T H O U T  C O L L U T A N T  O U T P U T S  WITH P O L L U T A N T  O U T P U T S  

G E O M E T R I C  

M E A N  O F  

T E  S C O R E S  

F R O M  

i N N E R  6 

O U T  ER 

B O U N O S  

0 - 5 2  
0.54 
0 -55 
0 -5 7 
0 .57  
0 .58  
0 . 5 9  
0 - 6 0  
0 . 6 0  
0 .61  
0 -64  
0 . 6 0  
0 .61 
0 .62  
0 .64 
0 - 6 2  
0 - 5 9  
0 .61  
0 -63  
0.65 
0 .65 
0 .63 
0 -6  1 
0 . 6 0  
0 . 6 7  
0 . 6 8  
O . 73  
0 . 7 1  
0 . 7 3  
0 . 7 9  
0.71 
0 .74 
0 .78 
0 .88 
0.9 1 

0 - 9 6  
k V E R A G  ES: 

1959-69  0 .58 
1970-79  0 .62 
1 9 8 0 - 8 9  0.69 
1990-94 0.85 
1959-94  0.66 

P R O D U C T  IVlTY P R O D U C T I V I T Y  G E O M E T R I C  

G R O W T H  

RATES 

FROM 

INNER 6 

O U T E R  

BQUNDS 
- -  - 

3.0% 
2.6 % 

2.3% 
1.0% 
2 -2 % 

1.8% 
1.7% 
-1.5% 
2.7% 
3 -9 % 

-5.9% 
1.4% 
2.6% 
3.4 % 

-3.3% 
-5.0% 
2 -5 % 

3.8% 
3 -2% 
0.0% 
-2.9?4 
-3 -6 % 

-1 -9% 
1 1.5% 
1.9% 
7.9% 
-3.7% 
2.9% 
8.3% 
-9 -4 % 

3.8% 
5 -8 % 

11  -7% 
4.3% 
5 .O % 

2.0% 
0.3% 
1.1% 
6.1 % 

I N 0  EXES 

F R O M  

INNER d 

O U T E R  

BQUNDS 
11959=11  

1 -00  
1 .O3 
1 .O6 
1 .O8 
1 .O9 
1 .12 
1.14 
1-16 
1.14 

1.17 
1.22 
1.15 
1.17 
1 .20 
1.24 
1 .20 
1.14 
1.1 7 

1.21 
1.25 
1.25 
1.22 
1 -18  
1.15 

1.30 
1.32 
1.43 
1.38 
1.42 
1.54 
1.40 
1.46 

1.54 
1.74 
1 .81 
1.90 

1.11 
1.20 
1.33 
1.69 
1.28 

M E A N  O F  

TE S C O R E S  

F R O M  

[ N N E R  6 

O U T E R  

p0uPJn.S 
0 . 4 7  
0.49 
0 -5 1 

0 .53 
0 .54 
0 -56  
0 . 5 7  
0 . 5 8  
0 - 5 7  
O - 5 9  
0 - 6 2  
0.58 
0.59 
0.61 
0 . 6 3  
0 . 6 1  
0 . 5 7  
O . 59  
0 . 6 1  
0 .63 
0 -6  3 
0.61 
0 .58 
0.58 
0 .64 
0 .67  
0 . 7 2  
0 - 6  9 
0.70 
0.76 
0 -6 9 
0.74 
0 .79  
0 .90  
0 .94  
0 .95  

0.55 
0.60 
0.66 
0.86 
0 -64  

P R O O U C T I V I T  Y  

G R O W T H  

R A T E S  

F R O M  

tNNER 6 

OLITER 

R O U N D S  

IN0 EXES 

F R O M  

I N N E R  6 

O U T E R  

EEu.us 
L1959=11 

1 .O0 
1 .O4 

1.08 
1 - 1 1  
1.1 4 
1 .17  
1 .20 
1 .23 
1 .21 
1 -25  
1.31 
1 .23 
1.25 
1.29 
1.33 

1 .29 
1 .21 
1 .26 
1 .30 
1 .34 
1.34 
1 .31 
1 .25 
1 .23 
1 .38 
1 .43 
1 .54 
1 .49 
1 .51 
1 .66 
1 -50  
1 .62 
1.74 
1.97 
2 .0  7 
2 .09  

1.16 
1.28 
1.43 
1.90 
1 .37 



NOTES 

' We include "irnplicitly" because the choice or use of an index number approach implies some underlying 
paramehic fonn for the technology (Diewert 1976). Thus andysis using index numbers is inherently 
paramehic, although it is ais0 referred to as "nonparametric" because it does not involve the estimation of 
parameters- 
' Output-based efficiency measures can also be defîned in very similar ways as indicated above. In this study 
the focus is on input-based measures because we want to retain a consistent measure for comparing 
performance estimates with and without pollutant outputs. The two measures are related in a simple way. The 
output-based measure of technical efficiency will be higher (lower) than the input-based measwe of technical 
efficiency if the production technology is characterized by decreasing (increasing) retums to scde. The two 
measures are equal only under constant retums to scde (Fare er al 1985). 

Kooprnan's (195 1) suggsted measure of technicd efficiency is stricter than Farrell's (1957) and Debreu's 
( 195 1) in the sense that it requires both operation at the fiontier and absence of slacks. 
4 For a scdar output and with the assumption of constant retums to scale, the unit isoquant provides a 
convenient common reference for comparing firms regardless of the relative sizes of their inputs and ourputs. 
' The output price vector r e s M  is not restricted to the non-negative orthant to aUow for the presence of 
poiiutant outputs with negative prices. 
This is an elementary result fkom convex analysis; any convex set that contains the observations wiIl have 

the above convex huil as a subset 
For example, this is followed in the Haynes er al (1995) study cited above. Fare er al ( 1989) m o d e  the 

p r i ~ a i  inner bound YI to dow for the fiee disposabiiïty of inputs and desirable outputs but only weak 
disposability of the output vector. Weak disposability appropriately recognizes the fact that the production of 
less pollutants involves gnring up some desirable outputs or using more inputs. However, the theoretical or 
empirical justitication for this particular approach is seldom clearly stated. There are two more problems with 
the practical implementation of the weak disposability formulation. First, the approach can Iead to positive 
pollutant shadow prices. Second, the equality restrictions introduced by the weak disposability assumption 
rnakes the mathematical programming problem difficult to solve and the solver may pick the simple solution 
where the technology bound for finn P is constructed fiom finn Ks own data point only, without any 
idormation fiom other observations. 
8 ~ a l k  and Althin (1996) is a good recent example of dealing with both efficiency and techaical change, using 
the DEA technique. They deike new technical change and productivity indexes that are transitive and apply 
them using a panel data set of Swedish pharmacies. 
9 
Chavas and Cox (1994) minimize the sum of the absolute values of the technology indexes- The sum of these vatues is not 

tmits Ïnvaxiant, although when the data are expressed in quantity indexes for the analysis, as is the case in the Chavas and 
Cox study, the problem miçht not be a serious one. 



4.7 References 

M i a t ,  S. "Efficiency Estimates of Production Functions." Intemutional Economic Rmim 

13(0ctober l972):568-98. 

Baik, B.M. and R Aithin. "A New, Transitive Producîivity Index." Joztmal of Prockuctiviiy 

Anufysis 7@brch 1996): 19-27. 

Boles, J.N. "Efficiency Squared - Efficiency Computation of Efficiency Indexes." Proceedings of 

the 3gh Anmm1 Meeting of the Western Economics Association, 1966, pp. 13 7-42. 

Banker, RD, A Charnes, and W.W. Cooper. "Some Models for E s t i m a ~ g  Technical and Scale 

hefficiency in Data Envelopment Anai ysis ." Manngement Science 3 O(S eptember 

1984): 1078-92. 

Banker, RD. and A Maindiratta. "Nonparametric Analysis of Technicd and Allocative 

Efficiencies in Production." Econornetr+ca 56 (November 1988): 13 15-32. 

Caves, D.W., LX. Christensen, and W.E. Diewert. "The Economic Theory of Index Numbers and 

the Measurernent of input, Output, and Productivity. " Econometrica SO(Novemb er 

1982a): 1393-414. 

Caves, D.W., L.R. Christensen, and W.E. Diewert. "ZLIuitilateral Cornparisons of Output, input, 

and Productivity Using Superlative index Nurnbers." Economic Jorrmal92(iMarch 

1982b):73-56. 

Charnes, A, W. W. Cooper, and E, Rhodes, "Measuring the Efficiency of Decision Making 

Units." Ezrropecln Journal of Operational Reseurch 2(1978):429-444, 

Chavas, J. P. and Thomas L. Cox. "Nonparametric Analysis of Production Efficiency. " Working 

paper, Department of i\gncuihiral Economics, University of Wisconsin-Madison, 1994. 

Chavas, J. P., Michael Mber  and Thomas L. Cox. "A Nonparametric Analysis of the Source and 

Nature of Technical Change: The Case of U.S. Agriculture." Working paper, Department 

of Agricuitural Economics, University of Wisconsi~Madison, 1994. 



123 
Coeili, T., D. S. P. Rao, and G. E. Battese. An Introduction to Eflciency and Productivity 

Analyss. Boston: Kluwer Academic Publishers, 1 998. 

Constantho, L. and D. Haley. "Concepts and Measurement of Productivity in the Forest 

industries." Information report 85-9, Forest Economics and Policy Adys i s  Project, 

University of British Colombia, Vancouver, 1985. 

Debrue, G. "The Coefficient of Resource Utilization. " Econornetrfca l9(I 95 1):273-292. 

Diewert, W.E. "Exact and Superlative index Numbers." JorrrnaZ of Econornetn'cs 4 W y  1976): 

1 1 5-45. 

Fare, R, S. Grosskopf, C.A.K, LoveU. ïhe  Memurernent of EBciency of Prodmtion. 

Boston: Kluwer Academic hblishers, 1985. 

Fare, R, S. Grosskopf, C.A.K. LoveIl, and C. Pasurka. "Muitilateral Productivity Cornparisons 

When Some Outputs Are Undesirable: X Nonparametric Approach." Review of 

Econornics nnd Srntistics 7 l(February 1989): 90-98. 

Farrell, M. J. "The Measurement of Productive Efficiency," Joitmcrl of Royal Stcrtisticd Society, 

Series A, CXX, Part 3(l957): 253-90. 

Femer, G. D. and C A.K. Lovell. "Measuring Cost Efficiency in Banking: Econometric and 

Linear Programming Evidence." JozrmaZ of Econometrics 46(Octo ber/Novem ber 

1 WO):229-45. 

Grosskopf, S. "Efficiency and Productivity. " The bfensurernent ofProcltrctive EBciency. H. O. 

Fried, C.A.K. Lovell and S.S. Schmidt, eds., pp. 160-94. New York: Oxford University 

Press, 1993. 

Hanoch, G., and M. Rothchild. "Testing the Assumption of Production Theory: A Nonpararnetric 

Approach." Journal ofPolitical Econons) 80(March/Ap ri1 1 972):256-75. 



Haynes, K E Y  S. Ratick, and J.CUmmings-Saxton. "Toward A Pollution Abatement 

Monitoring Policy: Measurements, Mode1 Mechanics, and Data Requirements." 

Environmental Professional 16(1995):292-303. 

Koopmans, TC. "An Anaiysis of Production as an Efficient Combination of Activities." Act i v i~ ,  

Annlysis of Prorfuction a d  AZZocrrtion. T.C. Koopmans, ed., pp. 33-97. New York: 

Wdey, 1951. 

Loveii, C.A.K. and P. Schmidt. " A Cornparison of Alternative Approaches to the Measwement 

of Productive Efficiency." AppZicatiom ofModern Prodiction Theory: Eflciency Nlrl 

Proatrctivity. A Dogrmaci and R. Fare, eds., pp. 3-33. Boston: Kluwer Acadernic 

Publishers, 1985. 

Varian, H-R "The Nonparametric Approach to Production Andysis." Econornetrim 52 (May 

I984):579-97. 

S hep hard, R W .  Cmt c d  Pduction Fzrnctiom. Princeton, New Jersey: Princeton University 

Press, 1953. 

Shephard, RW. Theory of Cost and Production Functions. Princeton, New Jersey : P ~ c e t o n  

University Press, 1970. 



CHAPTER 5 Sumrnary, Conclusion and Recommendations 

This thesis presented the results of three studies that attempt to analyze productivity 

changes in the Canadian pulp and paper industry using time series data covering a period of 36 

years, fiom 1959 to 1994. Total factor productivity growth is dehed  as the sum of technological 

change and change in the degree oftechnical efficiency. Both these cornponents are deait with in 

an integrated way in the thesis, 

The first study (reported in Chapter 2) employed index nurnber approaches to masure 

both singie and totai fàctor productivity for the industry. That study aIso employed an estùnated 

input distance funclion and compared the resuits fiom the two approaches. The second and third 

studies (presented in Chapters 3 and 4) have as their major focus the measurement of 

productivity in environmentaily sensitive ways. For this pwpose, two major pollutants from the 

industry, narnely, biological oxygen demand (BOD) and totai suspended solids (TSS), were 

incorporated into the d y s e s  dong with marketed (desirable) inputs and products of the 

industry. Parametric input distance functions are used in the second study. The distance h c t i o n  

in both the first and the second studies were specified as translog and estimated using linear 

programming (or goal programming). The third study proposed and implemented new 

nonpararnetric techniques that can be used not only for the measurernent of productivity growth 

over time but also for assessing allocative and overall economic efficiency. B y explicitl y 

incorp orating p ollutant outp uts and environmental effects into the anal ysis, the two latter shtdies 

address a major shortcoming in conventional approaches to efficiency and productivity 

analyses. This shortcoming appiïes as well in most studies that attempt to assess the impact of 

environmental regdations on productivity growth. The resuits fkom the three studies are briefly 

surnmarized and compared below . 
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The single factor productivity indexes indicate that labour productivity, which is the 

most cornmon measure of partial productivity, grew &ter (at 2.64 percent a year) than any of 

the remaining single factor measures. Between 1959 and 1994, the produdvity of Iabour had 

increased by a m o  and a haif times. The productivity of energy inputs atso increased, aibeit 

slowly, at an average annual percenage rate of 0.09 over the period. But the partiai productivity 

levels for wood residue, non-wood material and capital inprrtç deched. Because of 

improvements in the productivity of pulpwood, however, the producavity of totA wood (virgin 

fibre) inputs increased at the rate of 0 -30 percent a year. 

Total tactor p roductivity growth estimates O btained £tom the difkrent methods and 

approaches are summarized below. The conventional measures (i-e. the ones that do not account 

for pollutant outpu&) from both the index nurnber and the input distance function analyses imply 

rhat the improvement in the productivity of the industry has been slow. in addition, the results 

indicate that mon of the produaivity growth estimated using index number procedures is mainfy 

due to output expansion effects, rather than improvernents in efficiency and technical progress. 

The industry r e m s  to scale estimates fiom the input distance functions, with and 

without poilutant outputs, indicate increasing retums to s a l e  in production. Our average returns 

to scale estimate was 1 -27. This estimate is, however, lower (and, arguably, more plausible) than 

those reported in several previous studies on the Canadian pulp and paper industry.' 

TabIe 5.1. Summary of Annual Percentage Productivity Growth Averages from Different 
Approaches: Canadian h l p  and Paper hdustry, 1959-94 

Environmental 
. . . 
. . - 

1 .O0 
2.10 

Type of Productivity Measure 
Tomqvist Index 
Malrnquist index Based on Tornqvist index 
Malmquist index Based on input Distance Function 
Nonparametric Anaiysis in Effective Quantitics 

ConventionaI 
0.41 
-0.06 
O. 19 
1.80 
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Productivity growth estimates fkom the nonpararnetric techniques are considerably 

higher than those obtained âom the input distance or index number midies. The imer 

nonpararnetric bounds show little or no change in productivity while the estimates fiom the outer 

nonpararnetric bounds niggest substantial improvement in productivity. The big gap between the 

two bounds indicates how dficult  i t  is to approxirnate technologies usine parametric formç, 

even if flexible h c t i o n a i  fonns are used. Chavas and Cox (1994) also observed simitar gaps 

between the two bounds in their analysis of productivity in US agriculture. 

The figures from both nonparamdc and parametric approaches unarnbiguously show 

that productivity measures that ignore poilutant outputs substantially underestimate the 

performance of the indutry. Our environmentally sensitive estimates nom the input distance 

fundon approach indicate that the total factor productivity of the indu- has been growing at 

the rate of 1.00 percent a year, considerably higher than the estimate of 0.19 percent per year 

O btained fiom the same analysis ignoring p ollutant output reductions. The environrnentaily 

sensitive productivity change estimates fiom the nonpararnetric andysis is 2.1 percent a year, 

higher than the 1 -8 percent estimate obtained by ignoring pollutant outputs. The mon important 

conclusion to be drawn fiom these studies is that productivity improvement measured in 

environmentally sensitive ways has been stronger than conventionai measures would suggest. 

These results are consistent with results for the US electnc power, pulp and paper and 

agridturai indusvies obtained by Repetto et a1 ( 1996, 1997), who emplo y pollution output 

damage estimates nom non-market valuation studies to cornpute environmenrally-adjusted 

productivity indexes. 

Technical change was found to be neutral with respect to most inputs. There were no 

signs of energy or labour saving technical change. Technicai change was capital-using oniy in 

the period fiom the rnid 1980s to 1991. The technical change bias m e m e s  discussed here are 

fiom the effective quafltity approach to nonparametric anaiysis. 
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According to the estimates fiom the input distance fiinction, pollution abatement costs 

show an increasing trend throughout the period covered in this study. This is primariiy due to the 

substantial moun t  of investment in pollution abatement and the subsequent reductions in 

pollution output rates - evidence of the tendency towards dirninishing retwns to pollution 

prevention activity. For example, the rate of biological oxygen demand had been reduced fiom 

its 1959 level of 102.1 kilogram per tonne of wood pdp  produced to o d y  13.3 kilograns per 

tome of pulp by 1994. The rate of total suspended soiids had similarly been reduced nom 1 2 8 

kg per tonne of pulp to o d y  6 kilograms per tonne of puip over the same period. 

Although none of the studies in this thesis included formai tests on the e&ct of 

environmental regulation on productivity, some observations that are relevant to the 

environment-produdvity debate discussed in introductory chapter can be made. First, the 

presence of substantial différence between conventional and environmentally sensitive measures 

of productivity change implies that the former can be not a good measure of changes in social 

welfàre especially in circumstances where there are policies affecting the way the environment is 

treated by industries. Both the proponents of the Porter hypothesis and those with the traditional 

view that environmental regulation retards productivity defhe productivity changes in 

conventional ways, by excluding changes in pollutant outputs. Both sides of the debate are using 

the wrong yardstick Second, the increasing trend in pollution abatement cost estimates indicates 

that, at least at  the industry level, "cost ofkets" due to environmental regdation are not as 

prevalent as the proponents of the Porter hypothesis suggest. Third, other changes affécting the 

industry seem to have been relatively more important than changes in environrnental regdation 

in terms of their effects on productivity growth. For example, the early 1990s is a period when 

environrnental regulation on the Canadian pulp and paper industry was strengthened and when 

the &are of pollution abatement in total capital spending iacreased to 25 percent. But this period 
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was also the period of the most rapid produchvity growth mainly as a r e d t  of the addition of 

new mills and the exit of many old milis. 

5.1 Recommendations for Further Research 

There are at least two ways in which the m e n t  research on the puip and paper 

industry can be extended. The fist relates to the rennement of the resuits obtained here using 

provincial and plant level data. The use of such data would allow more flexibility in analytical 

approaches. E3ut more important, analysis at the provincial and mil1 levels would p rovide 

information that is usehl for assessing the diBrentia1 impact of environmental regulations, the 

efficiency of existing regdations and the potential benefits of incentive-based instruments. Panel 

data collected at the mil1 level can be used to explore cost dual nonpararnetric approaches that 

can be carried out without using shadow price estirnates for pollutant outputs. While any two 

obsenrations are comparable under the profit dual nonparametric approach (profit is a common 

denorninator for both), cost dual nonparametric approaches would require a large number of 

observations producing similar Ievels of outputs to connnict rneaningfbl techology bounds.' 

The second h e  of fruitfbl extension relates to the explicit recognition of the dynarnics 

of adjustment and tapa* utilization. As cited in the discussions above, the periods of Iow 

estirnated productive efficiency in the indusûy coincided roughly with periods of 

rnacroeconomic recessions. It is not clear how significant these e&cts are, but it  is important to 

estimate these separately in order to get a more accurate picture of "pure7' productivity trends in 

the industry. But it should also be noted that the approach used in this study overcomes a major 

shortcoming in traditional approaches by expiicitly recognizing efficiency dong with technical 

change. in fact, low capacity utilization levels show up as inefficiencies. 

Finally, the results consistently show the need for the use of environmentaily sensitive 

meanires of economic performance to promote idormed public discussion and decision making. 



h b i i c  agencies shouid start to publish and make such idornation available to the public. 

Statistics Canada and Environment Canada, together with the provincial environmental 

departments, should increase the availabrlity and accessibility of data on enviromentai effects 

or pollution output. Currentiy such data are difficult to obtain. 

NOTES 

1 See, for example, Frank et al (1990), Martinello (1985) and Sherif(1983). 
' Varian's (1  9M) cos  dual nonparametric approach can be easiIy extended to incorporate pollutant 
outputs. This method is a viable option, espetiaiiy since poilution data is becoming more and more 
available to the pubiic. 
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