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Abstract

This thesis consists of four self-contained papers, divided into two parts where the first part
considers issues in economics and the second discusses spatial issues in econometrics. In
paper [1] the different waste disposal options, with emphasis on recycling and incineration, is
examined and evaluated, using earlier research. This paper concludes that the literature
reveals a range of results regarding the economics of waste paper recycling and incineration,
respectively, and that the conceptual and empirical basis on which to determine efficient
waste paper policy is still seriously incomplete. The effort in paper [2] is to identify and
analyze determinants of inter-country differences in recovery and utilization rates,
respectively. The paper concludes that the degree to which policy can affect these rates are
limited since relative waste paper recovery and use are largely market-determined, and
consequently depend on long-standing factors such as population density and competitiveness
in the world market for paper and board products.
Paper [3] explores the differences in inferences that one would draw from different
econometric models in a spatial econometric setting. The study notes that ordinary least
squares to a very large extent produce biased estimates due to spatial correlation in the data
set. Hence, one would draw very different inferences from ordinary least squares and general
spatial model estimates. Finally, paper [4] builds on paper [3] but explores some Bayesian
estimation methods, i.e. heteroscedastic models, which take into account non-constant
variance or spatial outliers. The data set used in these studies were limited because of
censoring. The objective of this paper was to obtain Bayesian estimates that account for
outliers and sample censoring. We found that ignoring the spatial autoregressive nature of the
data, outliers and sample censoring would produce different inferences than the Bayesian
models.
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Preface

1. Introduction
This thesis consists of four individual papers that can be divided into two parts. The first part
(paper 1 and 2) discusses issues in economics. The second part (paper 3 and 4) considers
selected spatial issues in econometrics.
More precisely, the first part considers how municipal solid waste management
alternatives should be evaluated by society. It also explores how alternative options are
viewed by existing economics literature, and provides an analysis on the economic factors
that might drive recycling and incineration, respectively, of the paper fraction in municipal
waste flows. Taking into consideration the escalating environmental awareness throughout the
world and the significance of waste paper as an input into the paper production process, the
focus is on economic issues of waste paper disposal handling. The first part of this thesis
analyzes these issues, but also raises some questions for future research.
Environmental legislators in many European countries require that a large part of the
waste paper flow should be recycled rather than burnt or deposited in landfills. However,
there is little environmental and economic analysis in support for this policy stance. The
analysis is thus directed towards issues that policy makers should consider when they
establish alternative waste disposal schemes. Paper [1] surveys the literature that contains
such analyses, and discusses the results for an evaluation of the policies in force in many
European countries, while paper [2] tries to identify the factors that drives recycling rates, in
particular utilization and recovery rates, within countries.
The second part, spatial issues in econometrics, examines statistical significance rather
than economic significance. The motivation for this research topic is that while it is common
for researchers to test for statistical problems such as heteroscedasticity, autocorrelation etc.,
tests for spatial configuration are rare although all these problems violate the traditional
Gauss-Markov assumptions. A well-known regional science principle is that location in space
matters. When dealing with spatial data sets two problems arise. First, spatial dependence
between observations may exist and second, spatial heterogeneity might be present in the
linear relationship. These two phenomena violate the Gauss-Markov assumptions used in
regression modeling. Spatial dependence violates the assumptions that the explanatory
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variables are fixed in repeated sampling and spatial heterogeneity violates the assumption that
a single linear relationship with constant variance exists across the sample observations. Use
of ordinary least-squares regression methods have been found to produce residuals that vary
systematically as we move over space. This phenomenon is labeled spatial autocorrelation in
the literature.
The data set used in paper [3] and [4] is chosen for two reasons. First, it has been
widely used for similar exercises since it is filled with characteristics that can cause modeling
problems, e.g., outliers, censoring of the data, etc. Second, the dependent variable, housing
values in the Boston metropolitan area, represents a variable where one can suspect presence
of spatial correlation.

2. A Summary of the Papers
Paper [I] Should We Burn or Recycle Waste Paper? A Review of the Relevant
Determinants, and of the Findings of Earlier Research
Among waste management alternatives the role of recycling and incineration is debated. The
purpose of this paper is to review the relevant existing studies on the subject to investigate
their ability to provide policy makers with relevant information for wise policy formulation,
and to discuss how such policies should be formulated. The analysis shows that the relevant
literature fail to provide an unambiguous conclusion that either recycling and incineration is
superior to the other. Hence, the studies reviewed come in short in providing politicians with
tools for wise policy guidance.

Paper [2] A Note on Inter-country Differences in Waste Paper Recovery and Utilization
(with Mats Nilsson and Patrik Söderholm)
Countries are endowed with different sets of inventories for making new paper products such
as per capita income, population density, etc. The purpose of this paper is to analyze and
explain these inter-country differences as determinants additional to policy of recycling rates,
in this case recovery and utilization rates, respectively. We use data from about 90 countries,
which broaden our perspective as earlier research has been focusing on western economies.
We conclude that waste paper recovery and use are to a large extent marketdetermined, and depend on long-standing economic factors such as population density. As a
consequence, the impact of policy on these rates is limited.
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Paper [3] Differences in Inference Drawn from Different Econometric Models in a
Spatial Econometric Setting
This paper explores the differences in inferences one would draw when employing different
econometric models where the data exhibits spatial dependence. It has been shown that in the
presence of spatial correlation in the dependent variable, ordinary least square estimates will
be biased and inconsistent. An applied approach is taken where the central problem is to
explore the bias that is introduced when conventional econometric techniques dealing with
spatial data sets are used.
The study reveals that ordinary least squares produce significantly biased estimates
due to spatial correlation in the data set. Hence, one would draw very different inferences
from ordinary least squares then the general spatial model estimates.

Paper [4] A Re-examination of the Harrison-Rubinfeld Data Using a Robust Spatial
Tobit Model (with James P. LeSage)
This paper applies a robust spatial autoregressive tobit model to the Harrison and Rubinfeld
data on Boston housing values and air pollution.
Many researchers ignore sample truncation or limited dependent variables because
they face problems adapting existing econometric techniques to overcome these problems.
Nevertheless, one of the compelling motivations for the use of Bayesian methods in spatial
econometrics is their ability to impose restrictions that are stochastic rather than exact in their
nature. Bayesian methods allow us to impose restrictions with varying amounts of prior
uncertainty.
Perhaps the greatest advantage of the Bayesian approach introduced in this paper is
that no model for the non-constant variance needs to be specified by the investigator. The
Gibbs sampling approach produces estimates of the non-constant variance for every
observation in space. The applied example demonstrates that ignoring sample truncation
and/or censoring might lead to important differences in the inference one would make. These
differences arose in a sample of 506 observations with only 16 censored observations.
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Should We Burn or Recycle Waste Paper?
A Review of the Relevant Determinants, and of the Findings of
Earlier Research
Christer Berglund

Luleå University of Technology
Department of Business Administration and Social Sciences
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Abstract
Reducing the volume of municipal solid waste has lately become an important goal for
authorities at national and municipal levels, something that is expressed by legislation related
to waste handling for the benefit of a healthier environment. Among waste disposal options
the role of recycling and incineration is often debated. The purpose of this paper is to discuss
how policy in this field should be formulated, and to review existing studies on the subject to
clarify if they provide politicians with tools for wise policy formulation. Special emphasis is
given to waste paper. A review of the relevant literature reveals a range of results regarding
the economics of waste paper recycling and incineration, respectively. Earlier research efforts,
therefore, fail to provide an unambiguous conclusion that either recycling or incineration is
more economical to society than the other. It is shown that the conceptual and empirical basis
on which to determine efficient waste paper policy is still seriously incomplete.

1. Introduction
We live in an age of escalating environmental consciousness, where recycling takes place on
an increasing scale and in almost every area of the society. Recycling has traditionally
occurred because it has been economical. From the 1970s and onwards, the perception in
modem rich societies has been that we should recycle even more, something that is expressed
by existing or proposed solid waste legislation! A principal aim for policy makers that
formulate such legislation should be to maximize welfare in society. Thus, the proposed solid
waste legislation is presumably put in place to ensure socially optimal levels of waste
management options. In this context, the ranking of recycling and incineration is often
debated.
The recycling policies in force in many European countries and elsewhere rely
primarily on beliefs rather than facts and there appears to be a lack of economic studies on the
issue of waste disposal management, on which legislation could be based (Radetzki, 2000).
Policy makers thus act in an economic and environmental void regarding solid waste
management and set recycling targets for various materials with no way to determine the
optimal level of recycling (and incineration). Furthermore, where legislation is introduced
based on models that do not fully assess the social costs, the result may be decisions that are
at worst contrary to the community objectives of interest. Despite the lack of supporting
analyses, the politically set recycling goals in Europe often exceed 60 percent (Brisson, 1993).
The purpose of this paper is to discuss how policy in this field should be formulated. It
is also to review existing studies on the subject to clarify if they provide politicians with tools
for wise policy formulation. The discussion is focused on how to assess the socially optimal
levels of waste paper recycling and incineration respectively. There are three principal means
of waste disposal: landfilling, incineration and recycling (Menell, 1990). Waste paper, as well
as the other components in the solid waste stream, can after consumption go to one of these
options or a mix of the three. Economic theory suggests that optimal waste treatment should
be a mixture of recycling, incineration and landfilling where the marginal cost to society (i.e.
the sum of private and social costs) is equal for each alternative.
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A result of this is that a "waste hierarchy" has emerged. For instance, in the European Union, the following

options are advocated: reduce, reuse, recycle, incinerate and landfill, where the first three are considered "good"
options and the last two "bad" ones. We claim that this hierarchy is far too general, and not suitable as a basis for
legislation.
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Since, clearly, both incineration and recycling have their pros and cons as means of
waste handling, the question posed in the title - burn or recycle waste paper — perhaps should
be re-phrased to: what is the optimal mix of recycling and incineration?
Three limitations in the present work need to be indicated before proceeding. First, I
focus solely on the economically measurable consequences of waste treatment. Second,
although landfilling is acknowledged as a waste treatment alternative, it is dealt with only
marginally, and the main part of the paper is devoted to recycling and incineration. Third,
there is a heavy emphasis on Europe, with Sweden in special focus.
The paper proceeds as follows. The next section (2) discusses some basic tools for
policy analysis regarding waste disposal options. This is followed by section 3 that discusses
common approaches in waste management policies that fail to secure socially optimal levels
of recycling and incineration. Then section 4 scrutinizes important issues regarding the
economics of waste paper recycling and incineration to be considered in order to find such
optimal levels. Section 5 presents methodological approaches commonly used in previous
studies on the issue. A review of the selected literature is presented in section 6 and finally
section 7 summarizes the main findings and discusses some of the implications for policy in
the area.

2. Basic Tools for Policy Analysis of Alternative Waste Disposal Options
In the following sections, we explore how waste disposal policies should be formulated if
maximization of social welfare is an important policy goal. In the process, we make heavy use
of the internal and external cost concepts, and of marginal cost analysis. To set the ground,
these two analytical tools are identified and briefly discussed below.

2.1 The Treatment of Internal and External Costs
Waste disposal frequently involves substantial externalities, e.g. in the form of detrimental
environmental effects. While the firms responsible for waste disposal incur a variety of
internal (private) costs for this activity, their profit and loss accounts are not burdened with
the external costs that their activity generates. Hence, where externalities are present, the net
internal cost of alternative waste disposal options will not correctly measure the net cost to
society.
In a proper social cost analysis, the external costs (and benefits) generated by waste
disposal activities have to be added to the internal ones. Only then will it be possible to
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compare the alternative options from society's point of view. But while the internal cost data
are easy to extract from the accounts of the waste handlers, the assessment of externalities
regularly poses serious data problems. This explains why many analyses of waste treatment
neglect externalities, and so fail to provide the true social perspective.
All analyses that pretend to reflect the waste disposal costs imposed on society must
make a serious effort to identify such externalities, provide their quantitative dimensions, and,
finally, to monetize them. The monetary values so derived, should then be added to the
internal costs, to obtain the total burden carried by society at large.
This principle is easy to state, but the practice will typically encounter a variety of
problems. Even the most ambitious analyses are therefore likely to leave much to be desired.
Let us mention just one intriguing example of ambiguities in valuation. When waste is to be
recycled, it is common that policy makers impose time consuming requirements on
households, to sort, clean and transport the materials, in order to facilitate the recycling
operations. This household effort constitutes a cost of recycling, and an external one, since it
does not burden the recycling firm. The traditional approach would be to monetize this effort
by assigning a value to the households' time, and then add the cost to the internal costs of
recycling operations. Some analysts look at this effort in a different light, however. They
claim that environment-conscious households derive satisfaction from the effort which they
view as their contribution to environmental improvement. With this alternative perception, no
cost is involved, and the external benefit of the satisfaction should be monetized and deducted
from the internal costs of the recycling operations. We will revert to this issue in later
sections.
A time dimension must also be added to the analysis of the costs to society from waste
disposal options. Actions today could give rise to costs and benefits in the future, and a proper
evaluation requires calculation of present values of the future consequences of the alternatives
under investigation. Discounting provides the economist's tool in this context. Discounting
implies that future events are assigned a reduced present value, on the premise that resources
available today will yield a positive return over time. The choice of the discount rate raises
tricky issues that cannot be pursued here. It suffices to note that the present value of future
events will decline with increasing discount rates.

2.2 Marginal vs. Average Costs
Recycling and incineration of waste paper, the two disposal options under review, involve a
variety of costs, including collection, sorting, transport and operations of the waste treatment
5

facility. Net costs are obtained after deduction of sales, of the recycled paper, and the
extracted energy, respectively.
Average cost measures the cost per unit of waste handled, while marginal cost
measures the cost of one more unit handled. Policy prescriptions rarely require application of
one disposal option for the entire waste flow. In any case, such prescriptions would be
impracticable. Instead, the prescriptions typically mandate shifts between the options, e.g.
reduce the share of waste flow that is landfilled from current 50% to 40%; or increase the
share of waste flow that is recycled, from current 60% to 85%.
Marginal costs have to be employed in an analysis that aims at determining the
socially optimal composition of the available options, or in attempts to measure the impact of
a particular policy that shifts the emphasis among the waste disposal options. Given the
difficulty to identify the marginal costs, average costs are often used in practice to support
policy verdicts, but that leaves the analysis short in its attempt to evaluate the economic
problem properly.
The marginal cost curves of waste paper recycling and incineration (as well as of
landfilling) are all bound to have an upward slope, due e.g. to the increased cost of collection,
the rising transport distances, and the increasingly inferior quality of the waste for the purpose
at hand, as the share of the total waste flow allocated to a particular option approaches 100%.
Marginal (social) cost curves can help us determine the socially optimal division of the
waste paper flows between alternative options in the following way. Say that the two options,
recycling and incineration, involve marginal costs as depicted in figure 1, and that we wish to
divide 90% (RG) of all waste paper flows between the two so as to minimize the cost to
society. It is important to note that this "goal" of 90% represents an ad hoc level and does not
necessarily assume social optimality for society. Still, if we assume this level of waste paper
to be disposed, cost-effectiveness analysis can be employed. The way to proceed is depicted
in the figure.
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Figure 1: Cost-effective Analysis in a Two Waste Disposal Option Scheme

The figure demonstrates that a* should be recycled and b* should be incinerated, because the
marginal cost of each option is the same at this level, and the two together sum up to RG. Any
other subdivision will carry higher total costs, and so be suboptimal. The figure can also help
us to evaluate specific policy options, e.g. that 60% (which is more than a*) should be
recycled, and only 30% (less than b*) be incinerated. By calculating the difference between
the higher costs of the additional recycling and the lower costs of the reduced incineration, we
can assess the cost to society for implementing the policy rather than choosing the costeffective solution.
It should be noted that as the marginal cost curve of one waste disposal alternative
changes, so do its relative cost advantages over another. For example, improvements in
incineration technology will cause a downward shift of the marginal cost of incineration. This,
in turn, increases the optimal quantity of this waste disposal mode. Similarly, improvements
in the recycling technology will shift the marginal cost of recycling downwards and hence
increase the optimal quantity of waste paper to be recycled.
Our intention has been to demonstrate the principles of marginal cost analysis. It is
instructive to keep these principles in mind as we encounter, in the following sections, the
messy problems of the real world, in which the marginal costs can at best be roughly
approximated.
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3. Policy Approaches: What They Should Be and What They Are
A brief description of recycling and incineration, the two waste disposal options under review
may be in place at this stage.
Recycling means the collection and separation of materials from waste and the
subsequent processing to produce marketable products. Three primary functions are served:
(1) recycling provides an environmentally benign solid waste disposal solution; (2) resource
conservation is accomplished; and (3) the quantity subject to landfilling is reduced.
Incineration means that the solid waste is burned in energy recovery facilities. Again
three primary functions are served: (1) incineration provides an environmentally acceptable
solid waste disposal solution; (2) there is energy recovery reducing the need for e.g. fossil
fuels; and (3) the quantity of waste subject to landfilling is reduced.
In the following paragraphs we discuss how waste disposal policies should be
designed in order to maximize social welfare, and then compare with actual policies in force.

3.1 Welfare Maximization
Where externalities are present, the role of policy is presumably to improve social welfare in
society. The legislation in force in Sweden and other countries, for promoting further
recycling, therefore, indicates an underlying notion that market failures are present and need
to be "regulated" or "corrected."
As shown in the previous section, economic theory suggests that optimal waste
treatment should be a mixture of recycling and incineration (and landfilling), where the social
marginal cost is equal for each alternative. However, it is important to note that this costeffective procedure is a necessary but not a sufficient condition to secure welfare
maximization, so long as there is an ad hoc goal for the share of the total waste flow to be

either recycled or incinerated. Unless this goal itself is set with welfare maximization in view,
the outcome may be cost-effective, but there is no guarantee that it assures social efficiency.
Accurately measuring the welfare implications of alternative waste disposal options is
important both for policy development and to evaluate already existing legislation in force.
Policy makers should therefore encourage efforts to assess and ascertain the internal and
external costs of alternative waste disposal options, for this is a precondition for appropriately
handling waste disposal in general, and for determining the optimal levels of waste paper
recycling and incineration, in particular.
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3.2 A Common Policy Goal: Quantitative Requirements for Recycling Rates
Policy makers in Europe and elsewhere have often chosen to set waste disposal targets for
various materials, usually with no attempt to determine the socially optimal level of the
targets for the materials in question.
Recycling activities can be measured in various ways. The most basic measure of the
extent of recycling, in the case of paper, is the recovery rate, defined as the ratio of waste
paper recycled to total paper consumption. The recovery rate thus measures the success with
which one is able to recover waste paper from the waste stream. Countries tend to formulate
recycling goals in terms of recovery rates for different materials, including paper products.
Table 1 gives examples of waste management objectives for a few countries. As can be noted
each country formulates its own recycling goals for different fractions of the municipal waste
flow, including paper.

Table 1: Some Waste Management Objectives in Different Countries
Country

Objectives

Timetable

France

Domestic packaging: 75% recovered.

1992-2002

Germany

Packaging: between 60 and 70% of recycling. Strict hierarchy of
treatment techniques.

1991-1998

Greece

Packaging recycling specific objectives of the 62/94/CE directive:
25% of recycling.

1994-2000

Italy

Since the 1997 decree, between 50% and 65% of recovery for the
whole of packaging waste (between 25% and 45% of recycling)
and 35% of separate collection.

1988-1992
(regularly
postponed) 2003
for 1997
objectives

The
Netherlands

Packaging waste volume generated in 2000 should not be bigger
than in 1986. Minimum of 60% recycling of packaging waste. No
specific goals of municipal waste.

2000

USA

35 % recycling rate.

2005

Sweden

75 % newsprint production should be recovered and paper and
2001
packaging to 70% (with a minimum of 40% recycling).
Sources: Budet and Godard (2000), p.207; (SFS 1994:1205) and (SFS 1997:185); EPA 530-N-96-008.

Policy differences between countries are intuitively appropriate since different countries are
endowed with their own specific sets of demographic and geographic features. But it is more
questionable that some countries set equal recycling targets across different fractions of the
materials. In Sweden, for example, the legislation states that 70 percent of paper packaging is
to be recovered for the purpose of recycling. Unless the recycling of different paper packaging
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types has equal social marginal costs, setting one recycling policy goal for all fractions of
paper will yield results that may be as distorted as those that prevailed before legislation was
put in place. Therefore, recycling rates across the board would only in rare cases emerge as
welfare-enhancing policy tool.
The recycling standards appear to have been established through public debate, but
with little grounding in economic theory or calculation. The problem remains, therefore, to
determine and assess total social costs, internal and external of alternative waste disposal
options, in a proper way. Without such assessments, a welfare-enhancing policy is hard to
formulate.

4. Important Issues Arising from Alternative Waste Paper Disposal Options
This section discusses the costs and benefits that should be considered when an assessment of
different waste disposal schemes is undertaken. Such assessment is essential to get an
adequate conceptual understanding of the economic reasons for recycling and incineration
respectively, thereby reducing the risk of making socially faulty policy decisions. Many
considerations are involved when evaluating disposal options of waste paper. We discuss
below the main issues that have to be taken into account. First, the basic rationales for waste
paper recycling will be provided, then subsection 4.2 discusses waste paper characteristics
and some technical aspects of utilizing waste paper. Finally, subsection 4.3 presents an
economic perspective of recycling and incineration of waste paper, and compares the pros and
cons of each.

4.1 Waste Paper Recycling
There is no mystery to the reasons why waste paper is recycled. First, the material has an
economic value to papermalcers and second, recycling can achieve desirable ends (e.g., reduce
environmental wear). Waste paper is collected and recycled in different ways. For example, in
Sweden waste paper products have been collected and recycled since the beginning of the 20th
century. Different kinds of liner and newsprint paper have been the most commonly recycled
paper fractions. Since 1994/95 paper collection and recycling of paper have been governed by
the "Producer responsibility law" (Lagen om producentansvar). This responsibility is
regulated for newspaper and similar by SFS 1994:1205; and for paper packaging materials by
SFS 1997:185.2

2

The current law regarding packaging (SFS 1997:185) has replaced the old one (SFS 1994:1235).
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The Swedish laws require the separation of paper from other waste products. They
also require that waste paper should be collected throughout the country regardless of regional
differences such as transport network, distances to paper mills and demographic
circumstances. Waste paper recovery from sparsely populated rural communities can
therefore become prohibitively expensive (FAO, 1996). Figure 3 shows the extent of
recycling, as defined in section 3, for paper and paperboard, in Sweden between 1940 and
1997, and in the USA between 1970 and 1997.

70
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10
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Year
Figure 2: Paper and Paperboard Recovery Rates (in percent) in Sweden, 1940-1997, and USA 19701997
Source: Swedish Federation of Forest Industries (Skogsindustrierna); Smith (1997);
http://www.afandpa.org/recycling/graph1.html.

In Sweden, the rate has increased over time and during the 1980s and 1990s it more
than doubled, to reach a level of above 60 percent, in part as a result of policies in force. Two
events in particular have caused this increase. In 1975, the Swedish government gave an
advance warning of the producer responsibility in its premonition to introduce legislation
regarding solid waste management (Prop. 1975:32). Second, the laws (of 1994) regarding the
producer responsibility for paper, anchored this earlier premonition.
Figure 2 reveals a steady increase in the recovery rate after these two events. It is
notable that in the short period after the 1994 legislation, the recovery rate increased by more
than ten percentage points. The extent to which this is due to the legislation itself or just a
rising trend prompted by changing market conditions is hard to assess without further
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information. Still, it is plausible that the legislation has had a significant effect. In the USA
the trend is similar to the Swedish one, but the level is lower.

4.2 Waste Paper Characteristics and Technical Aspects of its Utilization
Paper differs from other solid waste components in several ways. Virtanen and Nilsson (1993)
identify three distinct differences between paper and other waste materials. First, paper is a
major component in the overall municipal solid waste stream. The composition of the
municipal solid waste in one advanced economy, the USA, is shown in table 2. Many
European countries have a similar composition of their municipal solid waste.

Table 2: Municipal Solid Waste Composition by Weight in the USA (1996)
Percent of total waste

Category
Glass
Metals
Plastics
Food Wastes

6
8
9
10

Paper/Paperboard

39

Yard Wastes
Wood
Other
Source: EPA (1998).

13
5
10

Second, Virtanen and Nilsson (1993) reveal that unlike most other municipal waste,
paper has a high energy content, normally 14-17 MJ/kg, which makes 1 ton of waste paper
equal to about 0.4 tons of crude oil. When modem combustion techniques are used, emissions
from waste paper burning are relatively clean.
Thirdly, Virtanen and Nilsson note that waste paper is a renewable resource that
enables management on a sustainable basis.3 Since managed forests are a renewable resource,
the forestry cycle has a significant influence on the CO2 balance. When incineration of wood
or paper takes place, a newly planted tree can assimilate the CO2 in the photosynthesis. This is
referred to as a CO2-neutral incineration cycle.
The second and third characteristics are mainly about the choice between fossil fuels
and waste paper in energy and heat production. Nevertheless, when analyzing the economics

3

Sustainable resource use is here interpreted as natural resource exploitation that should proceed in a way and at

a rate that does not lead to long run decline of these resources and guards against their future exhaustion. For an
influential discussion on this issue, see World Commission on Environment and Development (1987).
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of waste paper handling, either within a life-cycle analysis or cost-benefit framework (see
section 5) these characteristics of the waste paper as a fuel turn out to be crucial.
When using waste paper as an input in making new paper, technical limitations are
present to how many times each fiber can be re-processed. Usually a fiber can circulate 5-6
times before it is exhausted, i.e., when the quality of the fiber no longer will meet the demand
of the final product (Personal communication with Britt-Marie Antti, ASSIDomän Kraftliner).
Hence, quality considerations will put a limit on the amount of recycled fibers in paper
production. Using waste paper as input in the making of new paper thus exhibits both
technical and economic limitations to how many times each fiber can be re-processed.
Therefore, under some conditions there exists a discrepancy between what is technically
feasible and economically worthwhile. It is not enough to have access to advanced
technology; it is equally important to have insights into how and why one should sort
different fractions and what happens with the material that is discarded.

4.3 Economic Aspects of Waste Paper Management
When evaluating waste disposal options several issues needs to be considered. Radetzki
(2000) provides us with a useful format for such analysis. Table 3 reveals a simple schedule
regarding costs and benefits of waste disposal options and allows a comparison of the waste
treatment routes for paper (or any other waste material) that ends with recycling or
incineration for energy recovery, respectively.

Table 3: Schedule for Assessing Alternative Waste Treatment Routes, SEK/ton
Internal costs
External costs
Sub-total
Credit for sales
Credit for avoided external costs of primary extraction and of
fossil fuel usage
Total
Source: After Radetzlci (2000), P. 35.

Recycling
RI
RE
RS
RCrS
RCrE

Burning

RT

BT

BI

BE
BS
B CrS
BcrE

A schedule like that in table 3 might generate contentious issues but serves nevertheless as a
good guideline for the analysis of socially optimal levels of waste disposal options.
In short, the internal costs (I) comprise expenditures that the private agents responsible
for waste treatment face when handling the waste paper. The external costs (E) comprise
environmental damage and additional costs that e.g. households might face within the
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different routes. Together, the internal and external costs give us the total costs (sub-total) that
each route imposes on society. We also have to consider possible benefits from each route.
Both recycling and incineration yield sales revenue (CrS) in the form of material and energy
outputs, respectively. Finally, we need to credit recycling and burning with the avoided
external costs (CrE) from primary extraction and fossil fuel usage, etc., before we can assess
the total impact (T) that each disposal route has on society.

Net Internal Costs

Recycling and incineration is done in particular installations with ensuing operating and
capital costs. Existing emission taxes and fees are additional internal cost components.
Internal costs further comprise conventional collection and transport costs, and costs for
sorting the waste. Bruvoll (1998) found that these costs are significantly lower for
incineration than for recycling of paper. Separation, cleaning and processing, handled by
recyclers themselves to restore the material to marketable condition, are internal costs that
only affect the recycling equation since such actions are not needed when the paper and paper
packaging is incinerated.
Both recycling and incineration will yield sales revenues, recycling in the form of
useful material and incineration in the form of energy. These revenues should be deducted
from the internal costs just identified.

External Effects

External costs are for example environmentally harmful emissions from recycling and
incineration, and from the concomitant transportation. Depending on population density,
intensity of commercial activity, etc. the environmental costs of alternative waste disposal
options will differ by region. Transportation costs will be low as long as the geographical area
is limited and the economic activity is dense. The costs associated with transportation are, in
addition, highly variable across waste disposal schemes within a region. It is argued that less
transport is required when paper is burned since the incineration facilities are usually closer to
the waste source.
Requirements imposed on e.g. households consisting of sorting, cleaning and
transporting paper packaging in order to meet requirements of legislation, are also an external
cost of waste handling. Recycling activities demand more of such requirements compared to
incineration, since there is little need for cleaning and sorting when the waste is burnt.
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As discussed in section 2, there is a debate on whether the households' sorting and
cleaning costs should be considered as a cost or a benefit. One strand of thinking is that
households' time devoted to clean and sort the waste on a daily basis should be seen as a cost
to society, due to the opportunity costs of the time (Wiseman, 1990). Another strand
presupposes that people derive benefits from participating in recycling activities and, in
addition, that recycling schemes may educate people to be more aware of resource use
(Powell et al., 1996). Sterner and Bartelings (1999) found that most people view recycling
activity as one of the most tangible actions undertaken to contribute to a healthier
environment. Hence, they consider the time devoted to recycling as a benefit, not a cost.
Clearly, the issue is under debate between environmentalists and their opponents. This paper
will not take sides, but merely note that the way the issue is treated is bound to affect the
evaluation of alternative waste paper disposal options in a profound way.
Aesthetic values such as the "not-in-my-backyard" syndrome (NIMBY) is also an
external cost that alters the valuation of the environment outside the market system (Goddard,
1995). An incineration facility is usually met with skepticism from nearby citizens, something
that can reduce housing prices in the proximity, while neighborhood recycling centers give
rise to noise and litter that affects individuals. However, it is an unsettled question which
waste disposal alternative causes a higher external cost on these grounds.
Both recycling and incineration save on primary materials use (paper and energy,
respectively). Since primary materials production and usage typically involves external costs,
these costs will be avoided and they should therefore be credited to the respective waste
disposal options.

Conclusion
Once all these costs (and benefits) on the margin have been identified and monetized, a truly
hard task, table 3 can be filled with the relevant numbers. In a socially optimal situation, the

RT and BT should be the same, for if they are not, then social value can increase by a
marginal shift from the higher cost route to the lower cost one. But we repeat that the task of
obtaining the numbers is complex and ambiguous. The studies to be reviewed below should
be seen in this perspective.
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5. Methods Used to Evaluate Waste Disposal Options
Alternative methodologies have been employed in earlier studies when assessing waste
disposal management. However, a few methods are more frequently used than others. These
are briefly reviewed below.

5.1. Life-cycle Analysis
One tool that can be employed is the so-called life-cycle analysis (LCA). LCA is a way of
examining the total environmental impact of a product through every step of its lifetime,
sometimes referred to as measuring the impact of a product "from cradle to grave." For
example, LCA traces the environmental impact of a product, from obtaining raw materials
through logging or recycling, all the way through producing it in a factory, selling it in a store,
using it in the home, and disposing it. Disposal options can include the alternatives of
recycling, incineration and landfilling. It thus enables all the impacts of a process or product
on the environment to be evaluated.
LCA is structured into different stages. First, one has to define the objectives of the
analysis and determine the limits of the system to be studied, whether it is a product, a process
or a service. The system is then broken down into steps where the inputs (e.g., raw material
consumption) and the outputs (e.g., wastes) are quantified.
Second, one needs to assess the effects on the environment that a product, process or
service causes. This is a matter of drawing up a quantitative assessment of the consumption
and disposal of materials and energy by the system previously defined. The inventory seeks to
identify the steps responsible for the inflows and outflows having an impact on the
environment, for example, the consumption of raw materials, atmospheric emissions (CO2,
NOR, SOK, etc.) or generation of solid waste. Such clarification is needed to evaluate the
impact on the environment of these flows by major effect (resource depletion, human health,
global warming, etc). Finally, a search for improvements in order to reduce the impact of the
system studied on the environment is made.
There are however problems involved in employing this method. LCAs ignore all
costs that are not environmental (e.g. requirements imposed on households), and are thus an
inappropriate tool to find socially optimal levels of waste management alternatives. Policy
makers will, therefore, not be helped in the process of designing welfare-enhancing policies.
Furthermore, LCAs typically assess several environmental impacts within the system without
monetizing them, so aggregation is not possible. For these reasons, LCAs provide little
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guidance to policy makers in the comparison of different waste management alternatives. In
addition, Johnston (1997) concludes after analyzing several earlier LCAs, that if the system
analyzed contains too much detail, the major issues tends to be obscured; and conversely, too
much aggregation will produce meaningless results.

5.2 Optimal Fiber Flow Model
Conventional LCAs are restricted to the inventory stage chosen, i.e. to the limits of the
systems studied, and are consequently inadequate for decision-making. They should therefore
be supplemented by impact assessment and valuation stages (Byström and Lönnstedt, 2000).

Byström and Lönnstedt (1997) use an optimal fiber flow model, which can be considered a
combined optimization and simulation model, that yields a kind of system analysis to
overcome the shortcomings of LCA. In contrast to the LCA that often just looks at one
production process and uses allocation methods for in- and outflow to other processes, this
method allows for different production lines, flows and alternative uses of the item (e.g. fiber)
to be scrutinized. Thus, the optimal fiber flow model is similar to the LCA technique but
allows the system boundaries to change. This "mixed" methodology can be modeled in a
number of various ways and the optimal fiber flow model is just one example of this kind of
modeling.
A disadvantage of this LCA-extension is, of course, that the complexity increases
compared to the already complex structure of life-cycle analysis. Further, the method shares
with the LCAs the inability to find socially optimal levels of waste management alternatives
and so fails to provide policy makers with information needed for policies towards welfare
maximization.

5.3 Cost-Benefit Analysis4
The objective of the cost-benefit technique is to attach specific values to all anticipated costs
and benefits (i.e., both private and social) associated with a specific activity or project
(Tietenberg, 1996). The analysis provides opportunity costs such as the social value forgone
when resources are moved among alternative activities as well as "social benefits." One
should carry out a project only if the present value of the social benefits exceeds the present
value of its social costs. The principle of opportunity cost emphasizes that nothing, including

4

For a detailed description of methodological strengths and weaknesses of cost-benefit analysis see for example

Hanley & Spash (1993).
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environmental resources, is free. However, we have noted that it is sometimes difficult to
identify and/or measure these social costs and benefits properly and determine the appropriate
rate of interest to use to calculate the present value of benefits and costs. Still, the exercise is
nevertheless valuable in order to organize thoughts on the social value of each project.
Cost-benefit analysis is thus a tool for project evaluation that yields the net economic
benefit of a project, or numbers that is indispensable for the formulation of welfare-enhancing
policy.

6. Review of Existing Studies on Disposal of Waste Paper
This section is divided into two main parts. The first covers theoretical studies. The second
part covers empirical studies that assess different waste disposal options for paper. There is an
extensive literature on the subject in a broader sense, i.e. disposal of waste.5 However, the
literature is more limited regarding the specific matter of choice between waste paper
recycling and incineration.

6.1 Theoretical Papers
Theoretical papers regarding waste disposal options are usually optimizing some functions,
e.g., they minimize input costs, or maximize utility or production, subject to some constraints.
Keeler and Renkow (1994) examine the economic determinants of local choice over disposal
strategies. The study assesses the economic impacts of recycling, incineration and landfilling,
respectively. The municipality faces an optimization problem where the goal is to minimize
the sum of marginal costs of recycling, incineration and landfilling, subject to certain
constraints. These constraints are; (1) total waste is exhausted through a combination of the
three waste disposal options; (2) a fraction of the amount incinerated must subsequently be
landfilled; (3) incinerator capacity must be at least as large as incinerator throughput; and (4)
the amount of waste landfilled is at least as large as the amount landfilled of residual ash from
incineration.
The model indicates, unsurprisingly, that it is optimal to recycle until the marginal
cost of recycling equals the marginal cost of incineration (see figure 1). These optimality
conditions also yield some interesting results regarding the optimal levels of recycling. The
optimal quantity recycled will increase as marginal cost of incineration and landfilling shift
upwards. In addition, the construction of an energy recovery facility will ensure that the

5

For a more extensive survey on the analysis of household waste generation, see Goddard (1995).
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optimal quantity recycled will be lower than without such a facility, when waste is incinerated
(because of sunk costs).
A further important finding is that policies aimed at reducing the waste stream, like
regulation and taxation of packaging, naturally reduced the waste stream, and simultaneously
reduced the advantages of incineration.
Another recent study is Huhtala (1999), which analyzes the issue from a different
angle. The author evaluates production technology choices by maximizing a discounted
stream of net utility over time subject to constant environmental services.
More specifically, Huhtala tries to maximize social welfare over time given some
constraints in a so-called materials balance framework and describes features and interactions
between nature and the economy. The study examines how production decisions affect the
optimal resource allocation over time, when production occurs in both the "conventional"
sector (virgin fiber use only) and in a recycling setting.
A utility function is maximized subject to constraints such as a restricted amount of
labor inputs in both the "conventional" commodity production and the recycling sector.
Further, the resource stock is assumed to increase by natural growth and deplete by use of
virgin fiber in "conventional" commodity production. In addition, the model allows the waste
stock to increase with incremental consumption and decrease naturally by bio-decomposition
or by recycling.
Huhtala's dynamic model requires a complete time path of optimal points since the
variables obviously take different values in different periods. The author finds an interesting
policy implication in that taxing only virgin fiber production (to promote recycling) may lead
to lower utility for the consumers due to the income effect. That is, the income effect is larger
than the substitution effect whereby less of both goods (recycled fiber as well as virgin fiber)
is consumed.
The lesson learnt from these two theoretical studies is primarily that finding socially
optimal levels of the investigated problem is a highly complex issue. Depending on how the
problem is modeled and constrained, different results will emerge. The models illustrate
amply how the amounts recycled, incinerated and landfilled, shift as the economic
determinants of choice over disposal strategies change.

6.2 Empirical Papers
Earlier empirical research on waste paper recycling has employed life-cycle analysis (LCA),
and optimal fiber flow models, as well as cost-benefit analysis as analytical tools.
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Virtanen and Nilsson (1993) use LCA to assess the impact of recycling on the
environment in Western Europe, by using three different scenarios. One assumes maximum
recycling (56 percent reuse rate of recycled fiber), another a medium scenario (35 percent
reuse rate of recycled fiber) and the third scenario with zero recycling (in this case the waste
paper is used exclusively for energy recovery). The authors found that reduced demand for
pulp due to increased recycling might lower the incentive to operate the forests in a
sustainable way, which in the long run would lead to more vulnerable and sensitive
ecosystems. They also found that even though recycling of paper in Western Europe has
economic and environmental advantages there is a limit to how much should be recycled. The
results of their study underline the economic and environmental advantages of paper
recycling, but they also show how, under certain conditions, the renewable character and the
high energy content of paper make energy recovery more attractive than recycling. The results
depends on the fact that recycling minimizes the use of certain resources and emissions, while
incineration minimizes the use of fossil fuels. The conclusion is that the degree of recycling
will heavily affect both the intensity of forest management and the degree to which energy
recovery from wood is appropriate, and, unsurprisingly, that that recycling of fiber forever is
both technically and economically not feasible. They also find that this balance between
recycling and incineration probably varies between countries studied since the geographic and
demographic characteristics differ among them.
Byström and Lönnstedt (1997) use an optimal fiber flow model, a variant of a lifecycle analysis, which attempts to quantify environmental impacts over the complete life of a
product or process. Their results support energy recovery from waste paper as a substitute for
fossil fuels. In the perspective of their study, incineration emerges as an environmentally
friendly waste disposal option for society. Their results show that there is no general evidence
that recycling of fiber is environmentally superior to other waste disposal options.
A similar approach is used by Leach et al. (1997). They combine a life-cycle analysis
with a systems analysis in their scrutiny of the waste disposal hierarchy for waste paper. In
this approach, the LCA quantifies the environmental impact of the product or process over its
life-time within a city, and the systems analysis, in turn, sets out each process within the
overall city system. Their results are in line with those of Byström and Lönnstedt, showing
that incineration yields lower environmental costs than recycling under certain conditions.
They further point to the benefits from selective recycling of certain paper grades, while
suggesting incineration for others.
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Vass and Haglind (1995) investigate the environmental consequences of utilizing
waste paper in Sweden, based on earlier Swedish research. They assume that transport costs
for recycling, are not significantly different from the transport costs for other waste disposal
options. This is at variance with the findings of earlier research that they quote. They stress
the differences in weight between recycled and virgin material (which is assumed 2-5 times
higher than waste paper) as the key to their transport cost assumption. This "surprising"
finding implies that costs of all waste disposal option can be treated equal when evaluating
alternative waste disposal routes. They further conclude that although an aggregate of waste
paper yields ambiguous results in the ranking of recycling and incineration, studies of single
fractions of waste paper show clearly different environmental outcomes between paper with
recycled and virgin content. Their conclusion, unfortunately, does not help us in determining
which waste disposal route is preferable since the economic outcome of the alternatives is not
tackled.
Bruvoll (1998) examined waste disposal options in Norway. She found that the social
costs of recycling are higher than the social costs from both landfill and incineration for
several waste fractions. Bruvoll also included source reduction implemented by a tax on
material inputs as a waste treatment method under scrutiny. Her study supports the ranking of
"reduce" as the superior alternative in the waste hierarchy. In addition, the largest cost
component for recycling was found to be the households' time for sorting the waste, reducing
the social cost-effectiveness of this waste disposal mode. However, Bruvoll (1998) further
concludes that for commercial paper, a fraction with relatively low collection and sorting
costs, recycling is the socially least costly alternative.
Radetzki (2000) criticizes the Swedish producer responsibility legislation related to
packaging and paper. He argues that when only the environmental benefits derived from the
legislation are considered, the outcome is benign. In a broader context, however, he concludes
that the legislation is exceedingly inefficient. The overall social costs at the margin are shown
to be 5-20 times higher than the benefits. In his study, households' time devoted to recycling
constitutes a large component of the overall costs.
Table 4 lists the important empirical studies reviewed above and summarizes the
choice of scope, method and briefly states their main findings.
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Table 4: Earlier Empirical Studies on Waste Paper Recycling
Study

Scope

Method

Selected main findings

Virtanen and Nilsson
(1993)

Data from IIASA's
IDEA database for
Western Europe.

Life-cycle
analysis

Recycling of paper in Western
Europe has economic and
environmental advantages but there
is a limit of how much that should be
recycled.

Vass and Haglind
(1995)

Data from previous
studies.

Survey and
extensions of
previous
studies.

Studies of single fractions of waste
paper show some different
environmental outcomes between
paper with recycled and virgin
content.

Leach et al. (1997)

Data from previous
studies.

Life-cycle
analysis
combined with
a system
analysis.

Incineration imposes lower
environmental costs than recycling,
though some fractions of waste
paper is better to recycle than
incinerate.

Optimal Fibre
Flow Model

There is no evidence that recycling
of fiber is environmentally better
than any other waste disposal option.

Byström and Lönnstedt Cross-sectional data
(1997)
from Western Europe

1990.
Bruvoll (1998)

Various U.S. and
Norwegian data
between 1991-1995.

Cost-Benefit

Both incineration and landfill are
less costly than recycling for all
fractions except commercial paper.

Radetzlci (2000)

Sweden 1997, various
data sources.

"Cost-Benefit"

Legislation to promote recycling is
exceedingly inefficient. The costs
are shown to be 5-20 times higher
than the benefits.

The studies reviewed above reveal a range of results regarding the economics of waste
paper recycling and incineration. Common for all is that more is not always better. They
invariably stress that there is an optimal mix of waste disposal options, and that uncertainty is
high regarding the true social costs of alternative solid waste management strategies.

7. Concluding Discussion
In this paper we set out to compare recycling and incineration as means of waste disposal
alternatives, and to review existing studies on the subject. We also attempt to identify how
policies, in the field under study, aimed at increasing overall welfare in society should be
formulated. The following general conclusions can be drawn from the analysis:
In order to secure welfare maximization there is no, a priori reason for either recycling
or incineration to be treated as a preferable waste disposal mode. It all comes down to
commercial and industrial activity, population density, and proximity to markets for recovered
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materials, etc. which all motivate each municipality to make its own waste management plans
for recycling and incineration, respectively.
The fact that the marginal cost curve for both recycling and incineration are bound to
have upward slopes, a mix of the two waste disposal modes is called for, if social welfare is to
be maximized.
Existing studies provide limited help for determining an optimal mix of the waste
disposal activities. The studies reviewed above have many objectives, and most of them do
not aim at finding such a mix. Some discuss the technical feasibility of recycling and
incineration while others explore the effect of legislation on additional waste disposal
handling. Nonetheless, all studies have something to contribute to our conceptual
understanding of optimal waste disposal management.
It is clear that although LCAs and optimal fiber flow methodologies can provide
valuable insights about the total environmental impact of a product through its life cycle, they
clearly fail to address the more general issue of socially efficient resource allocation. Of the
methodologies considered in the present work only cost-benefit analysis appears appropriate
for this task. Hence, to provide policy makers with a full social vista, cost-benefit analysis
appears in our view to be the most appropriate evaluation technique for the purpose of policy
formulation.
We have addressed the fallacious reasoning that leads to uniform legislation of
recycling, rates across large geographical areas, and conclude that only in rare cases is such
legislation a welfare-enhancing policy tool. This argues for more differentiated cost-benefit
analyses, where data can be compiled and computed more accurately for uniform geographic
areas, and for different fractions of the waste flow. The way to proceed with such assessments
is to identify and monetize all social costs and benefits on the margin, assigned to recycling
and incineration, respectively.
Finally, a serious fallacy of the recycling policies in force in Sweden and other
European countries is that they have primarily relied on unfounded beliefs, rather than facts.
Despite the studies that we have reviewed in earlier sections, it is clear that the conceptual and
empirical basis on which to determine efficient waste paper policy is still seriously
incomplete. For politicians to be helped in the design of waste management plans, they have
to be provided with properly conducted economic analyses. Hence, more extensive studies of
waste disposal strategies need to be undertaken to help in policy formulation and policy
evaluation.
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Abstract
Countries worldwide express waste paper recycling targets in terms of recovery and utilization
rates. The main purpose of this paper is to identify and analyze the most important
determinants of inter-country differences in these waste paper rates. The paper concludes that
relative waste paper recovery and use are largely market-determined, and depend thus on
long-standing economic factors such as population intensity and competitiveness in the world
market for paper and board products. This implies that the degree of policy flexibility in
affecting these rates is limited. Additional policy targets may therefore be desirable, especially
since recycling primarily is motivated by environmental concerns and is seldom a benign
activity in itself.
Keywords: waste paper, recovery rate, utilization rate, inter-country differences.

1. Introduction
Throughout the world we witness an increased interest in policies aimed at encouraging waste
paper recycling. Concerns about the natural environment and solid waste management are
generally the prime motivations for these policy efforts. As a part of attempts to measure
"recycling success", countries worldwide tend to formulate recycling goals in terms of

recovery and utilization rates for paper and board products (e.g., Budet and Godard, 2000;
Van Beukering and Sharma, 1996). However, if these recycling rates are to serve as major
policy variables, policy makers need to understand what determines the size of these rates.
The purpose of this paper is to identify and analyze the most important determinants of intercountry differences in waste paper recovery and utilization rates.
The main thesis of the investigation is that recovery and utilization rates are largely
market-driven. Thus, in addition to policy differences countries are endowed with different
sets of demographic and geographical features, which in turn affect the economics of paper
recycling. OECD (1976, p. 29) supports these arguments and concludes:

[T]here exists very significant differences between countries both in rates of recovery and
utilisation. In part these differences stem from variations between countries in economic
characteristics about which little can, or should, be done. In part, however, they reflect attitudes,
institutions and policies which are amenable to change. Whilst future policies adopted by various
countries for promoting waste paper recovery and utilisation will therefore exhibit certain common
features, the precise measures employed will inevitably reflect the particular needs and
characteristics of each country.

The present paper supports this notion and suggests that there exist fundamental
economic (and thus not only policy-related) factors that explain inter-country differences in
waste paper recovery rates and especially in utilization rates. This implies that the degree of
policy flexibility in affecting these rates is limited, and additional policy targets may be
desirable.
Previous research efforts have focused a lot of attention on short-run supply and
demand behavior in waste paper markets (e.g., Anderson, 1977; Blaut and Steiker, 1978;
Edwards, 1979; Gill and Lahiri, 1980; Edgren and Moreland, 1989; Nestor, 1992). In general
these studies conclude that in the short-run both supply and demand of waste paper are
relatively own-price inelastic. Furthermore, as demand for paper and board products is
relatively sensitive to the current level of economic activity, this price insensitivity makes the
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waste paper market very volatile in terms of price fluctuations. These earlier studies have been
motivated largely by the notion that policy makers need a more detailed understanding of
waste paper supply and demand for recycling policies to become effective. The question of
whether any recycling policies are socially worthwhile is thus not the issue under scrutiny. A
second set of studies does, however, take this matter in hand. This line of research focuses on
the efficiency of recycling policies. In particular it analyzes whether collected waste paper
should be incinerated, landfilled or recycled in paper and board mills (e.g., Byström and
Lönnstedt, 1997; Bruvoll, 1998; Radetzki, 2000). The present paper differs from earlier
research efforts in the following respects. Very few studies recognize explicitly that different
countries (and regions) possess different economic prerequisites in terms of waste paper
recovery and utilization potential. In contrast to the earlier market studies, the present paper
attempts to understand the long-run factors that drive recovery and utilization rates. This
should be of particular interest as these rates in themselves represent important policy targets.
Such an understanding is not only important for policy makers; it also facilitates aggregate
projections of waste paper usage and recovery worldwide. By concentrating on inter-country
differences we also broaden the focus of waste paper studies, which in the past have been
heavily biased towards the US and Western European markets.
The paper proceeds as follows. Section 2 presents waste paper recovery and utilization
rate measures, and discusses some potentially important determinants of these rates. Thus, in
this section we suggest why these rates may (and perhaps should) differ between countries. In
section 3 we present two simple regression models, which are used to analyze the impact of a
set of independent variables on the recovery and utilization rates respectively. The empirical
results from these estimations are presented and discussed in section 4. Finally, section 5
provides some concluding remarks.

2. Recovery and Utilization Rates: Definitions and Determinants
In general there is no mystery to the basis for waste paper recycling. First, paper is a major
component of the overall municipal solid waste stream, and waste paper recycling is seen as
one important waste management strategy. It reduces the need for disposal capacity, which in
turn leads to lowered emissions from landfills. Second, recycled paper is often a relatively
inexpensive input factor in the production of new paper and board products, not the least
because its energy requirements are low. Extended use of waste paper in paper production
may also be motivated by the long-term value of forest conservation. Thus, the growing waste
4

paper stock may displace some of the virgin raw material, i.e., wood pulp used in the
production process. In other words, paper and board recycling is both supply- and demanddriven, and it is shaped by both economics and politics. This has not always been recognized
in the recycling debate, which in recent years often has tended to focus on (a) the municipal
solid waste (or supply) view of paper recycling and (b) on the policy aspects of the issue
(Smith, 1997).
The two most common measures of recycling progress, the recovery and utilization
rates, differ in one very important respect. The recovery rate (RR) is basically grounded in the
waste management view of recycling, as it measures the success with which one is able to
recover waste paper from the waste stream. It is normally expressed as:

RR=

where

WP
RE
PB„„

(1)

WPRE denotes waste paper recovery and PB„„

is paper and board consumption. In

contrast the utilization rate (UR) reveals the extent to which the recovered paper actually is
being used in paper and board production. The most commonly used measure of the
utilization rate is defined as waste paper consumption in domestic paper and board
production,

WP„„ ,

divided by paper and board production,

PB„„ , as shown in equation

(2).

UR =

WPCONS
PB„„

(2)

Thus, the UR measure is primarily directed toward the demand side of the waste paper market.
It should be clear that the above recycling rates both have policy relevance. The recovery rate
provides an indication of to what extent litter and improper disposal has been reduced. If, on
the other hand, policy makers are interested in the forest protection or energy conservation
advantages of recycling, they need information about the utilization of waste paper.
In 1997 the average global waste paper recovery and utilization rates were both around
43 percent (Pulp & Paper International, 1999). Table 1 summarizes recovery and utilization
rates in some selected countries worldwide. Substantial inter-country differences exist,
especially with respect to utilization rates. These range from 6 percent in Finland to 100
5

percent in Hong Kong. The recovery rates vary less between countries but the differences are
still substantial. In 1996 Israel recovered 24 percent of its waste paper, while the
corresponding figure in Germany was as high as 71 percent. It is also the case that high
recovery rates do not necessarily imply high utilization rates. In Sweden, for example, the
recovery rate of 52 percent is fairly high by international standards, but the utilization rate is
"only" 17 percent. Since waste paper recovery and utilization rates have become important
policy targets, it is important to understand the main determinants of these rates. These
determinants are discussed below, beginning with those that are likely to affect recovery rates.

Table 1. Waste Paper Utilization and Recovery Rates in Selected Countries (1996)
Country

UR (%)

RR (%)

Germany

60

71

Hong Kong

100

61

Sweden

17

52

USA

39

45

Canada

24

43

United Kingdom

69

40

Finland

6

34

Argentina

44

31

China

37

28

Israel

78

24

Source: Pulp & Paper International (1998).

Recovery Rates

Figure 1 shows the historical patterns of waste paper recovery rates in Sweden and the USA.
Together with Table 1, this figure provides an appropriate starting point for discussing the
factors that drive these rates. Both Sweden and the USA have experienced a more or less
consistent increase in recovery rates over the years. Growths in per capita income are likely to
explain parts of this pattern. As incomes increase so does the value that people assign to the
environment. In economic terms, the income elasticities of environmental goods will normally
be greater than one. This is consistent with the environmental Kuznets curve hypothesis,
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which predicts a correlation between incomes and the extent to which environmental
protection measures are adopted.'
The increasing environmental awareness is largely reflected in governmental laws and
regulations. For example, recycling obligations of packaging material and municipal
collection schemes clearly enhance the recovery of used materials. Moreover, many
governments try to inform and educate consumers with the purpose of encouraging them to
undertake recycling activities. The above policies, we hypothesize, are especially prevalent in
relatively rich countries, and we would thus expect waste paper recovery rates to be positively
correlated with per capita income. Table 1 also provides some preliminary empirical support
for this hypothesis. Argentina and China, for example, are the countries in Table 1 with the
lowest per capita income levels, and their waste paper recovery rates are also low.

70
60
j' 50
▪ 40

-Sweden
--USA

• 30
20
10

1940

1950

1960

1970

1980

1990

Year

Figure 1. Waste Paper Recovery Rates in Sweden and the USA
Sources: Swedish Federation of Forest Industries (Skogsindustrierna),
American Forest & Paper Association (2000), and Smith (1997).

However, if one accepts our notion that waste paper recovery is not only policydetermined but also market-driven, we have to consider the costs of collection and recovery.
One important cost component in waste paper collection, especially in the past, has been
labor. "Although a substantial investment in physical capital is required to produce recycled
paper, the sorting, collecting, packing, and even transportation involved in the recycling
process tend to be less capital- and more labor-intensive than production methods utilizing

I

See, for example, World Bank (1992) and Beckerman (1992). For an influential critique of the environmental

Kuznets curve hypothesis, see Arrow et al. (1995).
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non-recycled materials inputs," (Wiseman, 1990, p. 42). Furthermore, as per capita income
grows so does the real wage, and hence the opportunity cost of labor-intensive activities. In
other words, with growing per capita income levels, time-consuming recovery and recycling
activities become less attractive. Hence, when considering both the demand for and the cost of
waste paper recovery, it becomes clear that the net effect of per capita income changes on the
recovery rate is ambiguous and therefore remains an empirical question.
Since waste paper recovery ultimately stems from recent paper and board
consumption, the cost of waste paper recovery will also be affected by demographic
circumstances. Other things equal, actions to separate and collect waste paper will be more
viable in regions which are densely populated and in which people live clustered in highly
urbanized areas. Moreover, in such regions the likelihood for high landfill taxes/prices will
also be high, and so will the cost of disposal. Thus, since the marginal cost of recovery will
depend on the size of the waste stream, recovery rates are expected to be particularly high in
small but densely populated regions. Hong Kong, with a recovery rate of 61 percent, provides
an illustrating example of the latter (Table 1).

Utilization Rates
Figure 2 shows waste paper utilization rates for Sweden and the USA since 1940. Both
countries have experienced significant increases in utilization rates since the 1970s. However,
before this increase we have witnessed an almost consistent decline, at least in the USA. The
above suggests that long-term forces have been at work.
45

Uti lization Rate (%)

40
35
30
25

Sweden•
1-0—USA

20
15
10
5
0
1940 1961 1966 1971 1976 1981 1986 1991
Year

Figure 2. Waste Paper Utilization Rates in Sweden and the USA
Sources: Swedish Forest Industries Federation (Skogsindustrierna),
American Forest Sz Paper Association (2000), and Smith (1997).
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Since the utilization rate measures to what extent waste paper is actually used in
producing new paper and board products, we have to consider both the input and the output
side of the paper and board industry in order to understand what drives this rate.2
The decision to use waste paper as input for the production of paper is primarily
determined by the rate of return of different production methods. Thus, under traditional profit
maximizing conditions waste paper consumption will depend on the price of waste paper and
the price of its substitutes, which in most cases is wood pulp. Hence, the availability of waste
paper and wood pulp (or virgin fiber) are likely to be important determinants of waste paper
utilization rates. This implies that countries with relatively large forestry resources, utilized by
modern pulp mills, will have access to inexpensive virgin fiber relative to secondary fiber.
Under such circumstances waste paper is obviously less attractive as a raw material, and the
utilization rate will be comparatively low (e.g., Ince, 1995).
The potential availability of waste paper supplies, on the other hand, is largely
reflected in the extent of a country's consumption of paper and board products. For example,
in countries where consumption is significantly greater than production (implying net imports
of paper and board) waste paper will be relatively abundant and we would expect the
utilization rate to be high. This is sometimes known as the structural effect or the trade effect,
as it ultimately indicates the way in which comparative advantage of the domestic paper and
board industry affects waste paper use (OECD, 1976). Furthermore, the intensity with which
this waste paper potential is exploited is also an important determinant of utilization rates.
Thus, the higher the actual recovery rate, the greater the likelihood for significant use of
secondary fiber.
This relative abundance of waste paper is likely to explain some of the differences in
utilization rates displayed in Figure 2 and Table 1. Sweden possesses large inventories of
forests and is a major exporter of paper and board products. As a consequence its utilization
rate is still comparatively low, even though it has increased substantially since 1940. Finland,
also a country blessed with large volumes of virgin forests, has a very low utilization rate
compared to the world average (43 percent). Major net importers of paper and board, such as

2

There exist technical limitations with respect to how much waste paper can be used in the production process. A

common assumption is that a fiber can circulate 5-6 times before it is exhausted, i.e., when the quality of the fiber
no longer is able to meet the demands of the final product due to lack of strength and brightness. However, these
technical constraints are unlikely to be important determinants of inter-country differences in utilization rates,
and will therefore not be dealt with in more detail in this paper (Antti, 2000).

9

Hong Kong and Israel, display much higher utilization rates. Figure 2 also indicates some
interesting developments over time. We note in particular that both in Sweden and the USA,
the 1960s witnessed stagnant and even decreasing utilization rates. Some of this is probably
explained by the changing relative economics of virgin versus secondary fiber during this
period. Specifically, advances in pulp and paper technology and the introduction of semichemical pulp led to a lower relative cost of primary fiber use (Wiseman, 1990). Nevertheless,
in order to gain a more complete picture of the determinants of waste paper utilization, we
need to consider the output side of the paper and board industry as well.
Differences in waste paper utilization rates may reflect variations in the paper and
board product mix. Due to differences in quality demands, some products simply have higher
waste paper coefficients than others. The highest utilization rates are generally found for
newsprint and some paperboard qualities, while the lowest rates normally are in printing and
writing papers.3 Thus, countries in which overall paper and board production is dominated by
waste paper intensive products, will, ceteris paribus, experience a higher utilization rate than
otherwise. This factor can also help explain the dropping rates in the 1960s. During this period
the printing and writing paper share of paper and board supply increased, and this retarded the
overall utilization rate of waste paper (Ibid.).
As waste paper recycling tends to be heavily connected to environmental awareness,
consumer preferences will not only affect the output mix but presumably also the firms' input
choices (Van Beukering and Sharma, 1996). Consumers may "convince" producers to
increase their share of waste paper in the fiber mix, and producers are keen to pursue this as it
opens up new markets and/or increases competitiveness. Environmental preferences in favor
of recycled paper products may also be reflected in government policies, for example, through
the use of recycled content standards. Of course, public policies and regulations will also have
an indirect impact on utilization rates äs they aim at increasing the availability of waste paper,
and hence the recovery rate.
Environmental preferences in favor of increased recycling, whether expressed by
policies or by consumer volunteerism, are likely to be important determinants of the increase
in utilization rates in Sweden and the USA since the early 1970s. Previous research results
confirm that people tend to engage in recycling activities largely because they believe that

3

For example, in Sweden roughly 85 percent of paper industry demand for secondary fiber comes from

newsprint and liner and fluting production (Swedish Forest Industries Federation, 2000).
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recycling is necessary for achieving environmental goals, and they feel committed to these
goals (e.g., Hornik et al., 1995). Furthermore, such environmental motives for recycling are
likely to be especially prevalent in rich countries, and we would expect also the utilization rate
to be influenced by per capita income levels.

3. The Econometric Models
Two simple regression models, which attempt to explain inter-country differences in waste
paper recovery and utilization rates respectively, are developed in this section. The first
model, the waste paper recovery rate equation, is written in log-linear form and can be
formulated as;

In RR, = + a, In GDP, + a, In URB, + a, ln POP,

(3)

where RR, is the recovery rate in country i defined as in equation (1), and GDP, measures the
gross domestic product per capita (in US$) for the same country. URB, i s the urbanization rate
for country i expressed as the percentage share of the total population living in urban areas,
while POI denotes the population density, i.e., the total population divided by the country i's
land area in square kilometers. The log-linear form allows us to interpret the coefficients as
elasticities.
Following the discussion in section 2, it should be clear that it is hard to form any a

priori expectations about the sign of the a, coefficient. GDP per capita, we have suggested,
reflects two opposing determinants of recovery rates. As income is high so is the labor cost of
waste paper collection activities, but the same may hold true for the value that people place on
environmental amenities and hence on waste management policies. The former should have a
negative influence on recovery rates, while the impact of the latter factor ought to be positive.
The size of the net effect thus remains an empirical question. Since both the urbanization rate
and the population density measure the "cheapness" of separating and collecting waste paper,
we would expect a., and a, to be positive.
The second regression model, the waste paper utilization rate equation, is also in loglinear form and it is expressed as:
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ln UR, = g

+

ln GDF + 13, ln

+ 13, ln PM +

ln

+ ,65 in RR;

(4)

where UR, is the utilization rate in country i defined as in equation (2). Also in this equation

GDP, is assumed to reflect environmental preferences towards recycling. There is one
important difference, however. The environmental preferences affecting the utilization rate are
- assumed

to be reflected in policies that aim directly at the demand side of the waste paper

market (e.g., material contents standards) and in consumer demand for recycled paper and
board products. We would thus expect to find a positive sign for the /31 coefficient.
FR, denotes the growing stock of forests divided by total land area, a variable intended
to measure the relative availability of virgin fibers. Since virgin fibers are substitutes to waste
paper in paper and board production we would expect the coefficient )3, to be negative.
Inter-country differences in the composition of paper and board production are
measured by the share of total paper and board production (in tons) that constitutes newsprint
and liner and fluting board so that:

PM =

(Newsprint production + liner and fluting board production)
Total paper and board production

(5)

Increases in PM should lead to increases in the utilization rate, this since extended use of
waste paper in general is particularly high in the production of these two paper qualities.

SE, and RR, are both waste paper supply indicators, where SE, (the structural effect)
is the share of production to consumption of paper and board in country i. If, for example,
consumption is significantly greater than production this is a reflection of the fact that

potential availability of waste paper is relatively high, while the demand for waste paper (in
production) is relatively low. In this case the ratio SE, will be low and the utilization rate will
be high, i.e., the fl4 coefficient is expected to have a negative sign. RR , on the other hand,
measures instead the intensity with which the above potential is exploited. Naturally, if the
recovery rate increases it would be relatively easier to obtain waste paper for use in paper and
board production. Hence, A should have a positive sign.
In order to employ the regression models in (3) and (4) empirically we add additive
stochastic disturbance terms, e, and ji, respectively, to each equation. We will assume that
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these have an expected value of zero and variances of 52 , and that they are also independently
and identically normally distributed. Equation (4) will be estimated using ordinary least
squares (OLS) methods, while equation (5) is estimated using instrumental variable
techniques. The latter approach is taken since the endogenous variable, RR, , is included in the
utilization rate equation and its value will be influenced by a set of exogenous variables (in
.equation (4)) and the error term p, . In such a case OLS estimates would be biased and
inconsistent. Data for 89 (recovery rate equation) and 81 (utilization rate equation) countries
worldwide have been collected. Data sources and definitions are summarized in Table 2.

Table 2. Data Sources and Definitions*
Variables

Definitions

Sources

Recovery rate (RR,)

Waste paper recovery divided by paper and board
consumption (%)

Pulp & Paper
International (1998)

Utilization rate (UR, )

Wastepaper consumption divided by paper and board
production (%)

Pulp & Paper
International (1998)

GDP per capita (GDP; )

Purchasing power parity (PPP) estimates in
international dollars**

World Bank (1998) and
CIA (1999)

Number of inhabitants per square kilometer

World Bank (1998)

Urbanization rate (URB, )

Percent of total population living in urban areas (%)

World Bank (1998)

Structural effect (SE, )

Paper and board production as a share of paper and
board consumption (%)

Pulp & Paper
International (1998)

Paper product mix (PM, )

The sum of newsprint and liner and fluting board
production as a share of total paper and board
production (%)

Pulp & Paper
International (1998)

Population density (Por

)

FAO (1995), World Bank
Growing stock of forest in million cubic meters
(1998) and CIA (1999)
divided by square kilometer
* The data for the growing stock of forest are for the year 1990. All other figures are for 1996, except in those
(rare) cases when 1996 data were missing. 1995 or 1997 estimates were then used instead.
Virgin forest supply (FR, )

** The international dollar, developed by the World Bank, is the unit of account that equalizes price levels in all
participating countries. It has the same purchasing power over total GNP as the U.S. dollar in a given year, but
purchasing power over subaggregates is determined by average international prices at that level rather than by
U.S. relative prices.

4. Empirical Results and Discussion
Table 4 presents OLS estimates for the coefficients in both regression models, together with
adjusted R-square measures. Both models were tested for the possible existence of
heteroskedasticity using White's (1980) test, but in both cases the null hypothesis of
homoskedasticity could not be rejected.
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Starting with the recovery rate regression model we note that two factors in particular
tend to be important determinants of inter-country differences in recovery rates. First, the
coefficient representing the impact of GDP per capita (a1 ) has the expected sign, and it is
statistically significant at the one percent level. A one percent increase in GDP per capita will,
ceteris paribus, yield a 0.21 percent increase in the recovery rate. This result suggests that
waste paper recovery and in particular the environmental benefits that are expected to follow
from it largely are luxury goods. As countries grow richer, the value that people put on
environmental issues will increase and there is likely to be a greater demand for waste
reduction policies. We also hypothesized that growing GDP per capita implies a higher
opportunity cost of labor, and since paper recovery and collection in many cases has been a
relatively labor-intensive activity growth in per capita income would lead to decreases in the
recovery rate. We are unable to separate the separate impacts of these to effects, but we can
nevertheless conclude that the net effect of increasing GDP per capita on the recovery rate
appears to be positive.

Table 4. Parameter Estimates for the Recovery Rate and Utilization Rate Equations*
Utilization Rate (UR,)

Recovery Rate (RR,)
Constant (a0 )

-3.926
(-6.887)

Constant (,30 )

0.284
(0.220)

GDP (a1 )

0.214
(2.912)

GDP (A)

-0.089
(-0.831)

URB (a2 )

0.107
(0.624)

FR(32)

-0.035
(-0.977)

POP ( a3 )

0.091
(2.111)

PM ( ß3)

-0.095
(-0.645)

SE(ß4 )

-0.611
(-5.666)

RR(ß5 )

0.636
(1.587)

0.56
R-square (adj)
0.24
R-square (adj)
* t-statistics are given in parentheses. The instruments used in the utilization rate equation include the natural
logarithms of GDP,, FR,, PM SE, and POP.

Second, the coefficients for the demographic variables (a, and a3 ) both have the
expected positive signs, but only the population density coefficient is statistically significant
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(at the five percent level).4 This indicates that the lower the cost of waste paper collection and
recovery, in terms of transport etc., the higher the recovery rate. Hence, in countries with large
population densities recovery rates will tend to be higher, this since waste paper collection
will be cheaper and disposal will tend to be costly. This result is in some contrast with earlier
studies, which primarily stress the importance of urbanization on wastepaper recovery
(without, however, presenting any solid empirical evidence), especially in developing
countries (e.g, Van Beukering and Sharma, 1996). Projections show that the share of total
population living in cities will grow at fast rate in the future (World Bank, 1995). However,
our empirical investigation does not suggest that there is a clear statistical relationship
between urbanization and recovery.5
Thus, in general we would expect increases in recovery rates to be highest in countries
with high population and per capita income growth rates. In most cases this involves
developing countries. However, our goodness-of-fit measure, R-square (adj), is only 0.24. In
other words, as much as 76 percent of the variation in recovery rates is left unexplained and is
thus due to variation in the error term (e)or to variation in other variables that implicitly form
part of the error tenn.6 One important variable that we have not included explicitly in the
recovery rate equation is the impact of waste management policies on recovered paper supply.
As noted above, parts of this impact are likely to be reflected in the GDP measure. However,
what is probably not reflected in the GDP measure is, for example, the efficiency with which
these policies are implemented. Future research efforts should, therefore, explore in more
detail such policy differences between countries.

4

It should be noted that the urbanization rate and the population density are not highly correlated. In our sample

the correlation coefficient between the two is only —0.18. Thus, it seems not to be the case that a large part of the
variation in URB, is explicable by the variation of POP,.
5

One important caveat is, however, in place. GDP per capita and the urbanization rate are quite highly correlated

(the correlation coefficient is 0.62), and this may explain the statistical insignificance of the latter variable.
6

One should note, however, that low R-squares are very common for cross-section samples. R-squares of 0.5 is

generally believed to be "high", and even estimates as "low" as "0.2 are sometimes noteworthy," (Greene, 1993).
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If we proceed to analyze the parameter estimates for the utilization equation, we first
note that the R-square measure is comparatively high (0.56). We have thus been more
successful in explaining the inter-country variation in utilization rates than was the case with
recovery rates. All coefficients, except

and )33 representing GDP per capita and the impact

of the paper product mix respectively, have the expected signs (for the GDP per capita effect,
see below). Thus, according to our model in countries in which the share of "intensivelyrecyclable" paper products is high, utilization rates tend to be /ow. This effect, though, is
insignificant from both an economic and statistical point of view. Moreover, in countries
blessed with substantial forestry resources waste paper utilization is (as expected) relatively
low, but also this effect is statistically insignificant and fairly small.
The fl1 coefficient indicates that a one percent increase in GDP per capita leads to a
decrease in the utilization rate by 0.09 percent. Still, also this effect is highly insignificant
from a statistical point of view. Thus, we do not gain much support for our GDP-related
hypothesis. It is, however, interesting to note that while GDP per capita was a major
determinant of waste paper recovery rates, this is not the case for utilization rates. This
suggests that richer countries do indeed place a higher value on environmental goods, and thus
on recycling activities. However, these preferences mainly manifest themselves in recovery
and collection activities, and perhaps not so much in consumer demand for paper and board
products. Of course, further investigations into this issue are needed before more definite
conclusions can be drawn.
Our two indicators of waste paper availability both tend to be major determinants of
inter-country differences in utilization rates, but only the structural effect (SE,) is statistically
significant. Furthermore, the two measures are fairly correlated (with a correlation coefficient
of 0.56), and it is thus hard to sort out in detail the exact contribution of each of these
variables. What is clear, however, is that countries endowed with abundant waste paper
supplies (whatever the measure) overall have high utilization rates. This suggests that waste
paper utilization largely is market-driven. Paper mills do not use waste paper because
primarily public policy or preferences "mandate" them to do so; they use it because it is
widely available and thus cheap.' Of course, public policy will affect waste paper utilization

7

In some regions (e.g., a number of states in the USA) there do of course exist recycled content standards, but

such policies do not appear to explain inter-country differences to any great extent.
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indirectly through the effect it has on the recovery rate, and hence on the relative cheapness of
waste paper.
It should be noted that our reliance on inter-country variations primarily reflects longrun responses. In the short-run the link between increased recovery and utilization are not
always apparent in waste paper markets. In many cases collection schemes have led to
abundant waste paper supplies, but this has not led directly to increased use but instead to
price slumps.8
Finally, it needs to stressed that a major part of the supply potential is not policy
determined. It is instead largely an effect of national comparative advantage in foreign trade of
paper and board products. Waste paper supply ultimately stems from recent paper and board
consumption. As a consequence, in countries with a comparative advantage in producing and
exporting paper products, paper production will be significantly greater than consumption
implying net exports. In such cases the availability of waste paper will necessarily be
comparatively low, not because waste management policies are in force but as a consequence
of the relative competitiveness in the world market for new paper and board products. It is not
clear why policy makers should try to alter this situation only to achieve a higher waste paper
utilization rate.

5. Concluding Remarks
By using a data set of 89 and 81 countries respectively, this paper has attempted to identify
and analyze the main determinants of inter-country differences in waste paper recovery and
utilization rates. The following general conclusions can be drawn from the analysis. Both
economic and political factors affect recovery and utilization rates. Rich countries, in which
demand for waste management and environmental policies tend to be high, will experience
higher recover rates. As higher recovery rates imply higher waste paper availability, this will
in turn positively affect utilization rates. However, the two recycling rates are also largely
market-determined. For example, recovery rates are affected by demographic features, which
determine the cost of collection and recovery. Furthermore, waste paper availability is the
most important determinant (both statistically and economically) of waste paper utilization
rates. Waste paper availability is in turn affected largely by the so-called structural (or trade)
effect, which ultimately reflects the countries' comparative advantage in world paper markets.

8

See, for example, Browne (1996) for an analysis of such behavior in the U.S. newsprint market.
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In other words, differences in waste paper recovery and utilization rates are to a great
extent due to economic characteristics about which very little can, or even perhaps should, be
done. This indicates that the two recycling rates may be of limited use as policy measures.
Policy efforts intended to affect the rates will only be partially successful, as there are other
more fundamental factors in force. In addition, attempts to mandate, for example, a certain
utilization rate (in terms of recycled content standards for paper and board products) may lead
to unintended behavior. If a country that is a major net exporter of paper and board faces a
recycled content goal, it may have to import waste paper in order to comply since its domestic
supply will be to scarce. Canada is one example where this has occurred. Also Swedish paper
and board producers tend to import cheap waste paper (partly due to subsidized collection)
from Germany to meet requirements and customer demand. It is not clear that this behavior
favors the environment, which the policies primarily were put in place to do. Thus, this
suggests that policy makers need to recognize that waste paper recycling seldom is a desirable
goal in itself We are primarily interested in the environmental and economic benefits of
recycling, and our policy variables need to reflect this. Recovery and utilization rates are only
of limited use in this sense.
Finally, we wish to emphasize that this paper represents only a first attempt to trace the
main determinants of waste paper recovery and utilization rates. Further research efforts
should be welcomed and these, we argue, ought to focus in more detail on public policy
differences between countries. In addition, it would be useful to extend the data set by
employing panel data. This enables one to divide the data set into developed and developing
countries. Some authors suggest that the impacts of some determinants on recycling rates are
likely to be more significant in developing countries compared to developing ones and vice
versa (Van Beukering and Sharma, 1996). For example, environmental awareness is probably
of more importance in rich countries. Our inability to fully resolve the above issues should
open the field for further research and improve our understanding of waste paper recovery and
use.
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Abstract
This paper explores the differences in inferences one would draw from different econometric
models in a spatial econometric setting. These models include ordinary least squares, spatial
autoregressive model and a general spatial model. The study reveals that ordinary least
squares to very large extent produces biased estimates due to spatial correlation in the data
set. Hence, one would draw very different inferences from OLS and general spatial model
estimates.

1. Introduction
This paper explores the differences in inferences one would draw from conventional
econometric models in a spatial econometric setting. It thus examines statistical significance
rather than economic significance. The motivation for this research topic is that while it is
common for researcher to test for statistical problems such as heteroscedasticity,
autocorrelation etc. tests for spatial configuration is rare although all these problems violate
the Gauss-Markov assumptions.
A well-known regional science principle is that location in space matters. When
dealing with spatial data sets with a locational component, two problems arise. First, spatial
dependence between observations may exist and second, spatial heterogeneity might be
present in the linear relationship. Why is this a problem? These two phenomena violate the
Gauss-Markov assumptions used in regression modeling. Spatial dependence violates the
assumptions that the explanatory variables are fixed in repeated sampling and spatial
heterogeneity violates the assumption that a single linear relationship with constant variance
exists across the sample observations. Use of ordinary least-squares regression methods has
been found to produce residuals that vary systematically as we move over space, this
phenomenon is labeled spatial autocorrelation in the literature [LeSage, 1997]. Ordinary least
squares produces estimates that are biased and inconsistent.
The data set used in the present study originates from a well-known paper by Harrison
and Rubinfeld (1978). They estimated a hedonic pricing model that examined the impact of
air quality measured by nitric oxide (NOX) emissions on median housing values in Boston.
The data set has been widely used for examination of various estimation procedures [e.g.
Gilley and Pace (1996), Besley, Kuh and Welsch (1980)], which is one of the motivations for
our use of it. Another one is that housing values usually tends to be similar within e.g. a
suburb, which makes it plausible to suspect that the data set exhibit spatial correlation.
Gilley and Pace (1996) found some miscoded observations in the dependent variable
and sixteen observations that were censored in the Harrison-Rubinfeld data set. Gilley and
Pace's version of this spatial data set, with some small changes explained in the data section,
is used to illustrate the different inferences that would be drawn when employing various
econometric techniques.
The purpose of this paper is to explore the different results produced by modeling the
econometric relationship in various ways. Thus, the aim is to assess the bias that conventional
econometric modeling produce in their estimates when the data set exhibit spatial dependence
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and heterogeneity. An applied approach is taken where the different results are of main
interest.
Figure 1 shows median housing values (crosses) for the sample of 506 census tracts in
the Boston metropolitan area sorted from low to high. The last 16 observations illustrate the
impact of censoring for housing values greater than US$ 50,000 that were assigned values of
US$ 50,000. Least-squares predicted values are also shown in the figure (circles) and reveals
large predicted errors for the highest housing values.
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Figure 1.1: Actual vs. Predicted Housing Values

Belsley, Kuh and Welsch (1980) used this data set to illustrate the impact of illconditioning, outliers and influential observations on regression estimates. This suggests the
need for scaling of the data set. The present study employs a simple log applied to all
variables.
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2. The Models
The spatial autoregressive models used in this study will now be briefly discussed.'
One of the models used is a general spatial model set forth in Anselin (1988) shown in

(1)

Y=PW1Y+X13 +u
u = W2u +

E— N(0,6,21n )
This is the most general expression of a spatial autoregressive model, which takes into
account spatial correlation in the dependent variable y using a first order contiguity matrix W1
and spatial correlation in the disturbances with a second order contiguity matrix 1417. The first
order contiguity matrix W1 contains zeros on the main diagonal and values of unity in
positions representing neighboring observations in the nxn matrix, where n is the number of
observations. Neighboring observations recorded in W1 reflect those whose borders touch the
observations in question. The second order contiguity matrix W2 takes the same form as W1
but reflects observations that are neighbors to the first order neighbors in W1.
For comparison of the estimates obtained we use an ordinary least square (OLS) and a
spatial autoregressive model (SAR). These models can be derived from the general spatial
model by imposing restrictions upon it. By setting the parameters p and 5t. in equation (1)
equal to zero we obtain the conventional ordinary least square model such as:

y =Xß+E

(2)

e— N(0,*)

Finally, equation 3 below shows the spatial autoregressive model (SAR), which only
take the first order contiguity matrix into account. By setting in equation (1) to zero we
obtain this model:

y=prWiy+X13-Fe

(3)

e— N( 0,c; z2In )
'For a more thorough description see for example, Anselin (1988) and LeSage (1998).
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Anselin (1988) shows that in the precense of spatial correlation in the dependent
variable y, least-squares estimates of the parameter i6 in (2) will be biased and inconsistent.
Maximum likelihood methods can be used to simultaneously determine estimates for )3, p and
2 by solving a bivariate optimization problem involving the parameters p and 2 and a
concentrated log likelihood function. Anselin (1988) provides the details. MATLAB
algorithms

written

and

documented

by

LeS age

(1998)

(available

at

http://www.econ.utoledo.edu) were used to produce maximum likelihood estimates.

3. The Sample Data
Gilley and Pace (1996) point out that some data observations in the Harrison and Rubinfeld
set for the dependent variable are miscoded. They also point out that sample censoring had
taken place at the Census Bureau. They discovered eight miscoded dependent variable
observations along with 16 censored observations involving census tracts with median
housing values greater than US$ 50,000. These 16 observations were recorded as US$ 50,000,
so we have a right-censored sample. We use a data set based on the eight corrected values for
the dependent variable. In addition, one of the explanatory variables representing a dummy
for location adjacent to the Charles River was dropped.
Both the dependent and independent variables were transformed to logarithmic form
allowing us to interpret the coefficient estimates as elasticities. Furthermore, as in the
Harrison-Rubinfeld case the model is based on the assumption that households consider the
explanatory variables shown in Table 1 when making their housing choices.

The reduced form median housing value equation can then be written as:

MV = f (CRIM, ZN, INDUS, NOXS, RM2, AGE, DIS, RAD, TAX, PTRATIO, B, STAT)

Where all variables are defined in Table 1 below.
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Table 1: Variables Used in the Housing Value Equation
Variable

Definition

MV
CRIM
ZN
INDUS
NOXS
RM2
AGE
DIS
RAD
TAX
PTRATIO
B
STAT

Median value of owner-occupied homes in $1000's
Per capita crime rate by town
Proportion of residential land zoned for lots over 25,000 sq.ft.
Proportion of non-retail business acres per town
Nitric oxides concentration (parts per 10 million) squared
Average number of rooms per dwelling squared
Proportion of owner-occupied units built prior to 1940
Weighted distances to five Boston employment centres
Index of accessibility to radial highways
Full-value property-tax rate per $10,000
Pupil-teacher ratio by town
1000(Bk — 0.63)^2 where Bk is the proportion of blacks by town
Percent lower status of the population

The dependent variable (MV) is the median value of owner-occupied homes. Per
capita crime rate by town (CRIM) is expected to have a negative influence on housing values.
The zoning variable (ZN) measures the proportion of a town's residential land zoned for lots
greater than 25,000 square feet. Since this vector contained many zeros, these were replaced
with ones to make the log transformation possible. The expected sign for this variable is
positive due to the fact that zoning restricts construction of small lot houses.
The proportion of non-retail business acres per town is labeled (INDUS). The
expected sign of this parameter is negative because increased industrial activity in the
neighborhood is expected to affect the house values negatively. Air pollution is measured by
nitrogen oxide concentration (NOXS) in pphm (annual average concentration in parts per
hundred million). This variable is squared since Harrison and Rubinfeld (1976) found this to
have the best statistical fit. The sign to be expected is negative since clean air should increase
the house values.
Next is the variable "average number of rooms" (RM2). As in the Harrison-Rubinfeld
(1976) study the squared form is used due to the better fit it provides and to facilitate
comparison with previous studies. The expected sign of this parameter is positive since more
rooms should be correlated with higher housing values. Proportion of owner-occupied units
built prior to 1940 is labeled (AGE). The age variable is expected to be negatively correlated
with housing values. The distance variable (DIS) measures a weighted distance to five
employment centers in the Boston region. Increased distance is expected to be negatively
correlated with the housing values. An index of the accessibility to highways (RAD) is the
next variable. Since increased access to highways makes it easier to get to work, the expected
sign is positive.
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Since we exclude the dummy for location adjacent to the Charles River but left
geographical variables such as distance and accessibility in our model specification, a
clarification of our spatial model is appropriate. The distance variable measures something
that our contiguity matrix cannot account for: distance to expressways or the central city, so
we leave this one in. Similarly 'RAD' denotes access to rapid transit, and again our contiguity
matrix would not capture this. This indicates that there are a number of dimensions to location
in space with respect to different factors. The contiguity matrix does not do it all, it only takes
into account spatial regions that have borders touching. Spatial effects such as an expressway
or rail line that connect two non-contiguous regions may exhibit more of an economic activity
link than two regions that have borders touching on the map. In general, one tries to model
economic connectivity, which may or may not be captured adequately by looking on a map to
see which regions are close together or have borders touching.
Further variables are full-value property tax rates per US$ 10,000 (TAX), which is
expected to be negatively correlated with housing value. The next variable reflects the pupil to
teacher ratio in the nearby school district (PTRATIO). A low pupil to teacher ratio reflects
higher attention for every student, which makes the expected sign to be negative. Another
variable is the proportion of black people in the population (B). The sign of this parameter is
ambiguous. First, if market discrimination is present, housing values are higher at very high
proportions of black population and the sign would therefore be positive. On the other hand,
at low levels of black population, an increase is expected to influence the housing values
negatively. The last explanatory variable is lower status proportion of population (STAT). A
larger proportion of low status population should lead to lower housing values.

4. Comparative Estimation Results
To explore the magnitude of bias produced by the presence of spatial correlation in the sample
data, least-squares estimates for the parameters ß are presented alongside maximum
likelihood estimates for ß in Table 2. The table also presents t-statistics for the logtransformed version of the data set. Coefficients that are statistically significant at the 1-%
level are marked with two asterisks (**) and coefficients that are statistically significant at the
5-% level are marked with one asterisk (*).
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Table 2: Coefficient Estimation for the OLS and SAR Models
Variables
Constant
CRIM
ZN
INDUS
NOXS
RM2
AGE
DIS
RAD

TAX
PTRATIO
B
STAT

Rho

OLS 13
5.516**
-0.031**
-0.016
0.017
0.182**
0.194**
0.049*
0.144**
0.098**
0.205**
0.607**
0.055**
0.428**
0.517**

t-stat
12.751
-2.822
-1.830
0.804
-3.402
3.5734
2.222
-4.016
4.470
-4.547
-6.482
4.417
-16.797
15.526

SAR 13
2.402**
-0.015
0.000
0.005
-0.098*
0.204**
0.027
0.163**
0.067**
-0.148**
0.190*
0.043**
0.290**

t-stat
5.996
-1.680
0.016
0.269
-2.274
4.673
1.532
-5.677
3.783
-4.092
-2.385
4.339
-13.013

The comparative estimation results from OLS and the spatial autoregressive model

(SAR) show substantially different results for most of the variables. By virtue of the log
transformation we can interpret the coefficients as elasticities. Recall from section 2 that the
least squares relationship in (2) ignores the spatial contiguity information, whereas the SAR
model would allow for this type of variation in the model. In general, the least-squares
estimates indicate higher magnitudes for all the parameters. Only 'DIS' and `RM2' variables
are lower in this model. Similarly, the OLS estimates for `1\TOXS' and 'AGE' are around
twice the magnitude and the variable PTRATIO' is three times the SAR model estimates.
Furthermore, both the `I\TOXS' variable and the PTRATIO' variable are statistically
significant at the 1-% level in OLS estimation but only at the 5-% level in maximum
likelihood estimation. 'AGE' is significant at the 5-% level in OLS but insignificant in
maximum likelihood. Finally, the 'CRIME' variable is significant at the I-% level in the OLS
but insignificant in the maximum likelihood model. Keep in mind that the OLS estimates are
biased and inconsistent, so the inference of significance from OLS is likely to be incorrect.
What does this indication tell us? Ignoring the spatial dimension of the data sample
thus likely leads to inappropriate inferences and/or model specifications. The point of
illustrating that ignoring information regarding the spatial configuration of the data set should
therefore be clear and we continue to evaluate other approaches to modeling the spatial
configuration, i.e. to compare the spatial autoregressive model with the general spatial model.
Below in table 3 we find the results from both the spatial autoregressive model (SAR),
which only takes the first order contiguity matrix into account (recall from section 2, by
setting 2 to zero we obtain this model) and the general spatial model (SAC), both presented in
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section 2. In short, the SAC model test whether the data exhibit spatial dependence in the
disturbance term or not. As noted above, if the parameter). is not significant by virtue the
SAC model specification collapses to a SAR model. This allows us to test which specification
that is more appropriate to use.
The estimation results are shown below in table 3 for both these models.

Table 3: Comparison estimation results, SAR and SAC models
Variables
Constant
CRIM
ZN
INDUS
NOXS
RM2
AGE
DIS
RAD
TAX
PTRATIO
B
STAT
Rho
Lambda
R-squared

SAR 13
2.402**
-0.015
0.000
0.004
-0.098*
0.204**
0.027
-0.163**
0.067**
-0.149**
-0.190*
0.044**
-0.290**
0.517**

t-statistic
5.996
-1.680
0.016
0.269
-2.274
4.673
1.532
-5.677
3.783
-4.092
-2.385
4.339
-13.013
15.526

0.848

SAC ß
3.746**
-0.027*
-0.003
-0.002
-0.173**
0.237**
-0.002
-0.216**
0.089**
-0.179**
-0.292**
0.067**
-0.320**
0.694**
0.190*
0.865

t-statistic
7.207
-2.414
-0.357
-0.082
-2.609
5.335
-0.096
-3.952
3.894
-4.041
-2.828
5.656
-13.171
12.202
2.088

When in addition to considering the spatial lag dependence we add a spatial
disturbance term, the SAC model provides a better fit. The R-squared is 0.865 in the SACmodel compared to 0.848 in the SAR model.
Table 4 reveals that both the `NOXS' and PTRATIO' variables are significant at the
5-% level in the spatial autoregressive model but significant at the 1-% level in the general
spatial model. Noteworthy is the fact that the second order spatial error parameter, 2, is only
statistically significant at the 5-% level.
A question we now can pose is which model specification is the most appropriate one?
By definition the SAC model nests the SAR model. Therefore, an insignificant 2 coefficient
estimate in the SAC model would point to the SAR model as more appropriate to use.
Consequently, a significant

A would make the SAC model the appropriate one.

5. Conclusions
It is clear that spatial correlation in the data set produced estimates with a large amount of
bias. This may lead to errors when conducting and formulating policy recommendations. For
example, a one-percent increase in for example pupil to teacher ratio (PTRATIO) would with
10

an OLS estimation decrease housing values by 0.60 percent, while the SAC estimation
suggest a magnitude of half that number, 0.30 percent decrease in housing values. We can
clearly see that the bias added would overestimate the costs of pupil to teacher ratio imposed
on housing values in this data set.
Recall that the maximum likelihood approach requires normality in the disturbances.
Some Bayesian estimation methods, i.e. heteroscedastic models, take into account nonconstant variance or spatial outliers. The data set used in this study was also limited because
of censoring.
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Abstract
This study applies a robust spatial autoregressive tobit model to the Harrison and Rubinfeld
(1978) data on Boston housing values and air pollution. Using this model produces different
inferences from models that ignore the spatial autoregressive nature of the data, outliers and
sample censoring, which justify the need for taking these issues into account.

Keywords: Heteroscedasticity, outliers, Markov Chain Monte Carlo estimation, median
housing values, air quality.

1. Introduction
In a well-known paper, Harrison and Rubinfeld (1978) used a housing data set for the Boston
SMSA with 506 observations (one observation per census tract) containing 14 variables. The
original Harrison and Rubinfeld study examined the impact of air quality measured by nitric
oxide (NOX) emissions on median housing values for the sample of 506 census tracts in the
Boston SMSA. Their model involved a regression of median housing values for each census
tract on thirteen explanatory variables including NOX. This study shows that estimation
results that take into account spatial correlation, outliers and sample censored observations
produce different inferences regarding the statistical significance of the NOX variable. No
previous study has examined the Harrison-Rubinfeld regression relationship taking all of
these influences into account.
Belsley, Kuh, and Welsch (1980) used the data to illustrate the impact of outliers and
influential observations on least-squares estimation. It should be noted that the sample data
published in an appendix on pages 244-261 of Belsley, Kuh and Welsch (1980) were
transformed in various ways. We rely on the untransformed data available from Statlib.
Pace (1993), Gilley and Pace (1996), and Pace and Gilley (1997) have used this data
set with spatial econometric models and longitude-latitude coordinates for the census tracts
have been added to the dataset. Pace and Gilley (1997) point out that this data set included 16
censored observations for housing values greater than US$50,000. For these observations,
values were set to US$50,000. In addition to the sample censoring, Gilley and Pace (1996)
pointed out that some observations on the dependent variable were miscoded and they provide
corrected values. This study relies on the data set that incorporates corrections in the
miscoded observations provided by Gilley and Pace (1997). These changes to the original
data sample are explained in Section 3.
The robust spatial autoregressive tobit estimation procedure used in this study is that
proposed by LeSage (1999), which we outline briefly here. Estimates are based on a MarkovChain Monte-Carlo method that draws samples from the complete sequence of conditional
distributions for the parameters in the model. This approach to estimating robust noncensored spatial autoregressive models is described in LeSage (1997). The modifications
needed to produce tobit estimates using this approach are described in LeSage (1999).
MATLAB code and a manual describing how to implement these methods are available at
http://www.econ.utoledo.edu.
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Section 2 of the paper provides a brief description of the estimation procedure and
section 3 discusses the sample data. Estimation results that compare maximum likelihood
spatial autoregressive, Bayesian robust spatial autoregressive and Bayesian robust spatial

autoregressive tobit estimates are presented in section 4.

2. Robust Spatial Autoregressive Tobit Estimation
Anselin (1988) provides a relatively complete treatment of spatial autoregressive models from
a maximum likelihood perspective. The most general statement of a spatial autoregressive
model is shown in (1).

Y =PWIY±XP -Fu
u -= kW2u + z
E ••••

(1)

N( 0,csI n )

where y contains an nxl vector of cross-sectional dependent variables and X represents an nxk
matrix of explanatory variables. 1471 and

W2

are known nxn spatial weight matrices, usually

containing contiguity relations or functions of distance. A first-order contiguity matrix has
zeros on the main diagonal, rows that contain zeros in positions associated with noncontiguous observational units and ones in positions reflecting neighboring units that are
(first-order) contiguous or have borders that touch. These weight matrices are standardized to
have row sums of unity.
This model attempts to explain variation in y as a linear combination of contiguous or
neighboring units, other explanatory variables in the matrix X and a disturbance structure that
exhibits spatial autocorrelation. Figure 1 shows a graphical depiction of the non-zero elements
in the first-order weight matrix W1, and second-order matrix 147,2 for the 506 observation
Boston data set.
To produce Figure 1, observations were sorted by latitude, so the clustering of nonzero weights around the main diagonal of the matrices W1 and

W2

in Figure 1 reflect latitude-

neighboring census tracts and the weights more distant from the diagonal indicate longitudeneighboring tracts. The model in (1) relies on first-order neighbors to explain variation in the
dependent variable y and second-order effects to filter spatial correlation in the disturbances u.

4

non-zero contiguity relations

First-order contiguity structure

100
200
300
400
500
0

200
400
census tracts

Second-order contiguity structure

100
200

i§ 300
400
0
500
200
400
census tracts

Figure 1: Contiguity Structure of the Boston Data Set

The Bayesian model we estimate takes the form shown in (2), where we rely on a
diffuse prior for the parameters p, 2, ß and a.

Y=PW1Y+XP+u
u = kW2u +
E •-•

N(0, 432V)

V=
p

(2)

N(c,T)

r/vi —IDx 2(r)/r
r 1-(m,k)
frf

The V =

— F(v0,(10)

v5 ), represent a set of

n variance scaling parameters (to be

estimated) that allow for non-constant variance for each observation in space. Of course, the
idea of estimating n terms vi j = 1,...,n in addition to the k+3 parameters ß, p and 2 with only
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n sample data observations may seem truly problematical! One way around this is to assign a
prior distribution for the n terms vi, i = 1,...,n that depends on a single hyperparameter. The vi
parameters are assumed to be i.i.d. x2(r) distributed, where r is a hyperparameter that controls
the amount of dispersion in the vi estimates across observations. This allows us to introduce a
single hyperparameter r to the estimation problem and receive in return n parameter estimates.
This type of prior has been used by Lindley (1971) for cell variances in an analysis of
variance problem, Geweke (1993) in modeling heteroscedasticity and outliers and LeSage
(1997) in a spatial autoregressive modeling context. The specifics regarding the prior assigned
to the vi terms can be motivated by considering that the mean of prior equals unity, and the
prior variance is 2/r. This implies that as r becomes very large, the prior imposes
homoscedasticity on the model and the disturbance variance becomes c,2 In for all
observations i.
The prior for r is based on a F(m,k) distribution which has a mean equal to m/k and a
variance equal to m/k2. This prior hyperparameter along with the prior x2(r) assumption
regarding the vz variance scalars in the model allow for non-constant variances at each
observation. Small values for r around 2 to 7 allow for non-constant variance and are
associated with a prior belief that outliers or heteroscedasticity exists. Large values such as r
= 30 or r = 50 would produce vi estimates that are all close to unity, forcing the model to take
on a homoscedastic character and produce estimates equivalent to those from maximum
likelihood estimation of the model.
The Bayesian approach used here to dealing with sample censoring relies on the work
of Chib (1992) for the tobit model extended to the case of spatial autoregressive models. As in
the case of Chib (1992), Markov-Chain Monte-Carlo sampling is used to estimate the model
in (2). During sampling, we introduce a conditional distribution for the censored observations
conditional on all other parameters in the model. One can view this model in terms of a latent
but unobservable variable z such that values of zi < limit, produce an observed variable y, =
limit. It can also be the case that censoring occurs for values that exceed a limit value, when zi
> limit produce an observed variable y, = limit. For the spatial tobit model, the conditional
distribution of zi given all other parameters is a truncated normal distribution constructed by
truncating a N[j)i ,o-y2i «I predictive distribution from the right (or left) at the limit value. This
distribution is used to produce a random draw for each censored value of y
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The above reasoning suggest the following Markov-Chain Monte-Carlo sampling
approach. Begin with arbitrary values for the parameters

op, ß , p°, 20 and vi°, which we

designate with the superscript 0.

1) Calculate P(a 1\d, 2°, 0, v10), which we use along with a random x2(n) draw to
determine d.

2) Calculate p(ßlp°, 20 cri vi°) using al from the previous step. Given the means and
variance-covariance structure for ß, we carry out a multivariate random draw based on
this mean and variance to determine

3) Calculate p(vilp°, 20 , al ßl ), which is based on an n-vector of random x2(r+1) draws to
determine vi I ,

4) Use metropolis within Gibbs sampling to determine pi and 21 as explained in LeSage
(1999), using the the values

a', ßi and vii ,

determined in the previous steps.

5) Sample the censored yi observations from a truncated normal centered on the
predictive mean and variance determined using pi, 21,

0,, 0,

In the above development we assumed the hyperparameter r that determines the extent
to which the disturbances take on a leptokurtic character was known. It is unlikely in practice
that investigators would have knowledge regarding this parameter, so an issue that confronts
us when attempting to implement the heteroscedastic model is setting the hyperparameter r.
Using small values of r in the range -2 to 7, produces estimates that will be robust in the
presence of non-constant variance and outliers. At the same time, these hyperparameter values
will produce estimates for the scalar variance terms vi near unity in the absence of
heteroscedasticity or outliers. As a practical matter choice of values for r in the range 2 to 7
make little difference in the estimates.

3. The Sample Data
Gilley and Pace (1996) point out that some data observations in the Harrison-Rubinfeld set for
the dependent variable are miscoded. They also point out that sample censoring had taken
7

place at the Census Bureau. They discovered eight miscoded dependent variable observations
along with 16 censored observations involving census tracts with median housing values
greater than US$50,000. These 16 observations were recorded as US$50,000, so we have a
right-censored sample. We use a data set based on the eight corrected values for the
dependent variable. In addition, we dropped one of the explanatory variables representing a
dummy for location adjacent to the Charles River. The coefficient for this dummy was
insignificant in all of the spatial models we estimated. Both the dependent and independent
variables were transformed to logarithmic form allowing us to interpret the coefficient
estimates as elasticities.
The reduced form median value equation can be written as:

MV f (CRIMZN,INDUSNOXSRIV12,AGE)DIS ,RAD TAX,PTRATIO13, S TAT

where all variables are defined in Table 1 below.
In addition to these variables, Gilley and Pace (1986) supplied the latitude-longitude
coordinates which were used to construct first- and second-order contiguity matrices used in
the spatial autoregressive models. These contiguity matrices were constructed using a
delaunay transformation that is available as part of the MATLAB software. The algorithm
used is part of the Spatial Statistics Toolbox for MATLAB by Pace and Barry.

Table 1: Variables Used in the Boston Data Set
Variable
MV
CRIM
ZN
INDUS
NOX2
RM2
AGE
DIS
RAD
TAX
PTRATIO
B

Definition
Median value of owner-occupied homes in $1000's
Per capita crime rate by town
Proportion of residential land zoned for lots over 25,000 sq.ft.
Proportion of non-retail business acres per town
Nitric oxides concentration (parts per 10 million) squared
Average number of rooms per dwelling squared
Proportion of owner-occupied units built prior to 1940
Weighted distances to five Boston employment centers
Index of accessibility to radial highways
Full-value property-tax rate per $10,000
Pupil-teacher ratio by town
1000(Bk - 0.63)2 where Bk is the proportion of blacks by town

LSTAT

Percent lower status of the population

4. Comparative Estimation Results
We estimated the model in (2) using maximum likelihood methods as well as the Bayesian
spatial autoregressive and Bayesian spatial autoregressive tobit methods. The Bayesian spatial
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autoregressive model was used to assess the marginal impact of accommodating non-constant
variance and outliers but not taking into account sample censoring. The Bayesian spatial

autoregressive tobit model should provide an assessment of the marginal impact from taking
sample censoring into account. A hyperparameter value of r = 4 was used in the two Bayesian
models to produce robust estimates in the face of outliers and non-constant variance. This
means that the difference between maximum likelihood and the Bayesian spatial

autoregressive estimates will be due to the introduction of the V, parameters for non-constant
variance and outliers. The Bayesian spatial autoregressive tobit model was also estimated
with T=4, so the differences in estimation outcomes between the two Bayesian models should
reflect the impact of taking account of sample censoring.
Table 2 shows both the estimated parameters and associated t-statistics for the three
models. In the table, variables that are significant at the 0.05 level are labeled with an asterisk
symbol and those significant at the 0.01 level with a double asterisk symbol. From the table,
we see that both the spatial parameters p and 2 are significant at the 0.05 or 0.01 level
indicating strong spatial correlation in the data set.

Table 2: Comparative Estimation Results Based on r = 4
t-stat

Variables

Constant
CRIM

ZN
INDUS
NOX2
RM2
AGE

DIS
RAD
TAX
PTRATIO

B
LSTAT
Rho
Lambda

3.8559
-0.0266
-0.0044
-0.0067
-0.1667
0.2391
-0.0004
-0.1990
0.0948
-0.1762
-0.3323
0.0655
-0.3223
0.6874
0.1826

7.28**
-2.31*
-0.47
-0.29
-2.46*
5.25**
-0.01
-3.57**
4.06**
-3.89**
-3.15**
5.43**
-13.05**
12.05**
2.00*

MCMC /5
3.6511
-0.0161
-0.0020
-0.0068
-0.1503
0.3622
-0.0100
-0.1937
0.0724
-0.1677
-0.3492
0.0733
-0.2907
0.6607
0.2227

t-stat

Tobit A

1-stat

4.42**
-0.73
-0.13
-0.16
-1.24
3.11**
-0.24
-2.17**
1.77
-2.15*
-1.89
2.88**
-5.35**
10.59**
2.71**

3.7573
-0.0165
-0.0028
-0.0059
-0.1164
0.3408
-0.0109
-0.1596
0.0695
-0.1733
-0.3812
0.0697
-0.2810
0.6090
0.2479

3.84**
-0.67
-0.15
-0.12
-0.88
2.65**
-0.22
-1.63
1.50
-1.87
-1.84
2.59**
-4.41**
7.99**
2.90**

The impact of introducing the non-constant variance parameters V, in the model can be
seen by comparing the Bayesian estimates to the maximum likelihood estimates. We see that
many of the variable that were statistically significant when estimated using maximum
likelihood methods were not significant after taking into account outliers and non-constant
variance. For example, `CRIM' and `1\10X2' became insignificant in the Bayesian model but
both of these variables were significant at the 0.05 level with maximum likelihood estimation.
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Additionally, DIS' and 'TAX' were significant at the 0.01 level in the maximum likelihood
results but only at the 0.05 level in the case of the Bayesian model. Finally, the maximum
likelihood estimates for the 'RAD' and `PTRATIO' variables were significant at the 0.01 level
and not significant in the Bayesian results.
It should be noted that the robust Bayesian estimates identified the censored
observations as outliers, as indicated by large estimates for the Vi parameters. This suggests
that in the face of sample censoring attempts to produce robust estimates may be
problematical. This is illustrated by the graph of the estimates for the V, parameters shown in
Figure 2 from both Bayesian models. Observations near the end of the sample represent the
censored observations since the data was sorted by housing values from low to high. The
three large estimates for V, that arise near the end of the sample in Bayesian spatial

autoregressive estimation disappear when the Bayesian spatial autoregressive tobit model is
used.
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100
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200
300
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Figure 2: V, estimates for the Boston Data Set

To see the impact of appropriately taking into account sample censoring the Bayesian
spatial autoregressive tobit estimates can be compared to the Bayesian spatial autoregressive
10

estimates. Here we see that the `DIS' and TAX' variables became insignificant. Note that
these two variables changed from significance at the 0.01 level to the 0.05 level when
Bayesian robust estimation was used. The two sets of Bayesian results are fairly similar in
magnitude as we might expect given the presence of only 16 censored observations. The
constant term coefficient shows the greatest difference and this may be due to the fact that the
Bayesian spatial autoregressive model produced large Vi estimates for some of the censored
observations effectively downweighting these high housing value observations during
estimation.
Comparing the Bayesian spatial autoregressive tobit estimates to the maximum
likelihood estimates we see several differences in magnitude. Recall that all data have been
transformed with logs so the coefficient estimates represent elasticities. The impact of the
`NOXS' variable become insignificant and the magnitude is around two-thirds that of the
maximum likelihood estimate. The `RM2' variable remains significant at the 0.01 level, but
the magnitude is around 50 % larger in both Bayesian models compared to the maximum
likelihood estimates. Finally, the spatial autoregressive parameter p is smaller and the spatial
error term coefficient for 2 is larger in the Bayesian tobit model than the maximum likelihood
results.

5. Conclusions
This paper has examined the impact of non-constant variance and outliers as well as sample
censoring using the spatial data set from Harrison and Rubinfeld (1978). Taking these facets
of the data set into account produced estimates that would lead to different inferences. Both
the magnitudes as well as statistical significance of the parameter estimates differed when a
robust estimation procedure is used that takes sample censoring into account.
These results suggest that practitioners should be wary of spatial outliers and nonconstant variance. In addition, proper treatment of sample censoring when it exists is
important. This was illustrated by the tendency of the Bayesian robust estimates to ascribe
outlier status to the censored sample observations. In contrast, the Bayesian tobit estimates
did not make this mistake.
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