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FOREWORD

~

“The purpose of this book is to present a variety of articles revealing the state
of the art of applications of systems analysis techniques to problems of the
forest sector..Such applications cover a vast range of issues in forestry and the
forest industry. They include the dynamics of the forest ecosystem, optimal
forest management, the roundwood market, forest industrial strategy, regional
and national forest sector policy as well as international trade in forest
products. Forest industrial applications at mill level, such as optimal paper
trimming, cutting, and production scheduling, are however, excluded.

This work was initiated by a suggestion from Robert E. Machol in 1980 to
Markku Kallio, who invited Ake E. Andersson and Risto Seppala to join the
group of editors. Anne Morgan was later invited to join the editorial group, to
be responsible particularly for coordinating the processes of reviewing and
revising. Since 1983 the work has been carried out within the Forest Sector
Project at IIASA (International Institute for Applied Systems Analysis),
Laxenburg, Austria. The call for papers resulted in more than 60 proposed
contributions, 30 of which finally have been included in this book.

The editors of this volume are grateful to Robert E. Machol, all the
contributors and referees, members of the Forest Sector Project staff and
Publication Department of IIASA, and members of the TIMS staff for all their
efforts in producing this volume. We are grateful for the partial financial
support of IIASA, Yrjo Jahnsson Foundation (Helsinki), Foundation for
Economic Education (Helsinki), and of the Swedish Council for Planning and
Coordination of Research.

Laxenburg, Austria . Markku Kallio
June 30, 1984 Ake E. Andersson
Risto Seppala

Anne Morgan
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SYSTEMS ANALYSIS FOR THE FOREST SECTOR

Ake ANDERSSON

University of Umea

Marku KALLIO
IIASA, Laxenburg, Austria
and Helsinki School of Economics, Helsinki

and

Risto SEPPALA

The Finnish Forest Research Institute, Helsinki

This article is an overview of systems analysis in forestry and forest industries. The issues
covered range from forest management and forest industrial strategy to international trade in
forest products and structural change in the forest sector worldwide. The methodologies discussed
include mathematical models of economics, statistics, and operations research.

1. Introduction

Systems analysis is often oriented toward improving Jong-term policy mak-
ing. This implies an emphasis on strategic rather than tactical or operational
issues. Frequently the work involves generating policies for major changes
concerning production and marketing, and the use of capital, labor, and raw
materials. This means that the analyst must ensure close cooperation with
policy makers and planners — whether they are in industrial firms or in
regional or national government.

Such long-term policy analysis involves some “well-behaved” uncertainties,
as well as others that are less conveniently structured. The uncertainties are
great, e.g., with respect to the prediction of future demand. It is also hard to
make reasonable, quantitative predictions about the technologies and the
politics that will predominate over a planning horizon of two to three decades.
It is often necessary for this reason to use scenarios, sensitivity analysis, and
other similar approaches to provide insight into probable consequences of the
fundamental uncertainties involved in long-term policy making.

Modeling plays an important role in applied systems analysis, so much so
that the two are sometimes assumed to be identical. Most systems-analytic
studies are based on one or more explicit models. Often, however, models are
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used throughout the process, though their use is never made explicit to the

final user.

When a policy decision is being made, it is extremely helpful for the
decision maker to know what the consequences of this choice would be.
Models used for predicting these consequences are often called systems-ana-
lytic models. Examples of basic modeling techniques are optimization, simula-
tion, gaming, and game-theoretic models. A given model may employ more
than one of these techniques.

The analysis often relates socioeconomic, ecological, and technological
systems to each other in an essentially dynamic and spatial modeling effort.
This implies that frequently a large number of variables have to be intercon-
nected. It is necessary for the analyst to make a sensible trade-off between
realism, simplicity, and possibilities of estimation.

In tactical and operational management analyses using models, the aim is
often to generate quantitative recommendations or forecasts. For applied
systems analysis oriented toward long-term policy problems, a more moderate
goal would be to formulate qualitative policy recommendations or policy
options as rules of thumb. This formulation involves a certain amount of
judgemental information concerning possible substantial changes in the en-
vironment of the system modeled.

For very long-term perspectives even this may be too ambitious. In these
cases applied systems analysis can only be used to create a better understand-
ing of the long-term policy problems and their interdependence. To use models
for such pedagogical purposes, it is very often necessary to generate projections
for the future. In order to trace out the consequences of possible assumptions
concerning uncertainties, this type of projection is defined as a series of
scenarios.

The forest sector comprises two main components: forestry and the forest
industry. The forest sector concept integrates all aspects connected with forests
and their exploitation, i.e. activities from timber growth to the use of end
products. Ecological, environmental, and socioeconomic factors are also in-
cluded in this definition.

The forest sector has a number of specific features that influence its
planning and policy making:

— Although forests are a renewable natural resource, the production time, i.e.
the growth period of trees from seeds to logs, is usually very long, in
temperate areas close to a hundred years. As a result of the long rotation
time, structural changes in forests cannot take place very quickly. In
addition, the soil and climatic conditions often restrict the options for
timber growing dramatically.

— The growing stock of trees is at the same time both a product and a
production machinery in which annual growth accumulates. This gives
flexibility in choosing the exact time for the realization of production.
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— Wood is one of the most versatile raw materials. Its use for fuel, for housing
and other construction, for furniture, for printing, packaging and household
paper, for rayon and cellulose derivatives and as a chemical feedstock gives
the forest sector a very diverse potential within the economy.

— The forest industry is a processing industry, the bulk of which is very capital
intensive. The normal life-span of machinery is several decades. (Some
paper machines built before the first world war are still operating.) This is
one reason why the forest industry is rather conservative and not very
flexible.

— Production technology in the forest industry is to a large extent based on old
and well-known principles. Therefore, the technology is international, and
productivity is tightly connected to the age and size of the production plant.

— The life cycle of different forest products is long. Innovations have usually
only meant improvements in existing products, and completely innovative
goods have appeared on the market very rarely. One of the implications has
been that price has become a pronounced factor in market competition.
Therefore, world-wide profitability has become relatively low, and the
traditional forest industry is often characterized as a mature industry.

— Consumption of forest products results almost entirely from input needs in
other areas, such as the construction and information sectors.

In recent years there has been a pronounced interest in the introduction of
systems-analytic approaches for studying the problems of the forest sector. The
International Institute for Applied Systems Analysis (IIASA) has, for instance,
launched a large-scale effort in this direction. In this project, scientists from
more than twenty countries have been engaged in the development of systems-
analytic tools to study development policies for the forest sector.

Although applied systems analysis is oriented toward interdependences
between all levels of decision making, the combination of a large number of
interrelated variables leads to a practical need for decomposition: different
parts of the analysis are separated from each other. Ideally such a decomposi-
tion should be made so that interdependences between components are few but
strong.

The following decomposition of the forest sector outlines the topics covered
in the different articles in this volume:

— Global analysis

- National analysis

- Regional analysis

We shall discuss each topic in the following sections. '

1 Throughout the article, an asterisk refers to other papers included in this book.
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2. A global perspective
2.1. International issues

As the demand for forest products increases, world supply is constrained by
the availability of wood raw materials, higher production and transport costs,
environmental concerns, and competition between forestry and other use forms
for land. For example, according to recent estimates of annual wood removals
for the period 1970-2000, the Nordic countries, the traditional suppliers of
Western European markets, are reaching their wood production limit and
cannot very much increase their average production rate. Although there is
some growth potential in the forest industries in other Western European
countries, scattered ownership patterns and environmental issues limit this
potential. Increasingly, Western European forest industries are becoming de-
pendent on imports of roundwood and wood pulp. To remain competitive,
they are concentrating on end products that do not have cost structures
dominated by wood costs. In contrast, parts of North America still have forest
resources with great potential for the future, as well as a developed industrial
infrastructure that wonld allow industries in this region to become major
suppliers of wood products on the world market.

Although most of the forest industry capacity is in the industrialized
countries, more than half of the estimated forest land area of the world is
located in the developing countries. Besides being raw material for forest
product industries, these forests play an important role in providing fuel, and
land for agriculture. However, temporary relief from food shortage has fre-
quently occurred at the expense of the biological potential of the forests. Forest
land once stripped cannot support agriculture for long due to erosion or low
soil fertility. The devastation of forests is one of the most serious problems in
developing countries. Each minute, some 20 hectares of tropical forest vanish
and the relative pace is increasing.

The global forest sector system is an assembly of interacting national
systems. The interaction takes place mainly via international trade. At present,
such trade in forest products is small relative to total world production — about
85% of woodpulp, paper and paperboard is consumed in the country where it
is produced. (There are, however, some countries such as Canada, Finland, and
Sweden, which export most of their forest products.) Moreover, trade flows in
quite circumscribed paths and so is of unequal significance to different
countries and regions. However, the foreseeable changes, especially in the
availability of wood raw material and the cost structures of products, may
cause drastic changes in the patterns of trade, whose total is growing rapidly.
The following factors have a fundamental impact on the development of world
trade:

- Regional demand
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— Regional forest resources

— Relative production costs

— Transportation costs

- Trade policies

— Exchange-rate policies

We shall now discuss each of these factors in detail.

2.1.1. Demand for forest products

Future demand for forest products is characterized by changing response
patterns in different countries and areas. Over the long term, the impacts of a
number of technological changes need to be evaluated. Examples such as
advances in electronic information technologies, super absorbent materials,
and packaging substitutes will affect the demand for forest products. This will
be noticeable earlier and more strongly in some countries than in others. Also
the impact of the changing energy scene on both forest products and on
competitive products needs consideration.

The large variations between different countries cause considerable predict-
ion problems. The per capita consumption of paper has, for instance, been
more than twice as large in the USA as in Switzerland, over the recent time
period when the two countries had approximately the same standard of living.
It is thus evident that simple econometric analysis of price and income
elasticities is not sufficient to permit us to understand and predict the level of
demand. It has been argued by industrialists that the use of packaging paper,
for instance, is related to the whole structure of production and consumption
of commodities, and to the packaging requirements related to spatially disper-
sed producers and consumers. Modeling long-term demand and consumption
development must therefore take into account not only income and price
development but also developments in the location patterns of producers and
consumers as well as life styles in different parts of the world.

2.1.2. Forest resources

Problems of future resources can be approached from several different
viewpoints. First, the long-term resource potential may be studied. A steady-
state analysis of forests demonstrating the ultimate potential could be a
starting point (see for example, Kallio and Soismaa *). The advantage of this
approach is that it avoids the mental traps of restricting the analysis to minor
extensions of current practices.

Second, supply potentials under alternative social and agricultural land-use
policies can be examined in conjunction with varying economic incentives for

* This volume.
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timber production. Provisions for fuel, and agricultural uses of wood, taking
into consideration the problems of erosion, may also be advisable.

2.1.3. Production and transportation costs

Another aspect of the supply of forest products is the restructuring process
that forest industries are facing in many countries. A primary issue is the
comparative advantage of the industry in the country concerned, i.e. how the
relative abundance of wood raw material and the cost of inputs affect capital
investments in the industry. Also, hypotheses from product cycle theory must
be included in the analysis.

Key cost factors in the forest industry are wood, energy, labor, transporta-
tion, and capital costs. In the industrialized countries wages and capital costs
are the most important items and for example, in the Nordic countries, their
combined share is about half of the export price to Western Europe. On
average, stumpage paid to forest owners, energy costs and transport costs each
account for 10-15% of the export price in Finland, Norway, and Sweden.

In the long term, there should be no significant differences in capital,
energy, and chemical costs between countries. In contrast, wages can vary
considerably, but often differences in productivity bring the costs per product
unit to the same level. The major differences in the production costs of the
forest industry are thus found in wood and transportation costs.

Table 1 shows the drastic international disparity in pulpwood prices in
1982. Tt can be argued that the data indicate a disequilibrium in world trade in
wood and wood products, rather than price differentials consistent with
transportation and energy price differences.

Equilibrium in the world market would exist if the price difference between
markets were, at most, the marginal cost of transportation for each commodity.
The cost of transporting a Finnish forest product to Western Europe con-
stitutes between 10 and 25% of the product’s sales price. In deliveries to
Western Europe, Sweden has a transport cost advantage of 1 to 4% of the

Table 1
Typical wood cost (softwood) at mill by region in November 1982 # (US$,/m’) (Source: Jaakko
Poyry International)

Brazil Southern British British Southern Southern
USA Columbia Columbia Sweden Finland
(coast) (interior)
Sawlogs 42 45 20 36 52
Pulpwood 18 22 31 41
Chips 31 17

DAfter devaluations in Sweden (total 27.6% in 1981-82) and in Finland (total 10% in 1982).
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product’s price compared to Finland, which itself has an advantage of 5 to 10%
over U.S. and Canadian suppliers.

A general framework for analyzing the comparative advantage of forest
industries is discussed by Kirjasniemi *. The economic comparative advantage
of forest plantations in a number of tropical regions and implications for the
traditional forest products supply regions are considered by Sedjo *.

2.1.4. Artificial trade barriers

Distance can be considered a natural barrier to trade. Tariffs, quota
restrictions, subsidies, and trade agreements, on the other hand, are artificial
resistance factors. Subsidies in particular have been used heavily in some major
forest industry countries since the mid-1970s.

One factor of considerable importance for the 1980s and 90s is the growing
tendency to return to protectionist or even mercantilist trade policies. This
phenomenon has been observed with increasing frequency since the energy
crises, and it may have serious impacts on a number of countries such as
Canada, Finland, and Sweden, which are strongly oriented toward the export
of forest products.

Noncompetitiveness is not the only reason for the use of subsidies. In some
cases subsidies are used to create industries especially in developing regions.
They have also been used in efforts to influence the production structure of the
forest sector.

2.1.5. Exchange rate policies

The fluctuations in the values of various currencies, relative to one another
and to the U.S. dollar, have caused disruptions of world trade patterns in
forest products. During the last fifteen years, currency relations between some
countries exporting forest products have developed as shown in table 2. We
observe that the values of the Swedish and Finnish currencies were relatively
high in the mid-seventies. Consequently, problems emerged for these countries

Table 2
Currency exchange rates 1968-1983 (US$ /100 units of national currency) (Source: International
Financial Statistics)

1968 1972 1975 1978 1979 1980 1981 1982 1983

Canada 93 100 98 88 85 86 83 81 81
Finland 24 24 27 24 26 27 23 21 19
Sweden 19 21 24 22 23 24 20 16 13
Austria 3.8 43 5.7 6.9 7.5 7.7 6.3 5.9 5.9
Norway 14 15 19 19 20 20 17 15 14
Brazil 31.6 16.8 12.2 5.5 37 1.9 1.1 0.6 0.3

Indonesia 36 24 24 23 16 16 16 15 14
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in both their international competitive position and their internal profitability.
Within the last five years, however, the situation has reversed completely. In
1981-83 the position of these currencies changed markedly in relation to the
U.S. and Canadian dollars. For this reason, the Nordic forest industry (espe-
cially in Sweden) witnessed a remarkable recapture of its international compe-
titive power, with booming profits and greatly improved possibilities for future
expansion.

For industries that strongly depend on international markets, uncertainty
about the future values of currencies is a major concern. Such industries could
benefit substantially from embarking upon portfolio-allocation strategies in
terms of investments, marketing, and currency holdings.

2.2. Analysis of the global forest sector

According to Ohlin (1933) (see also Heckscher 1949), the theory of interre-
gional and international trade is nothing other than a theory of interregional
and international location of supplies. This follows from the basic assumption
that the pattern of location and the pattern of trade are simultaneously
determined. According to this view, countries tend to specialize in the produc-
tion of commodities that contain a relatively large proportion of fairly immo-
bile resources that are relatively abundant in the country concerned.

This implies that, although certain resources are not themselves directly
mobile, the export of commodities containing a large amount of such immobile
resources would be equivalent to a migration of the resources. From this
follows the Heckscher—Ohlin factor-price equalization theorem: The indirect
migration of factors would, in the long run, tend to even out the factor prices
of different regions. Any absolute factor-price equalization is of course impos-
sible as long as there are transportation and communication costs and other
constraints on mobility.

It is evident that free trade is more beneficial to the world economy than an
autarkic system. In an autarkic system, welfare in a given region is determined
by the resources in that region. Any erasing of this constraint will improve the
possibility of achieving a higher level of welfare. Free trade corresponds to a
summation of regional resource constraints, and thereby to a relaxation of
constraints for the individual regions.

The only constraints that cannot be removed are those associated with the
immobility of factors, commodities, and information. The analysis must thus
concentrate on the initial distribution of such factors (including resources and
technological know-how) and on the communication and transportation sys-
tems.

Based on the static theory of comparative advantage, various propositions
have been formulated that are relevant for an understanding of the future
interregional division of labor in the world (see e.g., Ethier 1983). The first of
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these propositions is called the Rybczynski theorem. It states:

At constant factor prices, an increase in the endowment of a factor used in at least two sectors,
which leaves that factor fully employed, produces a more than proportional rise in the output
of some good and a fall in the output of some other good.

As an application, consider the European and North American situation.
Assume that wood resources are constant (over time) for Europe but growing
in North America, and that the capital market in North America is tight
(allowing no expansion of capacity in this illustration) whereas production
capacity in Europe is growing. Then, applying the Rybczynski theorem twice,
chemical wood processing in North America is shifting over time toward
wood-intensive commodities like pulp, and in Burope toward capital-intensive
(and wood-extensive) products like paper. This is in fact the conclusion
formulated by Ryti *, a conclusion substantiated by the Rybczynski theorem.

Associated with the Rybczynski theorem, there is the Stolper—Samuelson
theorem:

An increase in the price of an initially produced good using an assortment of at least two
factors necessarily causes some factor price to rise in even greater proportion and some other
factor price to fall.

In a two-factor, two-commodity world, this theorem might be interpreted as
follows. Consider an economy producing paper and pulp, and using machinery
and land as factor inputs. Let &, and /,, respectively, be the quantities of
machinery and land necessary per unit output of paper, and k, and /, similar
coefficients for pulp. We denote the price of paper by p,, the price of pulp by
P, the rent of machinery by ¢, and land rent by w. If sales prices are entirely
imputed to factors of production, we have

kiq+ lLw=p,
k,q+1,w=p,

When the commodity prices p, or p, change, the factor prices ¢ and ¢ must
also change. If paper is more machinery intensive than pulp, ie. if k,//; >
k,/1,, then the rise in the prices of paper will cause a relative rise in the rent of
machines that is greater than the relative price increase of paper, and it will
also cause a fall in the land rent. For the same reason, a rise in the price of
pulp, which uses relatively more land, will cause a relative rise in land rent that
is greater than the relative price rise, and a fall in the rent of machines.
These ideas formulated by Ohlin, Rybczynski, Samuelson and Stolper can
be extremely useful in understanding the simultaneous determination of loca-
tion of supplies, demands, and trade. The paper by Buongiorno * is an
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example in this tradition of interregional location and trade analysis, applied

to a study of the U.S. pulp and paper market.

For dynamic analysis of these issues, other procedures have been proposed.
One prominent concept is the product cycle theory (Vernon 1966). According to
this theory, every product tends to follow a location cycle. Each product cycle
starts in one of the developed economies where research and development
leads to the introduction of the product (or product quality). In the primary
stage, profitability is high and thus other countries with large research and
development capacity will quickly imitate the country that originally intro-
duced the new product. In this stage, the knowledge about the new commodity
is diffused among the most developed countries, which become the major
world suppliers. Thereafter, the product technology becomes more widely
known and ordinary comparative advantage determines the interregional pat-
tern of production according to the availabilities of production factors and
constraints on trade. Due to the maturing of the technology the final phase is
then reached, during which a collapse of the production in the original
countries of specialization may occur.

The essential difference between the theory of comparative advantage and
the product cycle theory is the emphasis placed upon technological change as a
driving force. In the traditional theory of comparative advantage, the technol-
ogy is assumed to be given and in some versions of the theory even known to
every participant in international exchange. By contrast, the theory of product
cycles regards the research and development process as the essential driving
force in the changing pattern of technological knowledge and in the interna-
tional pattern of supply location.

Irrespective of what determines supplies in the different regions, there are a
number of ways of determining trade flows in a model. Two basic approaches
are as follows:

— Simultaneous determination of location of supplies, regional demands, and
trade between the different regions (e.g., Leontief et al. 1977);

- Stepwise analysis in which supplies and demands are determined for each
region separately, after which a procedure of linking is used to predict the
trade flows (e.g., the LINK project, Klein 1976).

Both procedures have their own advantages and disadvantages in terms of

analytical consistency and information needs. The simultaneous approach

implies a gain in consistency but quite often a loss in he quality of the

information on resources and technological conditions for each region. A

linking system means that the heavy burden of regional information gathering

is decentralized while the coordinating effort can be focused on balancing

supplies and demands through trade flows. Furthermore, this procedure puts a

greater responsibility for modeling on each of the participating regions.

If a linking procedure is chosen, there still remains the choice of a mecha-
nism for determining the trade flows. When choosing such a mechanism, one is
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forced to ask whether the system actually behaves rationally (evolving accord-

ing to some welfare criteria and possibly even in an almost deterministic way)

or whether it behaves more or less erratically. If the first assumption is valid,

there remains the problem of choosing a performance criterion. Among the

criteria suggested, the following are prominent:

— Maximize economic surplus (equivalent to generating a constrained compe-
titive equilibrium).

— Maximize the sum of profits (equivalent to a monopolistic equilibrium, with
prices set by firms).

— Minimize total cost subject to quantitative constraints (corresponding to a
specific oligopolistic equilibrium solution).

— Minimize transport costs (a special case of the preceding criterion).

If rational behavior cannot be assumed or if our knowledge of the behav-
ioral relations is of limited quality, a suitable approach is to determine a
stochastic outcome. This often amounts to maximizing the likelihood of the
outcome subject to the economic and political constraints that can be for-
mulated a priori.

3. National analysis
3.1. Economic issues

3.1.1. Supply of Capital

The investment of resources in the forest industries is an issue of primary
importance in many of the forest-product supply countries. The allocation of
capital between the forest industry and other sectors of the economy is of great
concern in such countries as Canada, Finland, and Sweden. Particularly in the
United States, Canada, and Sweden, there has been a long-term pattern of low
savings and investment, as compared to countries like Japan, Finland, and
Norway. The general lack of investment resources is especially problematic for
the pulp and paper industry, which is extremely capital intensive. The ratio
capital investment /annual sales for the pulp mills is normally larger than 2.
Economies of scale n integrated pulp and paper plants only deepen the
problem.

3.1.2. Regional employment

The supply of and demand for labor for the forest sector has in some
countries become a question of a trade-off between regional employment goals
and the goals of industrial growth and profitability. Therefore, the allocation
of labor between different economic sectors cannot always be analyzed at the
national level, but must sometimes be performed at the regional level.

Labor demand is often unnecessarily constrained by the wage costs associ-
ated with central negotiation schemes for the labor market. In such cases, it
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can even be nationally efficient to subsidize employment in the forestry
regions. With a general employment subsidy, the forestry firms normally
located in areas of high unemployment also have the option of hiring otherwise
unemployed labor at lower wage costs. Such schemes have been successfully
developed for some Scandinavian countries and are now in use.

3.1.3. Microeconomic questions

The most important decisions affecting the structure of an industry are
decisions on investment. Four major interconnected questions must be
answered: What, in terms of products? How, in terms of production technology
and capacity? For whom, in terms of markets? Where, in terms of location of
production sites?

The main factors affecting product choice in investment in the forest
industry are:

— future demand for the products;

— market situation: competition, trade barriers;

- wood availability and price;

— availability and price of other production inputs: energy, chemicals, capital,
human resources;

— production technology available.

If neither the markets nor the technology were to pose unavoidable barriers

and if the production inputs were available in abundance and at a fixed price,

the choice between different products could simply be based on a profitability

criterion, i.e. return on investment. But when the procurement of wood is, in

many cases, a bottleneck and the price of wood is determined on roundwood

markets, ordinary profitability criteria are no longer so useful. Instead, the

profit maximization is subject to resource and other constraints.

The manufacturing cost per product unit usually decreases with increasing
mill size. However, with growing mill size the wood transportation costs
increase. This, together with the finite amount of available capital, imposes a
limit on how large a mill should be. The optimal mill size is likely to grow with
technological development. In most tropical regions with fast growing trees,
the lack of infrastructure and skilled labor reduces the advantages of econo-
mies of scale. In addition, the lack of capital may prevent the building of big
mills, even though the raw material base would in principle provide good
opportunities. In general, economies of scale in a sawmill are much more
limited than in a pulp or paper mill.

In addition to the size of the mill, there are other mill-related factors that
affect the profitability of production. These are the extents of vertical integra-
tion (i.e. using the product of one line as a raw material for another line in the
same mill) and horizontal integration (i.e. grouping of products into a multi-
product complex that uses different species and assortments of wood and
manufactures several end products). The competitiveness of primary produc-
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tion can to some extent be improved by vertical integration. Most standard
products of the Nordic paper industry are currently made in integrated mills.

The aim of horizontal integration is to utilize wood species and timber
assortments in the same proportions as they occur in the forest. The manufac-
turing costs, capital charges, and wood harvest costs can be one-fifth less in a
multiproduct complex than for separate mills making the same products.

The forest sector and especially the wood industries have traditionally paid
little attention to R&D. The paper industry devotes 0.5 to 1% of the turnover
to R&D. In the wood industry the share is typically only 0.1%. This low R&D
intensity may have serious implications for the future of wood as an input in
mechanical and chemical processing. Other feedstocks, especially oil and
non-ferrous alloys, are the subject of much more intensive research and
development which, in the long run, may tend to influence the competitiveness
of those feedstocks in relation to wood.

3.2. Economic modeling

The problem of analyzing a set of industries like the forest industries is
essentially a question of handling interdependences of a technological and
economic nature. The standard method is input—output analysis, where each
sector is characterized by a technological input-output coefficient a,; indicat-
ing the amount of commodity / that is required to produce one unit of
commodity j. The set of such input—output coefficients can be assembled into
an input-output matrix 4 = {a,;} = {x,;/x;}, where x; is the gross produc-
tion of commodity ;j and x,, is the required input of commodity /. Forming the
simplest possible static balance requirement for the economy we get

x=Ax+f,

where x = (x;) and f=(/,) is the final demand (defined to be exogeneously
determined consumer, government, investment, and net export demand).

For example, increasing newsprint demand implies an increased demand for
pulp, which in its turn implies an increased demand for chemicals. The
increased demand for chemicals implies a further increase in the demand for
oil, etc., in a diminishing series that finally involves the whole economy. Thus
the influence of any change in final demand for a forest product — in terms of
consumption, government demand, net exports, etc. — spreads both within the
forest sector and onto other sectors, as well as returning eventually to the forest
sector itself.

The prices are determined in this type of national model by the requirement
that the price p, of each commodity i (i=1, 2,..., n) covers the costs of all
inputs:

p=pA+w,
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where p=(p,) and w=(w;a,) is a vector indicating the cost of labor (and
possibly other primary inputs) for each product, with a,; being the labor-output
coefficient in sector / and w, being the wage rate.

The influence of investment can be analyzed within an extended input-out-
put framework. In this case investments in new machinery, building, etc., are
distinguished in the demand. Let b;, be an investment-output coefficient
indicating the input of commodity i needed to achieve unit growth in the
production capacity of sector j, and let ¢ denote time. Then the dynamic
input—output model is given by the balance requirement

x(t)=Ax(t)+ Bx(t)+f(1),

where B = (b;,) and x(¢) is the time derivative of production, i.e., the rate of
increase in capacity. It can be shown that any decrease in an input—output or
investment coefficient will increase the general rate of growth and lead to a
structural change in the economy. It is also possible to show that under specific
assumptions there exists a maximum growth rate with a corresponding bal-
anced composition of industries. Such an equilibrium growth rate corresponds
to the minimal equilibrium rate of interest associated with a balanced set of
relative prices of all commodities.

One disadvantage of the class of models described above is the assumed
inflexibility of technologies. A number of procedures have been proposed to
overcome this weakness. One method proposed is as follows (see von Neumann
1937):

Ox > Ax +f Quantitative equilibrium condition,
pQ <pA+w Price equilibrium condition,
of=wx General equilibrium conditions,

where A4 is an input matrix, Q is an output matrix, f is the final demand and
w is the cost vector of primary inputs. The approach involves two basic
assumptions:
— Each activity can produce many commodities, including capital goods (joint
production).
— Each commodity can be produced by a number of activities (substitution).
This model is closely related to the theory of linear programming, although
it dates back to the 1930s. In fact, it is equivalent to choosing technologies and
production levels to satisfy final demand at minimum costs in terms of primary
inputs.
A model based on input—output theory but allowing for partial substitution
of inputs has been developed by Johansen (1972) and 1974). A variant of this
model is described by Sohlberg *. In this approach, labor, capital, and energy
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are substitutable inputs, while all other inputs are regulated by fixed
input—output coefficients.

Mathematical programming methods for handling the interdependences
between a single sector and the rest of the economy have been proposed by
Dantzig (1963). The idea here is to use an optimization model of the sector, in
which an efficient choice of technologies is calculated assuming various supply
functions for resources and demand functions for products. The prices are then
determined together with the set of input—output coefficients optimally selected
by the model. This approach has been adopted by Kallio, Propoi, and
Seppala * for studying the Finnish forest sector.

3.3. Analyzing economic structural change

The development of an industry is determined both by external technologi-
cal progress and by consumer demand changes. An approach for analyzing
these processes was introduced by Salter (1960) and further refined by Johan-
sen (1972). In this approach, individual plants are assumed to be flexible
regarding substitution at the investment stage only. After investment, each
plant is almost rigid in terms of the energy, labor, and other input require-
ments per unit of output. At this later stage, substitution can only occur at the
industry or corporate level by opening up new plants or closing down units
constructed earlier. Another feature of this theory is the asymmetry of the
closing down and investment criteria. The closure of a plant occurs when the
product price decreases below the average variable cost. Investment in a new
plant occurs when the expected price exceeds the average variable cost and a
proportion of the fixed cost, properly discounted.

The analytical procedure can be illustrated by the empirical diagram in fig.
1, where the shaded area gives the gross profit of the paper industry in Sweden
in 1978 and 1980. Similar productivity and cost curves are now produced for
the Swedish and Norwegian industry sectors on an annual basis. The structure
and potential uses of such a data base are discussed by Johansson *.

Against this background a model of economic structural change can be
formulated based on the following assumptions:

— Each industry in each region consists a number of production units of given
vintages (ages) with given output capacities.

— All production techniques are characterized by coefficients that vary across
vintages and sectors only.

— Only labor is considered as primary input, though it is feasible to extend the
model to cover other inputs such as energy.

— The investment possibility in each industry and region is given by a new
vintage with a certain “best practice technology”.

— Existing capacities are utilized and new capacities created according to an
efficiency criterion of maximizing total profits for manufacturing industry
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Fig. 1. Labor demand of the paper industry in 1978 and 1980 in Sweden.

as a whole. This is equivalent to the maximization of value added under

constraints reflecting profitability.

Various industrial policy goals can be included either in the objective
function or as constraints. The basic formulation employs maximization of
profits. The other policy goals concerning employment and production, by
industry and region, are taken into account by means of appropriate con-
straints. Additional constraints may specify availability of labor by region,
availability of capital by industry, and employment in new vintages. The model
framework is basically static, but the inclusion of the possibility of investment
in new vintages allows some dynamic features to be simulated. The various
sectoral and regional economic activities are only related to each other through
competition for some resources such as labor and investment.
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3.4. Forest sector modeling

In the preceding section it was implicitly assumed that a forest sector model
exists that is compatible with modeling at higher levels of aggregation. This is
not always the case. Forest sector models are often constructed without due
consideration for requirements of consistency with macroeconomic models in
terms of sectoral disaggregation, time periods to be covered, etc. This is an
unfortunate situation in certain respects, but may also have advantages in
other aspects: consistency in modeling simplifies cooperation whereas incon-
sistency can further the free development of new modeling ideas.

Forest sector models may be distinguished in a number of ways: disaggrega-
tion of inputs and outputs, treatment of time, treatment of regions, treatment
of nonconvexities and nonlinearities of relations (such as economies of scale),
and behavioral criteria such as optimization for single or multiple criteria. This
section is limited to the consideration of three categories of models of particu-
lar significance. These are:

— Dynamic simulation
— Mathematical programming
— Spatial equilibrium models

3.4.1. Dynamic simulation

A dynamic simulation model is built on the fundamental assumption that
there is a set of dynamically interacting decision bodies (constrained by
technologies, resources, and other external factors) that determine a develop-
ment trajectory. Generally a simulation model is a system of difference
equations (for each time period ¢):

X1 =F(x,se X,y Uy, ),
u,+1=G(X,,...,X,_T, u,,...,u,,T, gr)’

where F and G are given functions, x, is a vector of endogenous variables, u,
is a vector of decision variables (control variables), and ¢, and &, are vectors of
stochastic disturbances, for each time period ¢.

An example of such an approach is given by Lonnstedt *. His approach is
rather generally applicable for studying the long-term development of the
forest sector at the national level. An application is given for the specific case
of Sweden.

It is well known from the theory of difference equations that a system of
this type has to be restricted in terms of both functional forms and parameter
values in order to obtain a well-behaved solution trajectory. As an example, it
was shown many years ago by Slutzky (1937) that errors in the starting
position of the system can be piopagated through time and thus give rise to



18 A.E. Andersson et al., Systems analysis for the forest sector

cycles, which would otherwise not occur. In many simulation models of the
forest sector, formal stability analysis is made possible by certain linearity
assumptions or by exclusion of stochastic elements. In such cases the model
might take on the form

X,,1=A(t)x(t)+B(t)u(t) +e,,
U, =C(t)x(t)+H([)u([)+£n
where 4, B, C, and H are given time-dependent matrices, and

x(1)=(x,;, X,_1, X,_5,--)and u(t) = (u,, u,_q, t4,_5,* ).

3.4.2. Mathematical programming

Dynamic linear programming (DLP) models of the forest sector employ
deterministic versions of the linear system described above as an essential part
of the constraint system. In addition to this constraint system, the DLP usually
requires constraints on the initial and terminal states. Solutions of the model
are obtained by formulating a goal function as follows:

maximize ¥ [w,x, +nu,] +wrxr,
t<T

where «, and 7, are given vectors, and T is the terminal time period. By
superimposing a maximand, many of the equilibrium and stability problems of
simulation models can be solved. Examples of such DLP approaches for forest
sector analysis are given by Kallio, Propoi, and Seppala * for Finland and by
Hultkranz * for Sweden.

An essential problem with DLP models for the forest sector is to define a
reasonable objective function to represent the goals of the industry and the
multitude of other goals associated with the use of forests for recreation, as
watersheds, etc. For this reason considerable efforts have been made in the
field of multiobjective programming. Work in this area by Kallio, Lewandowski,
and Orchard-Hays (1980) is an extension of the DLP model of the Finnish
forest sector of Kallio, Propoi and Seppala *. See also Rosenthal and Harrison *
for an application of multiobjective optimization.

Another application of mathematical programming is reported by Hyman *.
His study aims to assess alternative policies concerning fuelwood in the
Philippines. The assessment considers economic, social, and environmental
aspects of the problem.

3.4.3. Spatial equilibrium analysis
Regionalization of forest sector models is often required, because of geo-
graphical variation in ecological. institutional, or economic conditions. The
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primary problems associated with regionalization are a geometric increase in
the number of variables and an arithmetic increase in the number of con-
straints; i.e., a considerable increase in model size.

Naturally, simulation and programming approaches apply to regional analy-
sis as well. However, the spatial equilibrium approach is particularly suited for
application to market economies as a means of determining an efficient
allocation of production (over regions) to satisfy the demand in various regions
(Lefeber 1958). Such allocations are assumed to be determined on the basis of
cost competitiveness, subject to constraints on resources as well as constraints
determined by national and regional policies.

The spatial equilibrium approach has been adopted by Dykstra and Kallio
(1984) for studying long-term developments in the global forest sector. For
another example of spatial equilibrium analysis, see Adams and Haynes *.
Their model has been developed for the U.S. Forest Service for long-term
planning purposes. This Timber Assessment Market Model (TAMM) involves
regional production and consumption of roundwood and mechanical wood
products in the U.S. A further application of a spatial equilibrium model is
given by Buongiorno *. The long-term supply (and price) of timber has been
studied by Kallio and Soismaa *, whose approach is also based on the
economic equilibrium concept.

4. Regional analysis
4.1. Timber supply issues

In countries with a long tradition of forest industries, some of the most
serious internal problems are connected with the availability and cost of wood
raw material. The main constraints on the availability of wood for industrial
use are the following;:

— The physical and economic limits on wood production. The Nordic coun-
tries, for example, are approaching these constraints.

— The mixture of tree species in the tropical and subtropical regions.

— Institutional arrangements, in terms of ownership structures, principles of
taxation, and regulation of cutting. The Nordic and Central European
countries and some parts of the U.S. provide clear examples of this sort of
constraint.

— Forests that are exploited for multiple use, such as tourism, outdoor
recreation, hunting, and fishing, in addition to being the source of timber
for the forest industry. The resulting multiple objective of forest manage-
ment normally add to the constraints on the supply of timber. This is a
major constraint in many Western European countries and in some regions
of the U.S.
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— Deficiencies in transportation capacity and high transport costs from wood-
supplying to processing regions. The northern parts of the Soviet Union and
Canada are examples here.

The article by Lofgren et al. * studies the effect of alternative taxation rules
on the supply of roundwood. Sasaksjarvi * reports a successful application of a
game-theoretic approach for the fair division of costs between forest industries
that cooperate in wood procurement in Finland. The estimation of forest
resources is discussed in a paper by Ringo *.

4.2. Forest management

4.2.1. Classical theory
The problem of optimal rotation for forestry is a classic in the literature of
forestry science. The basic assumptions of the analysis developed by Faust-
mann (1849), Pressler (1960), and Ohlin (1921) have been summarized by
Lofgren and Johansson (1983):
— the capital market is perfect, i.e. allowing for immediate exchange on equal
terms for all actors;
— the forest land market is perfect;
— future lumber prices are known without uncertainty;
— technical lumber-yield tables are available.
It is further assumed that the growth of timber is determined by a differentia-
ble yield function f(¢) where ¢ is the age of the forest stand. The time of
harvesting 1 = T is to be determined so as to maximize the present value of
forest land. The present value is the sum of an infinite series of all future
revenues:

V0, T)=pf(T)e T[T+ eT+(e™ )+ - |

=[pf(T)e "] /(1—e""T),

where p is the timber price reduced by variable production costs (such as
labor), r is the interest rate, and T is the rotation period. This optimization
criterion is known as the Faustmann formula. The determination of the
optimal rotation period requires the maximization of V(0, T') with respect to
T. The optimality condition is the following

p%= [pf+V]r.

or expressed verbally:

The forest stand should be harvested when the marginal rate of change of
the value of the stand equals the interest on the stand value plus the forest
land value.
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A mathematical programming approach for determining the optimal rota-
tion time is discussed by Dykstra *. A simulation approach is used by Lyons et
al. * to study optimal rotation for energy wood plantations in Ireland.

4.2.2. Optimal control theory

The question of the optimal management of forest plantations is qualita-
tively different from the Faustmann problem in at least one fundamental
respect: harvesting and planting levels are, in this context, the central decision
variables and the rotation period is a secondary concern, determined as a
by-product of optimal management. The problem can be formulated in terms
of optimal control theory:

fo o]
maximize/ [p(t, x)ux —c(u, x, s)]e”"dt,
0

subject to dx/d¢ = ax — bx? + s — ux,

where

x = the growing stock volume of the forest (frequently assumed to be
determined by a logistic growth function), with growth parameters a and
b,

= price per unit volume of harvested forest,

the rate of harvesting,

the rate of seeding,

= cost of harvesting, maintenance and seeding, and
= rate of interest.

The papers by Hellman * and by Schmidt * are based upon optimal control
theory oriented toward plantation management. The paper by Moiseev and
Khmelevsky * addresses the complications caused by the dynamics of competi-
tion between different age groups of trees. The results from the qualitative
analysis of forest management can be, and have been, used as a starting point
for quantitative modeling. In this sort of exercise, the set of stands to be
managed are normally modeled in a linear difference equation system of the
Markov type. However, control variables associated with planting and harvest-
ing activities are added to the standard Markov model. The development of the
system is controlled by maximization of a performance index. An example of
such a quantitative procedure based on dynamic linear programming is given
by Kallio, Propoi and Seppala *. In this model, forest management is treated
as a submode] with a general forest sector framework. Other examples of
quantitative forest management models are given by Weintraub and Navon *,
by Phillips et al. *, and by Fowler and Nautiyal * (see also Dykstra 1984).
Forest hazard management as an application of decision analysis 1s discussed
by Barraer and Cohan *.

N~ 0 L oRNy
I
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4.3. Multiple use of forests

The forests are, to industry and forestry managers, primarily a source of raw
material for industrial processing into pulp and paper, building material,
furniture, etc. To the general public, forests also have great value as pollution
sinks (absorbing nitrogen compounds), as watersheds, for recreation, etc.
Forests are consequently a private as well as a public good. Therefore, there is
a probable need for public intervention in decisions on harvesting and other
forest management issues. The resulting societal conditions of optimality are
generally not consistent with the economic (forestry or forest industrial)
conditions of optimality, which neglect the collective, nonindustrial uses of
forests. For illustrations and applications of modeling for the simultaneous
consideration of industrial and nonindustrial uses of forests, see e.g., Hyman *,
Kilkki, Lappi and Siitonen *, and Navon and Weintraub *.

4.4. Forest ecosystem dynamics

Analysis of the forest sector is not sufficient if confined to the purely
economic and social aspects of the matter. As has been shown by several
authors (Baumol and Oates 1975, Clark 1976, Krutilla and Fisher 1975), the
ecological issues have to be considered in any proper systems analysis of the
forest sector. A few examples will clarify the need for the inclusion of
ecological issues in any forest economic analysis:

— the forest industry is a polluting subsector, primarily influencing the rivers
and lakes located near to the plants;

— forestry is a user of chemicals as insecticides, herbicides, and fertilizers;

— plantation management concentrates the numbers of species of trees and
ground vegetation at levels that may be too low to be ecologically robust;

- animals that naturally belong to the forest ecosystems are sometimes ex-
cluded from their natural habitats by fencing, the use of chemicals, etc.;

- growing industrial output implies increasing pollution stocks of acid rain,
which in the long term is likely to reduce the biomass growth potential. At
present, large areas of the forests of central Europe are threatened by such
environmental risks.

Analyses of dynamic interactions between forestry and ecology are reported
by, for example, Isaev, Khlebopros, and Nedorezov *. Modeling of
ecology—economy—technology interactions is also urgently needed. Holling,
Dantzig and Winkler * give path-breaking examples of such modeling. By
using a simple set of differential equations, the interactions between industry
an forest ecology can be studied as an interdependent dynamic system evolving
abruptly at times. These studies indicate that even smooth and continuous
parameter changes can give rise to large structural changes in the forest
ecosystem.
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TRENDS AND LIKELY STRUCTURAL CHANGES IN THE
FOREST INDUSTRY WORLDWIDE

Niilo RYTI
Jaakko Péyry International Oy

Most forest products are of bulk type, so equivalent products from different sources are
interchangeable and the main means of competition is price. Changes in the global structure of the
forest industry are determined by the availability of wood and the cost structures in competing
areas.

Technical development since the Second World War has broadened the range of wood species
suitable for paper and board manufacture, and has made new forest areas potential sources of
papermaking fibres. The most important of those new ““low-wood-cost areas” are the U.S. West
Coast, the U.S. Southeast, British Columbia, Brazil and Oceania. The consequences of the ensuing
restructuring of the forest industry worldwide can be seen in Western Europe, where three
different types of supplier compete in the market: the local forest industries, the Nordic forest
industries, and the overseas suppliers. The different cost structures of these supplier groups are
likely to lead them to different business strategies and to emphasis on different end products.

1. Introduction

The forest industry can be divided into a fibre-based industry producing
pulp, paper and board, and a mechanical wood industry producing lumber,
plywood, and wood-based panels. Many products are of bulk or semibulk type,
products from different sources are interchangeable, and the main means of
competition is price. Forest products have, as a rule, a long product life span;
their markets have been characterized by continued growth over long periods.

The industry, especially the fibre-based industry, is capital intensive. This
may explain its rather slow technical development. Considerable evolution has
occurred over the years in sizes of production units and their technical details,
but there have been very few revolutionary changes in technology.

Manufacturing technology is based on well known principles and readily
available machinery. The success of a company can therefore only to a limited
extent be based on its own technical innovation. This feature of the forest
industry is not expected to change in the foreseeable future. Forecasts of
changes in the global structure of the forest industry should therefore be based
on the availability of suitable raw material in different areas and the cost
patterns in these areas.



28 N. Ryti, Trends in the forest industry worldwide
2. Some historical developments

The wood-fibre industries are based on inventions of a century ago. These
inventions made it possible to use wood as a raw material for paper. In the
western world, paper had until then been made from cotton and linen rags,
which were in short supply. The shortage of paper for written and printed
communication was a crippling constraint on cultural and economic develop-
ment. These inventions removed the constraint, and the new wood-fibre
industries enjoyed a fast-growing market. This growth continues today, al-
though at a diminished rate.

The two most important of those inventions were the groundwood process
[1] and the sulphite process [2]. The groundwood process is a mechanical
process producing fibres of fairly light colour containing practically all the
solid materials of the debarked wood. They are suitable for making printing
papers with low permanency requirements, such as newsprint.

The sulphite process is a chemical process in which about half of the solid
material in the wood is dissolved, setting the cellulose fibres free. These fibres
are of rather light colour and easily bleached. They are suitable for manufac-
turing papers and boards with moderate strength and permanency require-
ments.

Groundwood and sulphite pulps cannot be made from all wood species. The
best wood raw material for these pulping processes is spruce, so naturally the
early wood fibre industries flourished in parts of the world where spruce was
abundant: northern Europe and northeastern U.S.A.

The sulphate process [3], which is also a chemical process, is less dependent
upon wood quality and species; practically all wood species can be pulped in
this process. However, the resultant pulp is dark brown and difficult to bleach.
In the early days of wood pulp manufacture, this pulp was therefore used only
for manufacturing of packaging materials, such as wrapping paper.

This situation changed only in the early 1950s, when the modern process for
bleaching sulphate pulp was developed in Scandinavia. This has had a pro-
found effect on the world’s forest industry. Now pine as well as spruce can be
used for manufacturing bleached long-fibre chemical pulp; and a new type of
pulp, short-fibre bleached hardwood pulp, has been introduced and found
suitable for manufacturing many paper and board grades.

The original objective in developing a bleaching process for sulphate pulp
was to expand the raw material base of the Nordic countries. This has certainly
been achieved, but the economic effects have been still more dramatic in areas
outside the Nordic countries. Forest areas with little or no spruce, which until
the process was developed could be used only for lumber production, suddenly
became potential sources of papermaking fibres.

The first areas to benefit were British Columbia, the U.S. West Coast and
the U.S. Southeast, where mainly coniferous natural forests were taken into
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Fig. 1. World consumption of industrial wood [4].

use. The sulphate bleaching process has also made subtropical and tropical
plantation forests a potential source of long-fibre and short-fibre chemical
pulp. The results can be seen today in Brazil and Oceania.

The technology for bleaching sulphate pulp has been available for about 30
years. It is typical of the slow development of the forest industry that the
industrial consequences of this development have been slow in coming. Only in
the last few years has the worldwide competitiveness of the new, low-cost
raw-material sources started to reshape the global structure of the forest
industry.

3. Availability of wood raw material

The world demand for forest products is growing (fig. 1) [4]. To meet this
growing demand the industry will have to expand. The most important
constraint on this expansion is availability of wood raw material; subject to
this constraint, expansion will be guided mainly by cost competitiveness.
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Table 1
Wood removals and potential increase by region

Region Removals Increase
1970 2000 1970-2000
mill.m®/a mill.m’/a mill.m’/a

Nordic countries 128 136 8

EEC 87 102 24

Western Europe outside EEC 74 91 17

US South 184 286 102

Canada, British Columbia

(softwood) 68 83 15

Brazil (hardwood) 13 50-90 37-77

Indonesia (hardwood) 13 40-60 27-47

Western Africa (hardwood) 15 20-30 5-15

@ Removals include merchantable wood, residues and non-commercial wood.

In most sectors of the forest industries raw material of a rather uniform
nature is required. Natural forests in the temperate zone, and tropical and
temperate plantation forests are technically suitable raw material sources for
the forest industry but tropical rain forests have limited industrial value.

Table 1 shows the wood removal in 1970 and its potential increase up to
2000 in some important regions [S]. The figures are compiled from different
sources using different calculating principles and assuming different levels of
silvicultural measures. They are not therefore directly comparable, and should
only be considered rough guidelines.

The Nordic forests are in virtually full use on a sustained yield basis. Only a
rather limited expansion in the manufacture of base products can be expected
there.

In Western Europe there still seems to be some growth potential. However,
utilization of this potential is limited by institutional constraints, such as
scattered ownership structure and environmental considerations. It therefore
seems obvious that Europe as a whole will become more and more dependent
on imports of forest products.

In North America there seems to be some additional growth potential. The
U.S. South seems to be an area with great potential for expansion. As this is an
area with a developed economy and industrial infrastructure, rapid expansion
of the forest industry seems likely.

Some tropical countries, Brazil and Indonesia are examples, seem to have a
considerable potential for expansion. This expansion would have to be based
on plantation forests to a considerable extent. Whether this potential will really
be used for industrial expansion depends greatly on political stability and
government development policy in these countries.
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Fig. 2 shows some typical wood costs at the mill. It can be seen that the
wood costs in areas where wood is a relatively scarce resource (here repre-
sented by Finland and Sweden) are much higher than in areas where it is more
abundant (here represented by the U.S. South, British Columbia and Brazil).
The reasons for these cost differences are complex. They include biological
factors, ownership structure, taxation, government subsidies and wood supply
and demand patterns.

4. The Nordic defence strategy

The Nordic countries are traditional suppliers of forest products to the rest
of Western Europe and the forest industry is an extremely important sector of
the national economy of these countries. A rapid decline of this industry would
be extremely difficult to compensate through expansion of other industries.
However, during the last two decades the Nordic countries have gradually lost
their price leadership in the Furopean market to overseas suppliers. This is
mainly due to the larger difference in wood cost between the Nordic countries
and their overseas competitors which is demonstrated in fig. 3, showing cost
structures for hypothetical modern mills in different locations supplying their
products CIF Rotterdam. The poor price competitiveness of the Nordic
producers is rather pronounced in products with low yield for which the wood
cost is a large part of the total cost structure. Chemical market pulp is typically

Fed.Rep. of
Germany

British

Columbia Capital charges

Miscellaneous
Cost of fabour

Cost of energy

Cost of delivery

Cost of wood

Bleached Bleached Newsprint
softwood, kraft hardwood, kraft

Fig. 3. Comparative cost structure of kraft pulps and newsprint delivered CIF Rotterdam. Capital
cost in Brazil is uncertain due to high inflation and financing subsidies. Year 1980, arbitrary scale.
(Reference Jaakko Poyry International Oy data files).
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Fig. 4. Transportability of some forest products CIF Rotterdam from different producing areas [5].

such a product. Newsprint, on the other hand, is a high-yield product for
which wood cost is a smaller part of the total manufacturing cost. A Nordic
producer is therefore more cost-competitive in newsprint in the European
market.

The cost-competitiveness of a Nordic producer also depends on freight
costs, which are lower than for competing suppliers to the market. Fig. 4 shows
the freight cost divided by the specific wood raw material consumption for
different products and mill locations [5]. The “transportability” of the prod-
ucts increases when moving in the direction of the arrow, from particle board
towards market pulp. For a Nordic producer, low transportability is advanta-
geous when competing against an overseas supplier, whereas high transporta-
bility is favourable in competition with a Western European producer.

Obviously the cornerstone of the defence strategy of the Nordic producer
must be the proper choice of end products. They should be high-yield products
with a small wood cost relative to the total cost. They should also have a low
transportability, if the competitors are overseas suppliers.

This clearly rules out chemical market pulp as a promising end product in
the long run. The trend for the traditional market pulp producers in the Nordic
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countries will be to integrate into papermaking, either by building a paper mill
on the same site as the pulp mill, thereby taking advantage of technical
integration savings, or by financially integrating with an unintegrated paper
producer on the continent, thereby benefiting from being close to the final
customer.

There are some other difficult problems facing the Nordic forest industry in
the long run.

How can the technical lead of the industry be maintained when limited raw
materials do not allow the traditional path of combining modernization with
expansion? How can requirements of economies of scale be satisfied, when
technical developments tend to increase the “optimum” mill size, but scarcity
of raw materials limits the expansion? How can the necessary growth of the
forest industry be maintained when raw material limits the expansion of the
production of base products? A thorough treatment of these items is not
possible in this paper, so some comments will be given only about the last item
— how to bring about necessary growth.

When raw material limits the expansion of base production, growth can still
be brought about by increasing the refinement of the product. In practice, this
means moving from market pulp into paper and board, and finally into
converted products; or from unfinished lumber into planed board, and finally
into joinery or prefabricated houses.

There are two conflicting aims in selecting the locations of the different
operations in such a vertically integrated manufacturing system. Placing the
operations at the same mill site usually brings some integration savings, such as
the omission of pulp drying in an integrated pulp and paper mill, or efficient
reuse of the converting broke in an integrated paper mill and converting plant.
On the other hand, locating the final production step close to the market is
often an advantage and sometimes a necessity.

When working toward greater refinement of the end product, and conse-
quently more complex systems of vertical integration, some of the production
steps must be placed in the market area. Where the production chain should be
broken, and what combinations of integrated and unintegrated production
systems should be used, are complicated problems which cannot be treated
further in this context; but we can conclude that the defence strategy of the
Nordic forest industry is likely to include internationalization of operations,
possibly in cooperation with the industry in the rest of Western Europe.

5. Adaptation of Western European industry
The defence strategy of the Nordic countries — increased refinement of the

end product, resulting in integration of pulp and paper making — is having a
profound effect upon Western European industry. A considerable part of the
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paper industry in Western Europe is not integrated with pulp production, and
it is now facing severe competition from integrated producers in the Nordic
countries.

In the wood-free paper sector the situation is aggravated by a change in the
structure of the market, which used to be a speciality market with small orders
and individual quality requirements; consequently it was well served by small,
versatile, unintegrated machines. In the last 10-15 years the market has
standarized, and it can now be served by large, efficient machines. This
development has had a dramatic effect on the real prices of these paper grades.
The small, unintegrated mills are therefore facing considerable difficulties.

The paper industry in Western Europe is facing a period of adaptation in
which it will have to make full use of its remaining advantages: good quality
raw material (although available in limited quantities), availability of waste
paper, and, above all, proximity to a large and growing market.

The available wood raw material will be used for chemical and mechanical
pulping integrated with papermaking. Proximity to the market is likely to
compensate for some cost disadvantages relative to Nordic or overseas compe-
titors.

Manufacturing and transport cost structures, and savings from integration
of converting and papermaking, justify converting imported pulp into some
end products in the market area. Cleaning tissue is a good example.

Availability of waste paper is a benefit in the area, and packaging boards
made from waste paper are natural products here. Waste paper is also making
inroads into the furnishing of newsprint and printing papers.

Some unintegrated producers of wood-free papers might find a future in
cooperation with Nordic integrated paper producers. The “satellite mill” in the
market area would supplement the grade range of the Nordic mills by
producing non-standard odd lots, and would carry out finishing operations for
the Nordic mill in the market area.

6. North American offensive

Price leadership for many forest products in the Western European market
has moved from the Nordic countries to North America. It is natural, then,
that North American producers have increased their market share in the
European market, especially in products such as chemical maker pulp, for
which wood cost is a dominant factor in the total manufacturing cost structure
(fig. 5). However, until now most North American producers, with the world’s
largest market on their own continent, have considered Europe as only a
secondary market where marginal quantities can be sold at marginal prices
when the home market is slack.
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Fig. 5. North America’s market share of some forest products in the Western European market
(Reference Jaakko Poyry International Oy data files).

Table 1 suggests that North America could become an increasingly im-
portant supplier of forest products for Western Europe. Whether this will
really happen obviously depends on the judgment and decision of North
American forest-industry companies. Important questions in this context in-
clude:

— Will the North American advantage in wood cost continue?

— Will changes in exchange rates not caused by differences in inflation rates
influence North American competitiveness in overseas markets?

— Will trends in energy costs, which are a major cost factor for some forest
products, be different in different producing areas, and thereby influence
North American competitiveness in overseas markets?

These problems are not considered further here. If a North American offensive
in the Western European market is explicitly decided upon by the industry, the
next question is: What end products should be exported to this market? The
principles in making such a choice and its compatibility with the “Nordic
defense strategy” is illustrated in fig. 6. The idea behind this figure is as
follows:

One of the basic criteria in choosing between alternative investment projects
is Return on Capital. This assumes that capital is a scarce resource and its use
must be optimized, whereas other resources, such as raw materials, are availa-
ble at certain prices in sufficient amounts.

In North America this criterion is likely to be the most important one when
choosing between alternative forest industry investment projects, but in the
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Fig. 6. Wood paying ability of some multiproduct forest industry complexes (Cost level first
quarter 1981 in Finland) (Reference Jaakko Poyry International Oy data files).

Nordic countries it is not fully valid. There the limiting factor for developing
the forest industry is not capital, but wood raw material. A project increasing
the demand for wood might have a profound effect on wood prices, and thus
destroy its calculated profitability. It is therefore advisable in this case to use
return on wood raw material, also called “wood paying ability”, as the
criterion when choosing among alternative investment projects. It is then
assumed that wood is a scarce resource, the use of which has to be optimized,
whereas other resources such as capital are available at certain prices in
sufficient amounts.

In fig. 6 wood paying ability as a function of the cost of capital is shown for
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different end-product mixes, all based on a given raw material source. The
figure suggests that wood paying ability increases when paper is substituted for
market pulp as an end product. Papers including mechanical pulp in the
furnish seem especially advantageous.

The figure can also be interpreted in a different way: “Wood cost” is
substituted for “wood paying ability” and “return on investment” for “cost of
capital” in the axes. The figure now suggests that in a low wood cost area the
highest return on investment is achieved when producing market pulp only.
Introducing more refined products into the product mix decreases the return
on investment. ! This exercise suggests that the choice of end products by a
North American exporter, aiming for the Western European market could well
be compatible with the defence strategy of the European producers. The end
products that would seem most tempting for the American export-oriented
producer are those which the European producer tries to avoid; and the
products which the European producer tries to concentrate on will not give the
American export mill the best possible rate of return.

7. Concluding remarks

There is a restructuring going on in the world’s forest industries due to
causes dating back many years. The development of the bleaching technology
in the early 1950s expanded the potential raw material base of the wood fibre
industry, and made new, low-cost forest areas available as raw material
sources. On the other hand, in the 1960s the expansion of the forest industry in
the Nordic countries, the traditional suppliers of the Western European
market, reached the wood-producing limit of these countries. This has re-
stricted the growth of the Nordic industry, and has contributed to a large
increase in the cost of its wood raw material.

It seems clear that North America, with its still abundant wood resources
and its developed industrial infrastructure, has a good short and medium term
potential to expand its forest industry, not only to serve the North American
market, but also to become an increasingly important supplier of forest
products overseas.

The most interesting end products for an export-oriented forest industry in
North America are products with a low yield, for which the cost of wood
dominates the total cost structure. These products should also have a high
transportability (i.e. a low freight cost per unit of wood raw material).
Chemical market pulp and kraftliner board are such products.

! The calculations are based on hypothetical mill models and the Finnish cost level of the first
quarter of 1981. The results should be used as a qualitative indication only, and should not be used
for quantitative comparison of investment opportunities in different producing areas.
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The European forest industry will not be able to increase its production of
base products to meet the growing demand in the Western European market.
To stay competitive, it will have to concentrate on end products which do not
have a cost structure dominated by wood cost, and which have a low transpor-
tability. This implies a trend away from market pulp into paper and board
making, increased emphasis on papers containing mechanical pulp, and in-
creased use of waste paper.

The necessary growth of the forest industry enterprises will, to an increasing
extent, have to come about through vertical integration, because lack of raw
material prevents expansion of the base industry. It is therefore likely that we
will see more integration, not only from pulp making to paper and board
making, but also further into converting. This is likely to include internation-
alization of Nordic forest industry enterprises, and financial and technical
integration between these and continental industries.
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A MODEL FOR INTERNATIONAL TRADE IN PULP AND
PAPER *

Joseph BUONGIORNO

University of Wisconsin, Madison

This paper outlines the mathematical structure of a world model of the pulp and paper
industry. The model is designed to provide long-term forecasts of supply, demand, trade, and
prices of raw materials, and of intermediate and finished products in the sector, based on the
behavior of competitive markets. Supply and demand are distinguished by geographical regions.
Raw-materials supply is represented by price-responsive supply functions. Manufacturing is
modeled by a linear programming structure. Demand for various end products is a function of
price, with income as a main shifter. All prices and quantities relating strictly to the pulp and
paper sectors are endogenous. Econometric results regarding the magnitude of income and price
elasticities of world demand for paper and paperboard are presented.

1. Introduction

In the United States, legislation requires the USDA Forest Service to make
periodic assessments of long-term supply and demand of forest resources,
including timber. Quantitative models have long been used in these planning
exercises. However, only in the latest (1980) Renewable Resources Planning
Act Timber Assessment Project, were consistent long-range projections made
not only of timber consumption and production, but also of equilibrium prices.
This was done thoroughly for the softwood timber sector, especially for lumber
and plywood, by using the softwood Timber Assessment Market Model
(TAMM) [1]. It was felt that some parts of the model, especially those dealing
with the pulp and paper sector should be improved to prepare the 1985
Assessment.

The purpose of this paper is to outline this new model of the pulp and paper
sector, as it is now being developed. Although the model is designed to assist
the United States Forest Service in its periodic long-range planning activities,
it is truly a world model. This is in agreement with a recent review of forestry
economics research [15] which has shown the need for taking an international
viewpoint in analyzing forest policies. This is true even when the analysis is

* Preparation of this paper was supported in part by the USDA Forest Products Laboratory,
Madison, Wisconsin, the USDA Forest and Range Experiment Station, Portland, Oregon. and by
the School of Natural Resources, University of Wisconsin, Madison.
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focused on a single large country such as the United States [4]. To that effect,
the form of the model is very general, it can accommodate a large number of
geographical configurations, and it should be useful in a variety of national,
regional or global analyses.

Most of the following exposition deals with the mathematical structure of
the model since no run has yet been done with actual data. Nevertheless, some
econometric estimates have already been obtained regarding the elasticity of
the world demand for paper and paperboard with respect to price and income.
These results will also be discussed.

2. General model structure

The model is a regional economic model in which both the quantities and
the prices of pulp and paper products are endogenous. Although the model has
an international scope, the United States and Canada will be more finely
regionalized than the rest of the world, because of the requirement to use the
model in the next United States’ Assessment. Within the United States, eight
geographic-supply regions and six final-product demand regions are recog-
nized, identical with those used by the TAMM model. Preliminary plans are to
disaggregate Canada into three sub-regions, to consider eastern Europe and
Japan as two separate regions, and to have one single region for the rest of the
world (table 1).

Table 1
Regions used in pulp and paper model

1. United States
Supply Demand
Pacific Northwest-West Northwest
Pacific Northwest-East Southwest
Pacific Southwest North Central
Rocky Mountains South
North Central East
South Central
Northeast
Southeast
2. Canada
Western
Central
Eastern
3. Western Europe
. Japan
5. Rest of the World

S
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Table 2
Commodities used in pulp and paper model

1. Raw materials
Softwood
Pulpwood
Residues
Hardwood
Pulpwood
Residues
2. Intermediate products
Mechanical pulp
Chemical pulp
3. End products
Newsprint
Other printing and writing
Other paper and paperboard

The model uses nine commodity groups (table 2). These include four raw
materials: softwood and hardwood pulpwood, and softwood and hardwood
residues; two intermediate products: mechanical and chemical pulp; three final
products: newsprint, other printing and writing paper, and other paper and
paperboard; and three recycled commodities, one for each final product. This
list may have to be expanded to describe transformation processes and final
demand better. Nevertheless, to facilitate computations and interpretation of
results, the number of commodities should be kept to a minimum consistent
with the purposes of the model.

The model involves five general categories of activities: supply, manufactur-

Price

?

Pe 15 o

0 Qe Quantity

Fig. 1. Market mechanism of maximization for a single commodity and country. The shaded area
is the net social pay-off, sum of consumers’ surplus and producers’ surplus. Maximizing net social
pay-off is equivalent to determining equilibrium price, Pg, and quantity, Q.
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ing, transportation, investment, and demand. Supply and demand activities are
modeled as price-responsive functions. Manufacturing activities are modeled
via input—output coefficients. All activities are integrated by a mathematical-
programming model.

The optimization procedure simulates the market mechanism in which
supplies and demands are balanced through equilibrium prices which equalize
consumers’ willingness to pay and producers’ incremental costs. This is achieved
by making the objective function being maximized the sum of producers’ and
consumers’ surplus (fig. 1).

The model is long-term in nature, designed to produce forecasts for a
50-year period, divided into ten 5-year intervals. Investment activities link the
submodels relating to each time period. Overall optimization is achieved by
maximizing the discounted value of producers’ plus consumers’ surplus over
the entire planning horizon.

3. Mathematical formulation

To simplify notations, this section will deal only with the static representa-
tion of the model at one specific point in time, namely at the end of the 5-year
interval under consideration. The dynamic aspects of the model are discussed
later. All activities are expressed per unit of time (year). The variables and
parameters used by the model are defined in table 3.

The equations of the model are the following:

Price-responsive commodity supply:

M
kelC
;1Sikm_ Z 7;'jl(:() ieISk* OSSikrnS i,.;(m' (1)

JE€J

The quantity of a commodity supplied by a region equals the quantity shipped
from that region. There is one constraint of this type for each commodity and
region for which supply is specified explicitly as a function of price. This is the
case of the supply of all primary materials: pulpwood and recycled paper. This
representation of supply is also used for commodities and regions for which a
more detailed representation of production is not possible or desirable.

Balance between material inputs and commodities produced:

lelC
Z Ty — @Yy =0 jeIR, (2)

The quantity of raw materials received by a region in which an intermediate or
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Definition of variables and parameters used in model (in order of appearance in the text)
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Symbol  Definition

k, 1 commodity subscripts

i, j region subscripts

m segment subscript in separable convex programming approximations

M number of segments in separable convex programming approximations

Sikcm mth segment of quantity of commodity k supplied from region i

Shm upper bound on mth segment

T,k quantity of commodity k transported from region i to j

Lk cost of transportation per unit of commodity & from region i to j

J; set of regions which can be supplied with commodity k& from region i
JE Sy iff £, >0

Ic commodities set

IS, set of regions in which supply of commodity & is modeled as a function of price

Iy set of regions which can supply commodity k to region j
€1, iff1,,>0

Y, production of commodity / in region j

a,y input of commodity k per unit of commodity /, in region j

IR, set of regions in which production of commodity / is modeled as an input—output
process
i€ IR, iff K, >0

K manufacturing capacity for commodity k in region j at the beginning of the period
under consideration

j’;, x expansion, reduction of manufacturing capacity for commodity k in region ; during

period under consideration

Ditm mth segment of quantity of commodity & demanded in region j

)k upper bound on mth segment

ID, set of demand regions in which demand for commodity k is modeled as a function of
price

Tik maximum possible recovery of commodity k& by recycling, in region i

Iic’ set of recyclable commodities
k € IC" iff r;, > 0 for some i

D" set of regions in which waste paper recovery is considered
i € ID" iff r,;. > O for some k

VA consumers’ plus producers’ surplus in entire sector

Zy area under demand curves

Zg area under supply curves

Dikm price at which the quantity £7_,D,,, is demanded, or the quantity LJ_,S,., is

supplied, for commodity & in region i

continued overleaf
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Table 3 (continued)

Symbol  Definition

Zgr total manufacturing cost, excluding the cost of inputs of which supply and transporta-
tion are explicitly recognized in the model

[ manufacturing cost per unit of output of commodity k in region ¢

Z, total cost of capacity expansion

ek cost of capacity expansion in region / to manufacture commodity k

Zy total transportation cost

u, t time period index

iT planning horizon

Ko capacity of production of commodity K in region j at the beginning of the production
period

final commodity is manufactured is directly proportional to the quantity
produced. There is one constraint of this type for each region and commodity
for which production is modeled as an input—output process.

Changes in capacity of production:

kelC

J

The quantity of a commodity produced in a region at the end of a specific
period must equal the capacity of production at the beginning of the period
plus capacity expansion, minus capacity reduction in that period.

There is one constraint of this type for each region and commodity for
which production is modeled as an input-output process.

Balance berween production and shipments:

kelC
Xk_ Z 77'/'/(=0 ie]Rk' (4)

JEJ

The quantity of a commodity produced within a region must equal the
quantity shipped from that region. There is one constraint of this type for each
commodity and region for which production is modeled as an input—output
process.

Price-responsive commodity demand:

M
kelC
Z 7?jk_ Z_ll)jkm=0 jeIDk? Oﬁl)jkmS j,lkcm' (5)

iel,
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Fig. 2. The supply function for recycled paper is approximated by a step function where S*
represents the additional amount supplied at price p;, D is the total amount of paper consumed,
and r is the fraction of consumption that is recycled.

The quantity of a commodity transported to a region is equal to the quantity
demanded in that region. There is one such constraint for each commodity and
region for which demand is modeled as a function of commodity price. This is
the case of the demand of all final products: paperboard and various types of
paper. This representation is also used for commodities and regions for which
a more detailed representation of demand is not possible or desirable. For
example, it can be used for the demand for exports of raw materials or
intermediate products from a country without elaborating the destination or
end use of products.

Paper and paperboard recycling:

M M

kelC’

Tie 2 Dim= 2 Sumz0 e (6)
m=1 m=1 i€eID

The quantity of a commodity which can be recycled cannot exceed a prede-
termined fraction of the quantity consumed. Within that limit the supply of
recycled material is a direct function of price, as described by fig. 2. There is
one constraint of this type for each recyclable commodity and for each region
in which paper and paperboard recovery is considered.

Objective function:

maXZ=ZD—Zs—ZR—ZI—ZT, (7)
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where

M
Zp= Z Z ZpikmDikm’

kelIC ieID, m=1

is the area under the demand curve for commodities of which the demand is
described as an explicit function of price;

M
ZS= Z Z Z pikmSikm

k€IC i€IS, m=1

is the area under the supply curve for commodities of which the supply is
described as an explicit function of price;

Zp= Z Z i Yir

kelC i€lR,

is the total manufacturing cost, excluding the cost of inputs of which supply
and transportation are explicitly represented in the model;

lez Ze;;(;;(

kelC jelR,

is the cost of expanding manufacturing capacity; and

Ze= )Y Y X LY

kelC i€l jeJ,

is the total transportation cost.

In summary, the quantity being maximized is the sum of producers’ surplus
plus consumers’ surplus, i.e., the shaded area in fig. 1, which Samuelson [14]
defined as net social pay-off. The optimization procedure is therefore similar to
market mechanisms in which supplies and demands are balanced through an
equilibrium price which equalizes consumers’ willingness to pay and producers’
incremental costs.

4. Treatment of nonlinearities by separable convex program

The first two terms of the objectives function (7) are integrands of the areas
under the price-responsive demand and supply functions. Even if demand and
supply equations are approximated by linear functions of prices, these two
terms are quadratic functions of quantities demanded and supplied.
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Fig. 3. Each demand curve is approximated by a step function where D} is the additional amount
demanded at price p,. ¥, p, D, is the area under the demand curve.

Computer codes are available to solve mathematical programs with linear
constraints and quadratic objective functions, and these have been used by
several authors [8,10]. Nevertheless, quadratic programming algorithms are
notably less powerful than the simplex method. Consequently, a piece-wise
approximation is used.

The piece-wise approximation uses a simple method of separable convex
programming [5]. For example, ignoring region and commodity subscripts,
demand D during a specific time interval is described by a step function (fig.
3).

The area under the demand curve has the expression:

M
Y PuD,s (8)
m=1

where M segments of length DY are used in the approximation, and D,, is
such that:

0<D, <D} (9)
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There are very efficient algorithms available to solve linear programs with
upper bound constraints on decision variables.
Although there is no explicit restriction on each D,, (m > 1) that

— *
D, = 0 whenever D,,_, <D}_,,

this restriction is automatically satisfied by any optimal solution of the linear
programming problem because the slope of Y p, D, decreases as ¥,D,,
increases (fig. 3).

5. Dynamic representation

The only equations of the model which tie together activities in different
periods are those representing capacity expansion, because capacity added in
one period is available for use in subsequent periods as well.

The model described above is made dynamic, as suggested by Bergendorff
and Glenshaw [2] by (1) adding a time subscript to all variables, (2) discount-
ing all costs and benefits so that the objective function expresses the present
value of consumer plus producer surplus, (3) transforming the capacity expan-
sion constraint into:

t t
Y— > K+ ) Ky, k€IC, jEIR,, tEIT. (10)

jko
u=1 u=1
This equation states that production must be equal to initial capacity plus
capacity expansion minus capacity reduction up to and including the current
period.

"\

Pi \
N
o) N \
~ T~
° dDp . dDpr dDx: °
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-

Fig. 4. A shift of a demand function approximated by a step function is simulated by multiplying
each step D}* by the shifter d.
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Shifts over time of the price-responsive demand and supply equations are
conveniently handled by the piece-wise representation.
Assume for example that demand for a commodity has the following form:

D,=aX?P; (11)

where Y, is income in the region of interest and P, is commodity price. For a
given price, D, is related to demand in the base period D, by the equation

D, = (Y,/Y,)" Dy = dD,. (12)

Therefore, the demand shift over the interval 0, ¢ can be represented by
multiplying each segment bound D by d. Such a shift is shown in fig. 4.

6. Paper and paperboard demand

An important part of the model described above is the set of price-respon-
sive supply and demand equations. It is planned that most of the supply
functions, at least those relating to pulpwood, will be developed by other
researchers working on the 1985 U.S. Forest Service Assessment Model. The
present discussion is restricted to the demand for final products: paper and
paperboard. Since the results have been reported elsewhere [3], only a brief
description of the work is given here.

The evidence on price-responsive demand for paper and paperboard has
been obtained by pooling time-series data from different countries. This
method alleviates the problems posed by short time series, multicollinearity
between price and income variables within countries, and small variable
fluctuations over the period of observation. Because the variation in income
and price is much greater over countries than the variation in aggregates over
time, the method permits the disentangling of income and price effects.

A static and a dynamic model of demand were used. The empirical results
indicated specification error for the static model, and therefore only the
dynamical model results are discussed here.

The demand model follows Nerlove and Addison’s [11] specification:

Chi=e+[Y, +gPy, +hP, +e,,, (13)

where i, k, ¢ refer to a particular country, commodity, and year, respectively.
Y is income per capita, P is the price of the commodity of interest, and P’ the
price of the most direct substitute. C* is the long-term equilibrium of con-
sumption per capita which would be observed, provided that income and
prices remained at a fixed level for a sufficiently long time.
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All variables are expressed in logarithms; thus f, g and & are long-term
income, own-price, and cross-price elasticities, respectively.

Since Y, P and P’ change continuously, C* is never observed. The
hypothesis made here is that during one year, say from ¢ — 1 to ¢, consumption
does not adjust totally to the level C* described by eq. (13) but only to the
observed level C, such that:

C=Co=a(CF=Cy), (14)

where « is a fraction measuring the speed of adjustment. Using eq. (14), eq.
(13) can be expressed in terms of observable quantities only as:

C=(0—-a)C_,+ale+fY,+gP +hP/ +¢l], (15)

which can be estimated statistically, and from which the long-term elasticities
of demand with respect to income, own-price, and cross-price elasticities can
be obtained.

Eqg. (15) was estimated with yearly data from 43 countries for the period
1963 to 1973. These countries consumed 85% of the world paper and paper-
board production in 1973. Three groups of products were selected: newsprint,
printing and writing paper other than newsprint, and other paper and paper-
board. Consumption statistics were taken from the Food and Agriculture
Organization [6]. Statistics on gross domestic product were provided by the
FAO Commodities Division. Since consistent domestic price data were not
generally available, unit value of imports and exports were used for net
importers and exporters, respectively. Given competitive international markets,
unit values should be good indicators of product price in each country. These
statistics were obtained from the FAO [7].

The estimation of model (15) with pooled cross-section and time-series data
requires some care because of the presence of a lagged endogenous variable
(C,_,) among explanatory variables. It has been shown [9,12,13] that ordinary
least squares would in such a context lead to the coefficient of C,_; being
biased toward 1, and the other coefficients being biased towards 0. To resolve
this difficulty, eq. (15) was estimated by a two-round generalized least squares
procedure [9,12] which assumes a component of error structure in the residuals.
Estimation was also done by analysis of covariance, since extensive Monte-
Carlo experiments have given considerable support to that technique in esti-
mating dynamic models with pooled cross-section and time-series data. Both
techniques led to very similar results.

The main results appear in table 4. They indicate significant responses of
demand to own-price changes, the responses appear especially high in low-in-
come countries. In that table, P/ refers to the price of other printing and
writing paper in the newsprint equation and vice versa. These equations appear
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Table 4

Paper and paperboard demand equations estimated from pooled cross-section and time-series data
from 43 countries, 1963-1973 (C,, Y,, P, and P, indicate the logarithms of consumption per capita
lagged one year, income per capita, product price and price of direct substitute, respectively. R?
and f are the coefficient of determination and number of degrees of freedom, respectively. Figures
in parentheses are standard errors. * indicates a coefficient significantly different from zero at the
0.99 confidence level)

Product and Coefficients of independent variables R? f
countries group c_, Y, P, P
Newsprint
High-income 0.16 0.70 -0.49 0.31 0.87 175
0.07)* 0.19) * 0.29) 0.18)
Low-income 0.17 0.89 —0.63 0.02 0.90 157
007 * (0.22) %) 0.12)* 0.11)
Printing and writing
High-income 0.35 1.01 -0.14 0.11 0.96 175
(0.07) * (0.15) * (0.10) (0.16)
Low-income 0.41 0.71 -0.44 0.16 0.90 157
0.08) * 0.22)* 0.10) * (0.10)
Other paper and paperboard
High-income 0.49 0.72 -0.15 0.98 177
(0.06) * (0.09) * (0.04) *
Low-income 0.56 0.73 -0.37 0.96 193
(0.06) * (018) * (0.08) *
Table 5

Long-term income and price elasticities of demand for paper and paperboard, derived from models
in table 3 (Y,, P, and P/ refer to gross domestic product per capita in current U.S. dollars, product
price, and price of most direct substitute)

Product and Long-term elasticities
countries group Y, P, P’
Newsprint
High-income 0.84 —0.59 038
Low-income 1.07 -0.75 0.03
Printing and writing
High-income 1.56 —0.21 0.17
Low-income 1.20 —-0.74 0.27
Other paper and paperboard
High-income 1.41 ~0.29

Low-income 1.65 —-0.83
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to explain reasonably well the evolution of demand in each individual country
[3].

The long-term elasticities computed from the data in table 4 appear in table
5. These are the elasticities used in the pulp and paper model to represent the
slope of the final products-demand with respect to price, and to model the shift
of the demand curve over time as income in each region increases.
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FOREST PLANTATIONS OF THE TROPICS AND SOUTHERN
HEMISPHERE AND THEIR IMPLICATIONS FOR THE
ECONOMICS OF TEMPERATE CLIMATE FORESTRY

Roger A. SEDJO

Resources for the Future, Washington

A broad conceptual framework for explaining many of the fundamental changes that are
occurring in the nature of the world’s forest resource is developed. Within this context, the role of
the industrial forest plantation is analysed; and some results of an assessment of the comparative
economics of plantations in twelve different world regions are presented. The implications of
tropical plantations for the economics of the Nordic forests are examined and alternative strategies
discussed.

1. Fundamental changes

Within the global context, some important recent trends in the nature of
forest resources should be noted. First, the role of the traditional Northern
Hemisphere temperate-climate producer regions has been declining over time
for both industrial and nonindustrial wood. In the developing world the
pressure of increasing population alone appears to guarantee greater utilization
of wood for fuel and other nonindustrial purposes. The rising real prices of
fossil fuels are certain to exacerbate this tendency. With regard to industrial
wood, the developing regions of the world are putting increased pressure upon
their own forest resources to feed the economic expansions that are occurring,
In addition, where available, the forest resources of the developing regions are
being increasingly utilized and exported to the major world markets.

These trends are suggestive of a growing worldwide demand for both
industrial and nonindustrial roundwood and an increased role that the non-
traditional producing regions are likely to play in meeting the increasing
demand.

1.1. The forest transition

Forestry today is experiencing a transition similar to that which occurred in
agriculture much earlier in human history. Just as mankind had progressed
from gathering and hunting to cropping and livestock raising, we are today
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experiencing a transition from having our wood needs met from “old growth”
naturally created forest inventories to a situation in which conscious decisions
are made to plant, manage, and harvest a forest. Just as modern agriculture
involves decisions as to location, crop type, technological inputs, and manage-
ment mode, so too, forestry decisions increasingly involve questions of forest
plantation location, species choice, technological inputs, and management
regime.

In Europe, this transition is essentially complete. However, in many parts of
the world the transition is still in process. Canadian production continues to
rely heavily on “old growth” forest, while the United States finds some regions
where man-made and second-growth forests dominate, e.g., the South, while
other regions continue to draw heavily upon their inventories of “old growth”
forests. In Southeast Asia the large inventories of “old growth™ tropical
hardwoods continue to provide wood products to much of the world.

Much of this transition phenomenon can probably be best explained in
terms of a simple stock-adjustment model (Lyon 1981) that can be applied
either to a particular forest (given qualifications) or to the global forest. In
terms of this model, initially the actual stock of forest resources was in excess
of the desired stock. Since the actual stock of existing timber, the old growth,
exceeded the desired stock, the economically rational policy was simply to
draw the old growth (actual stock) without any serious consideration being
given to the establishment of new stands. In such a world, the initial price of
stumpage would be at a very low level, approaching zero, and there would be
no economic incentive to invest in tree growing. In fact, the stumpage price
was often negative, since the timber resources had no economic value but were
merely an obstacle to the use of the land in an alternative pursuit. Gradually,
however, an adjustment was occurring. Increases in demand, together with a
reduction in old growth stocks, brought desired and actual forest stocks into
closer relationship. As this occurred, stumpage prices would be expected to
exhibit real price increases. The historical occurrence of this phenomenon is
well documented (Manthy 1978).

As long-term increases in the real price of timber resources occur and
expectations develop that such price increases will continue, the economic
incentives are created to induce investments in industrial forest plantations.

1.2. Industrial forest plantations

Reflective of increasing economic incentives, there is growing interest and
increased activity throughout the world in the creation of man-made forest
plantations. By 1975, over 3% of the world’s forested area, or 90 million
hectares, was man-made forest, although much of this would not be char-
acterized as industrial forest (FAQO 1978). Of this forested area, over 6.5 million
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hectares were in industrial plantations located in the tropics and the Southern
Hemisphere. FAO projections forecast this figure to increase to over 21 million
hectares by the year 2000 (Lanly and Clement 1979).

Major industrial forest plantation activities are under way in New Zealand,
Australia, and South Africa. This trend is particularly powerful in South
America. Many of the countries on that continent have some form of substan-
tial industrial plantation development under way. In Brazil, some 3.5 million
hectares have gone into industrial plantation since the early 1960s and an
additional 300000 to 500000 hectares is planted annually. Chile currently has
over 700000 hectares of industrial plantation and is adding to these at about
70000 per year. Venezuela is developing a vast forest plantation complex on
previously unused interior lands. Similar activities are under way in other
countries.

The implications of modern plantation forestry are potentially profound.
First, forest resource production is becoming and will continue to become
more like an agricultural crop. Second, and perhaps equally important, the
location of industrial forests will gradually change. When relying on old
growth for industrial wood, the critical concerns include the size of the
inventory. For the future more and more industrial wood will be provided by
plantations whose locations are the result of a conscious investment decision.
Time is a critical component of any investment decision, and hence sites and
species that permit rapid biological growth associated with tropical and
semitropical regions will have an inherent economic advantage. Third, actual
changes in forest-product trade flows are being observed (Francescon et al.
1983), and the potential of tropical and semitropical forest plantations to
significantly affect major world markets and thus impact on traditional pro-
ducers before the year 2000 appears substantial (Sedjo 1980).

2. The plantation study

This section summarizes the findings of a two and one-half year study of
industrial forest plantations in twelve regions around the globe (Sedjo 1983).
Nine of these regions are in the tropics and Southern Hemisphere: the
Amazon, Central Brazil, Southern Brazil, Chile, West Africa, South Africa,
Southeast Asia, Australia, and New Zealand. In addition, three regions in the
temperate climate of the Northern Hemisphere are examined — the Pacific
Northwest of North America, the U.S. Southeast, and the Nordic region in
Europe.

2.1. The model

The methodology employed is described in detail elsewhere; therefore it will
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be described only very briefly here. The basic approach is economic and
develops a simulation model which ties the output of the various plantations
into one of the world’s major market areas — Europe, the Eastern United
States, and Japan. While the two final products examined are wood pulp and
lumber, the model is designed to examine the economics of the forest resource
rather than the economics of processing. Processing occurs in the same region
as the plantation is located, with the processed product shipped to major
markets. These major markets are integrated to the degree that price differen-
tials greater than those attributable to transportation costs will result in a
restructuring of forest-product flows from the low-price markets to the high-
price markets. Market prices for the final product are determined exogenously.
For each region a representative plantation is constructed - that is, a planta-
tion of optimal size which embodies the biology and other features common in
that region.

For each of the twelve regions, the following system of equations is used:

Regional pulpwood stumpage price is given by

P,=aP,—(T,+M,)-H,

Tp =B+ BI(D)7
where
P, = price of pulpwood stumpage, $ /m’

price of woodpulp in world market, $/m.t.

international transport costs, $/m.t.

woodpulp processing costs, $ /m.t.

- harvest and local transport costs $,/m’

conversion coefficient, m.t. /m’

distance from plantation region to market in thousand miles
{ H, if commercial thinning

o
Il It

= & E-:H-;U
I

H; if final harvest cost.

Regional sawtimber stumpage prices are determined by a somewhat more
complex set of equations (not presented here) that recognize that sawtimber
stumpage prices reflect both the lumber and pulpwood values of the log as well
as volume losses which occur in sawmilling.

The world stumpage market is represented by the following equations:

Py =P, — o By+,(D,) +M,| - H,
1
Ppu:E[l)spw+H] +BO+B](D2)+MP’

1
Ppe=;[Pspw+H] +BO+Bl(D3)+Mp7
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where
»e = Wwoodpulp price in Europe, $,/m.t.

P, = pulpwood stumpage price, Pacific Northwest, North America, $ /m,

P,, = woodpulp price, Eastern United States, $/m.t.

P, = woodpulp price, Japan, $/m.t.

D, = shipping distance between Pacific Northwest and Europe, thousand
miles

D, = shipping distance between Pacific Northwest and Eastern United
States, thousand miles

D, = shipping distance between Pacific Northwest and Japan, thousand
miles

The world market price for lumber is determined in a similar manner.
Finally, the net present value per hectare (NPV) is the investment criterion
used to evaluate the economic viability of prototype plantation

S (R, —-C,
NPV = Z L_’i)’
i=1 (1+r)

R, =PV, + PV, = gross receipts per hectare in period i,

spi S8’ si

C, = C, = gross management costs per hectare in period i.
where r = inflation-free discount rate.

Some of the preliminary results of the simulation study appear in table 1,
which presents the NPV per hectare for the twelve regions under examination
for what is called the “base case”.

It will be noted that the prototype forest plantations of the Nordic region
have relatively low NPVs, the lower among the regions examined. In the base
case the negative sign indicates that, at a 5% real discount rate, the discounting
costs exceed the discounted benefits.

Important determinants of economic returns in the simulation model are
stumpage prices, biological growth and yields, rotation lengths, and silvicult-
ural costs. To understand fully the implications of the model, we must
comprehend how changes in these important determinants affect the estimates
of NPV.

Stumpage prices are also important determinants of economic viability. In
general, stumpage prices will decline as the distance between the resource and
the final market increases, since the greater distance implies higher transporta-
tion costs.

Cost obviously affects the economic viability of any investment. Three types
of costs can be identified for plantations. The first type has been referred to as
development costs, and may include the costs of land purchase as well as the
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Table 1
Representative plantations: base case net present value: 5% discount rate. 1979 constant prices
(1979 U.S. $/hectare)

Region /species Regime

Pulpwood Integrated,
with sawtimber

North America

U.S. South
Pinus taeda, avg.-yield site 1748 2474
Pinus taeda, high-yield site 2830 3742
Pacific Northwest
Pseudotsuga menziesii, avg.-yield site 616 902
Pseudotsuga menziesii high-yield site 1077 2248

South America
Brazil, Amazonia

Pinus caribaea 3087 4080
Gmelina spp. 2530 3184
Brazil, Central
Eucalyptus spp. 3456 4027
Brazil, Southern
Pinus taeda 3592 4715
Chile
Pinus radiata 3649 4509
Oceania
Australia
Pinus radiata 2005 2141
New Zealand
Pinus radiata 2903 4118
Africa
South Africa
Pinus patula 3051 3727
Gambia-Senegal
Gmelina spp. 2289 2622
Eucalyptus spp. 1828 3262
Europe
Nordic
Picea abies -100 154
Asia
Borneo
Pinus caribaea 1851 2364

costs associated with access, infrastructure development, and other costs
necessary to allow for the establishment and operation of an industrial
plantation. These costs may vary considerably, depending upon such factors as
the location of the plantation and the types of infrastructure that are already in
place. Of course, in a well developed market the excess of returns over costs
will be capitalized in land prices. The second type of cost is referred to as
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establishment costs, incurred in the site preparation and planting associated
with stand establishment in the first year of the rotation. The third set of costs
is referred to as subsequent costs and is composed of those that occur
subsequent to plantation establishment.

Establishment costs have a close relationship with estimates of the NPV
obtained. Since the NPV represents the difference between discounted benefits
(receipts) and discounted costs (expenditures) in the initial year of the invest-
ment, any increase in establishment costs will simply be added to the dis-
counted costs (since this cost occurs in the initial year, no discounting is
necessary) and thereby reduces the NPV accordingly. Since each dollar added
to establishment costs will reduce the NPV by a corresponding dollar, a more
complex sensitivity analysis is unnecessary.

The effect of subsequent costs is similar to that of establishment costs
except that, since they are incurred in later years, the cost will be discounted
back to the initial period. Therefore, a one-dollar increase in subsequent costs
will reduce NPV by something less than one dollar, depending upon the point
in time at which the cost is incurred and the discount rate that is used.

Table 2 summarizes the results for our twelve study regions with respect to
rotations, yields, and harvest volumes. The rotations vary in length from seven
years for the gmelina and eucalyptus pulpwood rotations in Brazil to eighty
years for a sawtimber rotation in the Nordic region.

Generally, the short rotation plantations perform well under the economic
criteria, while the very long rotations do relatively poorly. It should be noted,
however, that some of the better performers have longer rotations. These
include Chile, New Zealand, the U.S. South, and others. Thus, while rotation
length is positively correlated with economic performance, other factors also
influence the final economic performance.

Biological yield is also a factor to be considered when analyzing the
elements that contribute to a strong performance on the investment criteria.
Average annual yields range from 25 cubic meters per hectare per year in the
Central Brazilian eucalyptus plantation and in the pine of New Zealand, to 5
cubic meters per hectare per year in the Nordic plantations. However, some
plantations with lower yields perform better by the economic criteria than the
higher yield plantations, e.g., Southern Brazil and Chile. In addition, while the
Pacific Northwest high-site integrated plantation has a relatively high yield of
14.4 cubic meters per hectare per year, the economic performance of the
Pacific Northwest plantations, as reflected in the investment criteria, is clearly
inferior to several other prototype plantations with lower yields.

Table 3 summarizes the cost of establishment and subsequent management
costs short of harvest. The lowest establishment costs are found in South
Africa, followed by Chile and the gmelina plantations of Amazonia. For the
one-cycle plantations, the high-cost regions are Australia, the Pacific North-
west of North America, and Southern Brazil. Costs subsequent to establish-
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Table 3
International plantations: management costs (1979 U.S. $ /hectare)

Region /species Pulpwood regime Integrated regime
Initial ~ Subsequent Initial  Subsequent
costs costs costs costs

North America

U.S. South /Loblolly pine 266 139 266 149

U.S. South /Loblolly pine/High Site 266 139 266 149

PNW /Doug.Fir/Short rotation /rvsd base 558 432 558 457

PNW /Doug.Fir /high site 558 420 558 445
South America

Amazonia/pine 277 370 277 430

Amazonia/gmelina ? 145 810 145 375

Brazil /central /eucalyptus # 523 547 523 647

Brazil /south /pine 523 382 523 502

Chile/radiata 176 92 176 114
Oceania

Australia/radiata 651 173 651 192

New Zealand /radiata 456 445 456 567
Africa

South Africa/P.patula 184 195 184 318

West Africa/gmelina ® 350 250 450 265

West Africa/eucalyptus ¥ 961 240 961 355
Europe

Nordic/Norway Spruce 456 126 456 156
Asia

Borneo/pine 271 415 277 490

) 3 harvest per rootstock.

ment also vary considerably, with the lowest (undiscounted) costs being
experienced in the U.S. South, Australia, and Chile. High subsequent undis-
counted costs are experienced in Brazil and the Pacific Northwest. The Nordic
costs are toward the middle of the range examined in this study.

There is no clear, simple relationship between establishment and subsequent
costs. High establishment costs are found among the strongest and weakest
performers on the economic criteria. A similar lack of a clear relationship with
NPV also applies to (undiscounted) subsequent costs.

2.2. Other considerations

In addition, there are considerations that should be introduced into the
analysis that were not included in the formal model. First, the development
costs required to begin to undertake a large-scale forest plantation may be
massive and were not explicitly built into the analysis. It is clear that in the
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Nordic region, as well as most of North America and some other regions,
development costs are likely to be modest. By contrast, in some regions in the
tropics the development costs are likely to be great.

An example of this problem is found in the famous Jari forest plantation in
the Brazilian Amazon. The simulation study suggests that for this plantation,
the economics of planting, growing, harvesting, processing, and shipping to
European markets as woodpulp no longer appear favorable. However, this
assessment does not consider the initial development costs, which were literally
hundreds of millions of dollars for developing the infrastructure labor force,
and so on, necessary for the plantation to function. These costs can radically
alter the economic feasibility. The point here is simply that while the underly-
ing biology and location of a region such as the Amazon may appear favorable
for industrial forest plantations, development costs for primitive regions may
be so great as to offset the economic advantages inherent in the region’s
biology and nearness to markets.

Second, the risks inherent in any long-term forest investment may vary
systematically by region. The risk may be of at least three types — biological,
economic, and political. Biological and economic risks are related to un-
certainty associated with biological yields and the assurance of markets both
after one rotation and into the future. Political risk relates to the question of
stability in the political environment to allow the investor to see the investment
through to maturity and realize the returns on the investment. It should be
noted that the same political environment may present quite different risks to
different investors; for example, the risk to a foreign private investor may be
much greater than to a publicly owned domestic corporation.

To the extent that the risks vary by region, the prudent investor, whether
private or public, will require an increased return premium to compensate for
the risk. In an investment analysis, the premium required for risk could be
explicitly incorporated by adding a risk component to the normal discount
rate. Such a discount rate thereby explicitly recognizes the opportunity cost of
capital and also any excessive risk that may be associated with an investment
in the particular region. The higher discount rate requires that the project
generate sufficient returns to compensate the investor for the higher risks
associated with the project.

Third, the opportunity costs or alternative uses to which the potential
forestlands could be put are often a relevant consideration. Some lands in the
U.S. South, for example, have alternated between use as agricultural land and
forestland. Should agricultural prices rise, economic theory would predict that
some lands would shift out of forest into agricultural use.

2.3. The effects of tropic forest plantations upon the competitive position of
temperate climate forests: The Nordic Case

Within the context of the plantation model as developed, the great strength
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of the Nordic forests lies in the high stumpage prices which are the result of
favorable geographic location vis-a-vis the important world markets and the
relatively risk-free environment, especially with respect to political and biologi-
cal factors.

The Nordic countries enjoy the advantage of higher stumpage prices largely
due to their proximity to the major European markets. To the extent that
international transport costs are everywhere high, Nordic industry benefits
from the protection against alternative, more distant supplies that these costs
provide. Should international transport costs everywhere decline, this protec-
tion would erode. The relatively risk-free biological environment reflects the
long-term experience of industrial forests in this region. Low political risk
reflects the political stability of countries in this region.

The Nordic region’s liabilities are found primarily in the very long rotation
periods required and the low biological yields. Of course, improved silvicult-
ural practices would be expected to increase yields and perhaps to reduce
rotation lengths. (The economic effect is the same if the result of management
is to improve quality and hence value and economic yield.) However, the costs
also would be expected to rise. The economic question is whether the ad-
ditional future returns are justified by the additional current costs.

Given these considerations, it appears that while the results of the study
might somewhat overstate the competitive advantages of other regions relative
to the Nordic region, nevertheless several of the regions examined have the
economic potential, perhaps not yet fully realized, to compete very effectively
with the Nordic producers of woodpulp and lumber in the European market.

3. Some policy options

There are a number of strategic options available to the temperate-climate
forest industry to meet the competitive challenge of the tropics. In this section
some of these are briefly explored and their implications examined.

3.1. Continuation of the status quo

The simulation study cited above suggests that the rates of return being
generated to investments in forest plantations under the base case are above
4% in real terms in the Nordic countries and higher in other temperature
forests. Although not high, such a rate of return may be acceptable, given the
alternative uses available for its land capital and labor. Should real stumpage
prices increase slowly, at a rate below that experienced for decades in North
America, the effect would be to improve further the rate of return on forest
investments. Therefore, a policy for the continuation of the present industry
strategy and policies in the Nordic countries might be acceptable if real
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stumpage prices are expected to remain constant or to rise. Such price
expectations are reasonable except if one anticipates massive inflows of tropi-
cal wood.

In addition, to the extent that some costs are systematically lower in
temperate regions than in competing regions, the rationale for a continuation
of policies similar to those of the recent past is enhanced.

3.2. Modest retrenchment

The options available to the Nordic forest industry are unlikely to be
all-or-nothing. That is, under more favorable conditions one might expect
some expansion of the industry, under less favorable conditions one might
expect some industry contraction,

Thus, the adjustments in the industry are likely to be of an incremental
nature and to occur on the economic margins. The Nordic countries are likely
to continue at a high level of forestry activity indefinitely. The rationale is that
the opportunity costs of most of the Nordic forestland are low and that forests
are likely to grow on most of these lands even in the absence of intervention by
man. Therefore, low-cost intensive management appears to be a viable eco-
nomic alternative. Given the presence of an infrastructure and a hospitable
terrain, the harvest and international transport costs should not become
prohibitive.

In this context, some reduction of the level of the activity of the industry
would be desirable if long-term rates of return became depressed as the result
of rising competition from new supply regions. The forest industry could then
concentrate its efforts upon the best growing regions with the best (low-cost)
access and harvesting. Under this scenario, the better sites might continue to
receive intensive management, while lower-class sites might even enhance their
economic returns if they were managed less intensively. At lower stumpage
prices it would be expected that the overall level of management intensity
would decline. Gradually older and less efficient mills would be phased out
and some perhaps not replaced, as the industry restructured to respond to its
new competitors. Within this context the decision as to the relocation of capital
within the Nordic economies would be determined by the economic returns. If
the returns to capital were higher in other industries, capital would be free to
be used there rather than in the forest industry. Labor would, of course, be
allocated toward the expanding industries at the expense of the declining
industries.

3.3. Reliance on alternative wood supply sources

It is generally agreed that the most efficient method of producing pulp over
the long term is for the pulpmill to be located near the forest resource. The
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per-volume costs of transporting wood as woodchips are about twice those of
transporting wood in the form of woodpulp (Eklund, 1977). Calculations using
the simulation model confirm this and, for the base case, it will not generally
be economically rational on a large scale for the Nordics to import woodchips
from any of the regions under examination, since the opportunity cost of the
wood is higher in local processing than it would be after shipping it as
woodchips to Nordic ports. However, should the costs of woodpulp processing
in the tropics and Southern Hemisphere be significantly higher than in the
Nordic regions, thereby substantially changing relative stumpage prices, a
system whereby a certain portion of the wood feedstock of the Nordic
pulpmills could be provided by distant plantations may provide the economi-
cally most rational means for producing woodpulp.

This situation is similar to that of the projections of the Randers/ Lonnstedt
Scandinavian Forest Sector Model (1979) where domestic pressures cause
stumpage prices to rise precipitously and thereby contribute to the instability
of the forest industry system. While the Randers/Lonnstedt model explicitly
precludes increased importation of foreign wood by assumption, the planta-
tions simulation model examined the possibility of wood imports and esti-
mated the stumpage price differentials at which the Nordic forest industry
would find it profitable to begin to import woodchips from various foreign
regions. For example, one scenario of the plantations model developed above
suggests that if Brazilian pulpwood stumpage prices were 80% or less of Nordic
stumpage prices, comparable quality woodchips imports from Brazil would
become economically viable since international transport costs are about 20%
of the Nordic stumpage price. Thus, under some conditions the efficient forest
industry strategy would be one of increasing reliance upon inexpensive foreign
wood to supplement domestic supplies.

4. Summary and conclusions

As the world’s old-growth forests have gradually been utilized for their
industrial wood resource, the world’s future forest resource requirements are
increasingly being met by man-made forest plantations. Rising real prices for
the wood resource have provided economic incentives to undertake invest-
ments in man-made industrial plantations. The choice of location for new
forest plantations is no longer confined to regions that have traditionally been
important forest-product producers, but can now consider regions that have
particularly favorable biological and/or locational features. A simulation
study has indicated that the economics are quite favorable for plantation
investments in many regions that have not been traditional forest product
producers, including regions of the Southern Hemisphere. Recent experience
with the establishment of plantations and Latin American exports tend to
confirm these results.
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Temperate forests have some important competitive advantages in the
production of forest products, including a very favorable location vis-a-vis the
important world markets. However, long rotations and low biological yields
result in the Nordic region’s relatively poor comparative performance, using
common investment criteria. Other considerations, such as development costs
and risk, while not formally introduced in the model, must also be considered.

Three alternative strategies for the Nordic forest sector were examined.
These are (a) the continuation of the current strategy, (b) a modest retrench-
ment, and (c) the reliance on alternative wood supply sources. All of them may
be viable.
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A SPATIAL EQUILIBRIUM MODEL OF U.S. FOREST
PRODUCTS MARKETS FOR LONG-RANGE PROJECTION AND
POLICY ANALYSIS *
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The Timber Assessment Market Model (TAMM) was developed to facilitate long-range
planning and policy analysis in the U.S. forest products sector. TAMM provides an integrated
structure for considering the behavior of prices, consumption, and production in both stumpage
and product markets. A competitive spatial equilibrium system is used to model markets for solid
wood products (lumber and plywood). The paper describes the origins, structure, and simulation
methods used in TAMM. Results of a baseline projection and a simulation of increased manage-
ment intensity on private lands are presented to illustrate model applications.

0. Introduction

In both the public and private sectors, long-range projections of forest
products markets and the condition of the resource base are essential tools for
planning resource development. In the United States, organized efforts began a
century ago to assess the state of the forest resource and to forecast its future
use and condition. During the past three decades these “timber assessments”
have become an integral part of U.S. Forest Service planning. Both the Forest
and Rangeland Renewable Resource Planning Act (RPA) of 1974 and the
National Forest Management Act (NFMA) of 1976 emphasize and strengthen
the role of the Timber Assessment. The RPA, in particular, recognizes the
problem of attempting to coordinate the short-term (annual) budgetary process
of a public forestry agency and long-term goals and concerns in the forestry
sector. Under the mandate of the RPA, the Forest Service develops decennial

* Work on the TAMM model was funded by the U.S. Forest Service, Pacific Northwest Forest
and Range Experiment Station and by the College of Forestry, Oregon State University.
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Timber Assessments which are used both to establish individual and agency
perceptions about future markets and resource conditions (i.e., to identify
potential policy issues) and as a means to evaluate the effectiveness of
alternative policies on these emerging problems.

During the 1970s the projection methodologies employed in the Timber
Assessment evolved from simple trend extrapolations of consumption, produc-
tion, and price to econometric models that project supply and demand
equilibria in both space and time. This paper discusses the modelling method-
ology employed in the most recent Timber Assessment for making long-term
projections of future U.S. product and stumpage market activity and for
evaluating the potential impacts of alternative private and public policy
programs on resource use. A detailed discussion of model estimation, valida-
tion, and example results is given elsewhere [1].

1. Considerations in the development of a revised timber assessment model

Past effort to make long-range forecasts of timber production, consumption,
and prices in the U.S. have relied on a process of independent projection of
quantities “demanded” and “supplied” at prespecified future price levels (see,
for example, ref. [8]). The intent in this approach was to approximate points on
the actual demand and supply curves for timber as they shift through time. In
real world markets, of course, prices will move so as to bring about equilibrium
between quantities demanded and supplied. Thus, a projection of “demand”
greater than “supply” for some future time period implies a price higher than
that initially assumed in the analysis, while “supply” greater the “demand”
implies a lower price. This approach has been termed “gap analysis,” after the
inevitable gaps between projected “demand” and “supply” levels.

While gap analysis played an important role in earlier national Timber
Assessments, it has at least four serious faults. An evaluation of these problems
was an important first step in developing the 1980 Timber Assessment model.

(1) The demand quantity projections in gap analysis are nothing more than
trend extrapolations of past consumption levels, there being no explicit linkage
between the quantity forecast and the assumed prices. Similarly on the supply
side, quantities were projected with primary concern for basic forestry precepts
such as cut/growth balance in the long-term rather than economic supply
behavior. As a consequence the price inferences drawn from gap analysis are
suspect. The relationships between prices and quantities consumed and pro-
duced must be clear and consistent in a long-range projection model. Models
should be of a positive rather than normative nature, if projection results are to
have broad credibility. Introduction of conditions, such as long-term growth /
cut balance, should be treated as a policy analysis where such conditions are
not already legally or socially mandated.
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(2) Gap analysis focuses attention on quantity imbalances and establishes
the initial price assumption as a standard. These restrictions limit the utility of
projection results to policy analysts. Over the past decade, policy discussions
have come to focus primarily on price as the measure of resource scarcity or
abundance rather than quantity. As a consequence analysts need to know the
specific levels and rates of price change resulting from a particular policy not
simply that prices will be above or below some arbitrary datum. Further, any
standard for acceptable price levels or rates of price growth will be established
in the policy deliberation process and should not be introduced merely as an
antifact of the projection process.

Application of gap analysis in past national Timber Assessment has also
entailed a high degree of aggregation in the projections. This gives rise to two
additional criticisms.

(3) In past national studies, quantities demanded and supplied have been
defined in terms of total wood consumption (domestic use plus exports) and
total timber availability (domestic harvest plus imports). In this way it has
been impossible to judge whether prices of specific products (such as lumber,
plywood, pulp, etc.) will be changing at the same or different rates. The
substantial diversity in market structures and hence in market behavior for
individual product categories is ignored in this aggregation. Since the analysis
concentrates on end product demand and stumpage supply, the economic
processes of product supply, i.e., conversion of stumpage to logs and ultimately
to finished products, is also ignored. Additionally, no direct inferences can be
made from the analysis about conditions or price movements at different
market levels. Specifically, developments in resource markets (stumpage prices
or log prices, for example) cannot be directly determined from the analysis.
The future behavior of consumption, production, and prices of different
products and of stumpage will affect widely different groups in society.
Consequently, policy makers must have a less aggregative projection of future
market behavior if they are to judge the important equity implications of
alternative policies.

(4) A similar concern arises with regard to the high degree of geographic
aggregation in past Assessments. The “gap” has generally been computed at
the national level. Projections of regional developments (stumpage prices,
product output, etc.) have not been available. This is a serious concern in light
of the obvious significance of regional impacts in policy evaluation. Lumping
all regions together also leads to a gross misrepresentation of market behavior.
Production and consumption of forest products is not homogeneously distrib-
uted across the U.S. in a geographical sense. Production is concentrated in the
South, Rocky Mountains, and Pacific Coast areas while consumption is
concentrated in the North, South, and Pacific Southwest. Behavior of product
and stumpage markets in producing regions is strongly influenced by the
marketing advantages or disadvantages these regions face precisely because of
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their location relative to consuming regions. A credible long-term projection
model must recognize these spatial phenomena.

Finally, beyond the lessons learned from failures of the gap model, two
other unique features of the U.S. forest products economy had a strong
influence on the form and structure of the 1980 Timber Assessment model. In
the U.S., production is oriented almost entirely toward filling the large
domestic demand. Export markets play a relatively small role, unlike other
major forest products producing countries. Imports, on the other hand, are
significant in certain products, particularly from Canada. This suggests that
the model should contain considerable detail on domestic trade and on certain
import flows, with less emphasis on exports and other world markets. A
further feature of significance is that forest management activities on private
lands in the U.S. (harvesting, planting, and the whole array of intensive
silvicultural practices) are only very loosely regulated by the public sector.
Management on private forest lands is primarily a function of individual
owner objectives. Prices of stumpage and costs of management have a signifi-
cant influence on behavior of industrial owners, given their fairly consistent
objectives of economic gain. Factors affecting behavior of non-industrial
owners, however, are much less clear. As a consequence, a long-range projec-
tion model must contain a fairly elaborate structure to describe behavior at the
stumpage level. The model must explain both current levels of timber harvest
and rates of private investment in silvicultural practices.

2. Structure of the 1980 Timber Assessment Market Model

Guided by the foregoing discussion of deficiencies in the gap model and
important structural considerations in U.S. markets, a revised projection
model, termed the Timber Assessment Market Model or TAMM, was devel-
oped for the Forest Service’s 1980 RPA Timber Assessment [9]. The broad
objective was the construction of a model that could be used for making
projections and evaluating a broad range of alternative policies over a 50 year
projection period. The principal concern was with the identification of broad
trends in market activity rather than short-term cycles. Thus, for the product
markets where it was appropriate, a simple supply-demand framework was
employed, utilizing annual time series data for estimation purposes. Spatial
interactions in product markets was given explicit consideration.

An overview of the TAMM system is given in fig. 1. For lumber and
plywood, demand equations were developed for each of seven demand regions;
supply equations were developed for seven supply regions including Canada.
Spatial equilibrium in these markets is determined by a process that explicitly
considers transportation costs. Consumption of paper and paperboard prod-
ucts was projected using income-consumption relations for the entire U.S.
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Fig. 1. Major interactions in the Timber Assessment Market Model. Curved arrows indicate
locations of market price-quantity determination. Single or two-headed straight arrows indicate
uni-directional or multi-directional causation. Detail in stumpage sector shown for only one region.

After adjustments for imports, projections of domestic pulp production were
developed by supply region. Projected output of fuelwood, miscellaneous
products, and log exports in each supply region were based on estimates of
future consumption and trade in these products developed outside of the
model. Total demand for stumpage in each supply region was derived from
conversion of product supply volumes (for lumber, plywood, pulp, etc.) to
roundwood equivalents. Supplies of stumpage consist of public harvests set by
policies of federal and state agencies, and private harvests which are responsive
to both stumpage price and available inventory volumes. Equilibrium in each
regional stumpage market is determined by simple supply-demand intersec-
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tion. Timber inventory volumes by ownership and region are projected over
time using the TRAS model [4].

Boundaries of supply and demand regions in the model do not, in general,
coincide. Demand regions were defined based on major geographical con-
centrations of forest products consumption. Lumber and plywood demand
equations were estimated for these regions. Supply regions encompass prin-
cipal concentrations of forest products output. Lumber and plywood supply
equations, pulp production estimates, and all stumpage market activities are
developed for each of the supply regions.

2.1. Specifying and solving the framework for lumber and plywood

Of the several major classes of forest products, lumber and plywood are the
commodities whose markets in the U.S. are best represented by the classical
competitive model. The numbers of buyers and sellers of these commodities
are very large, while the market share of even the largest buyers and sellers is
very small. Barriers to entry or exit are minimal and both consumption and
production move freely in response to shifting prices or production costs.
Supply and demand relationships were developed as appropriate for each
supply and demand region, expressing price as a function of quantity and an
array of predetermined shifters.

Solutions to these systems of supply and demand relations in competitive
markets can be obtained in several ways. Samuelson [5] first showed that the
process of finding a spatial equilibrium could be viewed as a maximization
problem in which market forces act so as to maximize the sum of the areas
between the demand and supply equations of all regions less the total trinsport
costs for all shipments. The first order conditions for a maximum of this
objective are twofold: (1) where trade does exist between two regions, the
difference between unit costs in the supply region and unit price in the demand
reion must equal the unit transportation cost between the two; and (2) where
no trade takes place between two regions, the difference between demand
region unit price and supply region unit cost must be less than unit transport
costs. In practical applications, solutions may be found (using Samuelson’s
basic principle) by means of linear programming. In this case the supply
functions may be represented by resource constraints or approximated together
with the demand functions in a piecewise fashion by adding additional
activities (see, for example, ref. [2]). Where demand and supply functions are
linear, or approximately so, Takayama and Judge [6] have shown the appli-
cability of quadratic programming in directly solving Samuelson’s maximum
problem. An alternative approach, and the one adopted in TAMM, has been
developed by Tramel and Seale [7]. Termed “reactive programming,” it em-
ploys an iteration approach to determine equilibrium. Assuming continuous
demand and supply functions (of virtually any differentiable form), reactive
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programming involves the successive adjustment of quantities produced and
their distribution to demand regions so as to maximize producer profits net of
transport costs in each supply region. In what amounts to a tattonement
process, each producing region is given an opportunity to adjust its production
and shipments pattern until no further (profit increasing) moves are possible.
The resulting solution is identical to solutions found by the several pro-
gramming techniques.

In TAMM a spatial equilibrium in the lumber and plywood markets is
found in each year of the projection period. It should be noted that these
solutions do not represent, nor can the reactive programming procedure be
readily used to find, intertemporal production or consumption strategies which
are in some sense optimal. The production, consumption, and price time paths
are only estimates of the outcomes of contemporaneous interactions in freely
competitive markets.

2.2. The pulp sector

Owing to the substantial economies of scale in the production of pulp,
paper, and board products, this industry has evolved a market structure not
well approximated by the competitive model. In the short-term, rigidities in
physical production processes and the high fixed costs of operation tend to
keep production close to capacity and limit its responsiveness to price. Owing
both to the limited availability of substitutes and the relative unimportance of
the cost of paper and board products in total consumer expenditures and in
total production costs of paper-consuming industries, the demand for paper
and board tends to be highly inelastic when viewed in the aggregate. As a
consequence, consumption of paper and board was projected by means of
income-consumption or Engle’s curves. Total domestic paper and board
output was derived by deducting externally developed estimates of imports and
adding estimates of exports. Total U.S. virgin pulp production was estimated
by converting product output to pulp equivalents with due allowance for
non-wood and recycled fiber inputs. Pulp production by supply region was
projected as a function of roundwood and residue availability and relative
regional labor costs.

Given estimates of regional pulp output, wood input requirements were
generated using technical pulp yield relationships derived for the projected mix
of pulping types in each supply region. Residue consumption in pulping was
adjusted for consistency with total residue generation in lumber and plywood
manufacture and residue consumption as exports, fuel, and as input to other
residue-based industries such as particle board and other panel products.
Roundwood demand generated by pulp producers was added to the total
demand for stumpage in each region.
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2.3. Product / factor market linkage

Most recent efforts to develop long-range projection models of the U.S.
forest products economy have treated the relationship between product and
stumpage markets in an ad hoc fashion. Specifically, stumpage prices have
generally been projected by some link with product prices with no explicit
model of stumpage supply and demand (see, for example, ref. [8]) or they have
not been projected at all (e.g., ref. [3]). In TAMM these markets are explicitly
linked and the solutions for market clearing prices in each period are obtained
simultaneously.

The TAMM approach can be demonstrated as follows. The overall TAMM
system may be represented by the equations:

Type of relation Function
Product (1)
demands a, D+ a;,PP =g1Z, (2)
Product (3)
supplies ay,S + ayy PS +hyPH =g,7, (4)
Stumpage
demands c13S +dnH =g117Z,
Stumpage
supplies dpH  +dnpPH  =g,7,,

where

D and PP are 12 X 1 vectors of lumber and plywood demand region quantities
and delivered prices, respectively;

S and PS are 14 X 1 vectors of lumber and plywood supply region quantities
and mill prices, respectively;

H and PM are 8 X 1 vectors of supply region timber harvests and stumpage
prices, respectively;

Z,, Z,, Z,, and Z, are vectors of predetermined variables for the product
demand, product supply, stumpage demand, and stumpage supply equa-
tions, respectively, and

agy, 13, Ay, Aoy, bay, €14, dyy. dy;. and d,, are, respectively, 12 X 12, 12 X 12,
14X 14,14 X 14,14 X 8,8 X 14, 8 X 8, 8 X §, and 8 X § arrays of coefficient
estimates for the endogenous variables; and

211 &12- &n. and g,, are appropriately dimensioned arrays of coefficient
estimates for the predetermined variables.

Egs. (1) explain the quantities demanded (D) of lumber and plywood in
each demand region in terms of delivered product prices (P") and an array of
demand shifters (Z,) including housing activity, manufacturing output, non-
residential construction, and substitute prices. Eqs. (2) explain the quantities
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supplied (S) of lumber and plywood in each supply region in terms of product
prices (PS), stumpage prices (P!), and predetermined variables ( Z,) including
non-wood production costs. Product supply equations employ the familiar
partial adjustment mechanism, so that Z, also includes once lagged supply
quantities. Eqs. (3) give total stumpage demand (H) as the sum of the
roundwood equivalents of lumber and plywood output plus exogenously
determined production volumes of pulp, miscellaneous products, log exports
and fuelwood (in Z;). Finally, stumpage supply (equal to H in equilibrium) is
explained by eqgs. (4) as a function of stumpage price (PH) and (in Z,)
growing stock inventory.

Stumpage market equilibrium involves simultaneous solution of egs. (3) and
(4). This leads to a partial reduced form expression for the endogenous
variables in the stumpage sector, timber harvests (H) and stumpage prices
(P™), in terms of predetermined variables in these equations and the lumber
and plywood supply quantities (S):

[H ]: dy 0 ]“1 8nZs— ¢3S
pH dy dy 8224

or
H:dl_ll(g21z3_cl3s)’ (5)
PP = —dy)dyd (8025 — ¢158) +d2'gn Z,. (6)

Substituting eqgs. (6) into (2) to eliminate stumpage market variables from the
product supply equations we obtain (after simplification):

(‘123 + b24d521d21d1_11C13)S + ‘1241)S =817+ b24d521d21df1182123

_b24d52182224- (7)

Egs. (7) are the supply equations for lumber and plywood in each supply
region expressed in a form which recognizes the interdependence of production
costs of the two products. The supply equation for one product includes the
supply volume of the other. This arises because changes in lumber supply, for
example, influence stumpage prices which in turn influence plywood produc-
tion costs. Thus, movements along the supply curve for one product lead to
shifts in the supply curve of the other.

The reactive programming algorithm utilizes eqs. (1) and (7) to find a
product market solution for the vectors D, PP, S and PS5, given transport
costs. Equilibrium in the stumpage market is then computed using eqgs. (5) and
(6). Thus the entire system is in simultaneous equilibrium.
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2.4. Dynamic considerations

Introduction of key dynamic elements in product and stumpage supply adds
two more model components. The first is a mechanism to expand and contract
lumber and plywood processing capacity as economic activity changes and the
second is a means for projecting resource inventory changes resulting from
harvest and forest growth. Productive capacity of lumber and plywood is
adjusted over time in response to changing profitability conditions. In a
competitive market, large positive profits in a given region relative to other
regions should serve as an inducement for capacity expansion. As capacity
expands, production costs, particularly for stumpage, should rise (as derived
demands for factors increase), eliminating the relative differences in regional
profit.

The second dynamic element relates to private timber supply which is
composed of an inventory simulator and stumpage supply relationships. For
each region and private owner group there are two basic relations:

Ho,tzfo(PI’ Io‘l)’ (8)
Io‘t+l=lo,t+Go,l_Ho,l7 (9)
where

H, , = timber harvest for private owner class o, during period ¢;

P, = regional stumpage price in period #;

I, , = growing stock inventory held by owner class o, at the start of period ¢;
f, = a function relating current period price and start of period inventory

to harvest for owner class o; and

G, . = net growth of inventory, owner o, period ¢.
Eq. (8) is the private stumpage supply relation. In each region there are two
private owner groups, industrial and non-industrial, and hence two sets of egs.
(8) and (9). Eq. (9) represents the basic growth model which employs a stand
table projection method developed by Larson and Goforth [4]. The original
Larson and Goforth model was modified so that net growth can be adjusted to
account for changes in the intensity of forest management on private lands.

The model of private investment in intensified management assumes that
private owners are economically rational in their evaluation of alternative
investment opportunities, i.e., they base decisions on the present net worth of
investments. In each year of the simulation period they examine potential
investment alternatives to determine those with present net worths greater than
zero. A fraction of the area available for intensive management is then enrolled
in the various treatments. Net growth of the inventory is increased to reflect
these investment decisions. The exact level and time path of changes in growth
depend on the nature of the management practices adopted. For example, in
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the South most available practices involve regeneration of cutover softwood
types or conversion of hardwood to softwood types through site preparation
and planting. As a result, intensive management first impacts the growth of the
smallest diameter classes, then gradually accelerates growth in larger classes as
the plantations mature. As can be seen from eq. (8), intensive management
influences quantities harvested only when inventory levels are changed. Be-
cause growth and inventory expand gradually over time in response to more
intensive management, the resulting market impacts also increase in a gradual
fashion.

3. Illustrative results

TAMM has been used both to make long-term projections and to conduct a
number of policy simulations. In both cases, it has provided a number of
insights into the structure of U.S. forest product markets and the effectiveness
of various policies. Three such insights are discussed in this section: (1)
long-term locational variability in the forest products industry, (2) the extent of
substitution between sources of timber supplies (both interowner and interre-
gional), and (3) the opportunities for, and the impacts of, increasing levels of
intensive management on private lands.

The spatial framework of TAMM provides a useful tool for examining
evolution of the location and mix of processing capacity through time. For
example, projections of the market shares of U.S. lumber and plywood
processors by region are shown in figs. 2 and 3. The driving force behind these
projections is processing profitability. The shifts follow changes in regional
profitability that stem from changes in production costs — most notably
changes in stumpage prices. These latter costs are the most volatile components
of total production costs. Stumpage price projections for representative regions
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Fig. 2. Historical and projected regional shares of U.S. softwood lumber consumption.
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Fig. 3. Historical and projected regional shares of U.S. softwood plywood consumption.

are shown in fig. 4. Regional stumpage price differences have occurred in the
past and remain an important feature of the future in TAMM projections.
These differences stem from interregional variations in the resource situation,
the mix and level of processing, capacity, and differences in location relative to

emerging or declining final products markets.

The model framework has proven useful in simulating market responses
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Fig. 4. Historical and projected regional stumpage prices.
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associated with changes in harvest levels on publicly owned lands. It has
illustrated that the impacts of various harvest policies on decision criteria such
as prices, production levels, etc., depends on two key elements: (1) responsive-
ness of private timber owners to changes in price and inventory, and (2) the
significance of the change in harvest vis-a-vis total national timber supply. The
result has been a wider recognition that the impact of a change in harvest
depends on the net change in U.S. supply rather than changes in harvest levels
on public lands in isolation. This point can be illustrated using the results of a
simulation of the withdrawal of all currently unroaded areas on the national
Forests from the allowable cut base. These are unroaded areas of National
Forests that may be withdrawn from harvest, depending on the eventual
outcome of the second Roadless Area Review and Evaluation (RARE II). This
withdrawal would be accompanied by a decline in allowable cut.

In the simulation, National Forest harvest declines in 1990 by 498 million
cubic feet as a result of the withdrawals. Private owners and Canadian
producers, facing higher stumpage and product prices, expand production and
offset the decline by 381 million cubic feet. The net supply effect owing to this
substitution is only 117 million cubic feet.

Another source of substitution is that among regions. In the above simula-
tion most of the increases in private cut come in the South, while reductions in
National Forest harvest come almost exclusively in the West. The result is a
redistribution of production from the West to the South and Canada. This last
point illustrates the usefulness of the spatial framework.

The third insight involves explication of the linkage between the level of
private management intensity and long-term timber harvest. While this rela-
tionship is at present poorly understood, TAMM can be employed to experi-
ment with various assumptions on future levels of management intensity,
exposing thereby the possible range of harvest impacts that might be expected.
An example of such experimentation is a simulation run assuming that owners
adopt all available intensive practices yielding at least a four per cent real rate
of return on invested capital. This is an extreme assumption and will lead to a
very high level of investment, but it is useful as an illustration of impacts of
widespread adoption of intensive management. Projection results for total
inventories are shown in fig. 5 for the South and Pacific Coast regions.
Intensive management has very large growth and harvest impacts in these two
regions, which to some extent preempts opportunities in the other regions.
Growth response is greatest in the South. The figure also illustrates the
intertemporal impacts of intensive management, in that the effects are not
realized until after 2000 in the South and 2020 in the Pacific Coast region.
Results of this simulation suggest that intensification of management under
this specific assumption will:

(1) accelerate concentration of lumber and plywood production in the South,
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Fig. 5. Historical and projected private timber inventories by region under current and intensive
management.

(2) lead to displacement of Canadian lumber imports and create opportunities
for expanded exports, and
(3) stabilize lumber and plywood prices after 2000.

4. Concluding remarks

Long-range planning as now conducted by the U.S. Forest Service utilizes a
systems approach with an explicit spatial structure. The approach has consid-
erable potential for analyzing the effects of different forest policies and
programs and for making conditional projections. The form of the TAMM
model reflects market conditions specific to the U.S. in that competitive
behavior is assumed (embodied) in the structures of the lumber, plywood, and
stumpage markets but not in pulp and paper. The model is also a partial
equilibrium analysis since conditions in other economic sectors are taken as
exogenous. In other countries, where allocative decisions are based on other
systems and considerations or where the forestry sector accounts for a large
share of national economic activity, other structures will be required. Still, we
believe the results to date with TAMM clearly illustrate the potential benefits,
both to public policy and industrial decision makers, of large scale systems
simulation in the forestry sector.
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This paper describes a multicriteria dynamic linear programming model for studying long-range
development alternatives of forestry and forest based industries at a national and regional level.
The Finnish forest sector is used as an object of implementation and for numerical examples. Our
model is comprised of two subsystems, the forestry and the industrial subsystem, which are linked
to each other through timber supply. The forestry submodel describes the development of the
volume and age distribution of different tree species within the nation or its subregions. In the
industrial submodel we consider various production activities, such as the saw mill industry, panel
industry, pulp and paper industry, as well as secondary processing of primary products.

1. Introduction

As 1s the case with several natural resources, many regions of the world are
now at the transition period from ample to scarce wood resources. In addition,
the forest sector plays an important role in the economy of many countries.
Therefore, long-term policy analysis of the forest sector, i.e., forestry and forest
industries, is becoming an important issue for such countries.

We may single out two basic approaches for analyzing the long-range
development of the forest sector: simulation and optimization. Simulation
techniques (e.g., system dynamics) allow us to understand and quantify basic
relationships influencing the development of the forest sector (see Jeger et al.
1978, Randers 1976, Seppala et al. 1980). Hence, using a simulation technique
we can evaluate the consequences of a specific policy. However, using only
simulation it is difficult to find a “proper” (or in some sense efficient) policy.
The reason for this is that the forest sector is in fact a large-scale dynamic
system and, on the basis of simulation alone, it is difficult to select an
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appropriate policy which should satisfy a large number of conditions and
requirements. For this we need an optimization technique, or more generally,
multiobjective optimization. Because of the complexity of the system in ques-
tion, linear programming (Dantzig 1963) may be considered as the most
appropriate technique for this case. It is worthwhile to note that the optimiza-
tion technique itself should be used on some simulation basis; i.e., different
numerical runs based on different assumptions and objective functions should
be carried out to aid the selection of an appropriate policy. Specific applica-
tions of such an approach for planning an integrated system of forestry and
forest industries have been presented, for instance, by Jackson (1974) and
Barros and Weintraub (1979).

Already because of the nature of growth of the forests, the model should
necessarily be dynamic. Therefore, in this paper we consider a dynamic linear
programming (DLP) model for the forest sector. In this approach the planning
horizon (e.g., a 50-year period) is partitioned into a (finite) number of time
periods (e.g., 5-year periods) and for each of these shorter periods we consider
a static linear programming model. A dynamic LP is then just a linear program
comprised of such static models which are interlinked via various state
variables (i.e., different types of “inventories,” such as wood in the forests,
production capacity, assets, liabilities, etc., at the end of a given period are
equal to those at the beginning of the following period). In our forest sector
model, each such static model comprises two basic submodels: a forestry
submodel, and an industrial model of production, marketing and financing.
The forestry submodel also describes ecological and land availability con-
straints for the forest, as well as labor and machinery constraints for harvesting
and planting activities.

The industrial submodel is described by a small input-output model with
both mechanical (e.g. sawmill and plywood) and chemical (e.g., pulp and
paper) production activities. Also secondary processing of the primary prod-
ucts will be included in the model, in particular, because of the expected
importance of such activities in the future.

The rate of production is restricted by wood supply (which is one of the
major links between the submodels), by final demand for forest products, by
labor force supply, by production capacity availability, and finally, by finan-
cial considerations.

The evaluation criterion in comparing alternative policies for the forest
sector is highly multiobjective: while selecting a reasonable long-term policy,
preferences of different interest groups (such as government, industry, labor,
and forest owners) have to be taken simultaneously into account. It should also
be noted that forestry and industry submodels have different transient times: a
forest normally requires a growing period of at least 40 to 60 years whereas a
major structural change in the industry may be carried out within a much
shorter period. Because of the complexity of the system, it is sometimes
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desirable to consider the forestry and the industries on some independent
basis, and to analyze an integrated model thereafter (see Kallio et al. 1979).

It is also important to take into account all the uncertainties which can
happen with the forest and related sectors during such a long period. A
stochastic model seems to be more appropriate for the case. However, high
requirements to input data, difficulties of applying stochastic solution tech-
niques, etc. make the suggested approach more realistic.

The paper is divided into two parts. In the first part (sections 2-4) we
describe the methodological approach. In the second part (section 5) a specific
implementation for the Finnish forest sector is described and illustrated with
somewhat hypothetical numerical examples.

2. The forestry subsystem

Mathematical programming is a widely applied technique for operations
management and planning in forestry (e.g., Navon 1971, Dantzig 1974, Kilkki
et al. 1977, Newnham 1975, Naslund 1969, Wardle 1965, Ware and Clutter
1971, Weintraub and Navon 1976, Williams 1976). In this section we follow a
traditional formulation of the forests’ tree population into a dynamic linear
programming system. We describe the forestry submodel, where the decision
variables (control activities) are harvesting and planting activities, and where
the state of the forests is represented by the volume of trees in different species
and age groups. Because the model is formulated in the DLP framework, we
single out the following: (i) state equations which describe the development of
the system, (i) constraints which restrict feasible trajectories of the forest
development, and (iil) the planning horizon.

2.1. State equations

Each tree in the forest is assigned to a class of trees specifying the age and
the species of the tree. A tree belongs to age group @ (a=1,..., N—1) if its
age is at least (¢ — 1)A but less than aA, where A is a given time interval (for
example, five years). In the highest age group a= N all trees are included
which have an age of at least (N — 1)A. (Instead of age groups, we might
alternatively assign trees to size groups specified by the trees’ diameter or
volume.) We denote by w,,(¢) the number of trees of species, s, s=1,2,3,...,
(e.g., pine, spruce, birch, etc.) in age group a at the beginning of time period ¢,
t=0,1,...,T. Index s may be extended to refer to region, soil class, and forest
management alternative as well.

Let «} .(1) show the ratio of trees of species s and in age group a that will
proceed to the age group a’ during time period ¢. We shall consider a model
formulation where the length of each time period is A. Therefore, we may
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assume that a},.(¢) is independent of ¢ and equal to zero unless @’ is equal to
a+1 (or a for the highest age group). We denote then o}, ()=« with
0 <« < 1. The ratio 1 — o, may then be called the attrition rate correspond-
ing to time interval A and tree species s in age group . We introduce a
subvector w,(t)= {w,,(1)}, specifying the age distribution of trees (number of
trees) for each tree species s at the beginning of time period . Assuming
neither terminal harvesting nor planting, the age distribution of trees at the
beginning of the next time period ¢ + 1 will then be given by a’w, () where o’
is the square N X N growth matrix, describing again, removals due to thinning
and death of the trees resulting from natural causes. By our definition, it has
the form

o 0 - 0 0
® 0 0 0
=0 & 0 0
0 0 - oy, o

Introducing a vector w(t)= {w,(¢)} = {w,,(¢)}, describing tree species and
age distribution and a block-diagonal matrix « with submatrices o on its
diagonal, the species and age distribution at the beginning of period ¢ + 1 will
be given by aw(t).

We denote by u*(¢) and u (t) the vectors of planting and final harvesting
activities at time period ¢. The state equation describing the development of
the forest will then be

w(t+ 1) =aw(t)+nu* (1) —wu (1), (1)

where matrices 7 and  specify activities in such a way that nu*(¢) and
—wu (t) are the incremental change in numbers of trees resulting from
planting and harvesting activities, respectively.

It should be noted that the growth rate of the trees is dependent in fact on
the number of trees growing in a unit area. Hence, instead of eq. (1) we should
use a nonlinear equation. However it will complicate the problem considerably.
Therefore, it would be more practical to use linear approximation (1) with
some average figures in the matrix a. It is possible to check these figures after
the solution has been obtained and update them if necessary.

A planting activity n may be specified to mean planting of one tree of
species s which enters the first age group (a = 1) during period ¢. Thus, matrix
1 has one unit column vector for each tree species s. The nonzero element of
such a column is on the row of the first age group for tree species s in eq. (1).

A harvesting activity A is specified by variables u, (¢) which determine the
level of this activity. The coefficients w}, of matrix « are defined so that
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WUy (1) 1s the number of trees of species s from age group a harvested when
activity 4 is applied at level u, (z). Thus, these coefficients show the age and
species distribution of trees harvested when activity 4 is applied.

2.2. Constraints

2.2.1. Land

Let H(t) be the vector of total acreage of different soil types d of land
available for forests at time period ¢. Let G, be the area of soil type d
required by one tree of species s and age group a. We assume that each tree
species uses only one type of soil d; i.e., only one of the elements G.,, d =1,
2,..., is nonzero. Thus, if we consider more than one land type, then the tree
species s may also refer to the soil. Defining the matrix G = (G,), we have the
land availability restriction

Gw(t) < H(1). (2)

In this formulation we assume that the land area H(¢) is exogenously given.
Alternatively, we may endogenize vector H(?) by introducing activities and a
state equation for changing the area of different types of land. Such a
formulation is justified if changes in soil type over time are considered or if
some other land intensive activities, such as agriculture, are included in the
model.

Besides land availability constraints, requirements for allocating land for
certain purposes (such as preserving the forest as a water shed or as a
recreational area) may be stated in the form of inequality (2). In such a case
(the negative of) a component of H(¢) would define a lower bound on such an
allocation, while the left hand side would yield the (negative of) land allocated
in a solution of the model.

Sometimes constraints on land availability may be given in the form of
equalities which require that all land which is made available through harvest-
ing at a time period should be used in the same time period for planting new
trees of the type appropriate for the soil. Forest laws in many countries even
require following this type of pattern.

2.2.2. Labor and other resources

Harvesting and planting activities require resources such as machinery and
labor. Let R;,,( t) and R,,(¢) be the usage of resource g at the unit level of
planting activity n and harvesting activity 4, respectively. Defining the matrices
R™(t)={Rg, (1)} and R (1)={ R,,(¢)}, and vector R(t)= { R (1)} of avail-
able resources during period ¢, we may write the resource availability con-
straint as follows:

RY*(Yu™(t)+ R (t)u (1)< R(1). 3)
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More adequately, resource availability may be given by supply functions for
which piecewise linear approximations may be employed.

2.2.3. Wood supply
The requirements for wood supply from forestry to industries can be given
in the form:

Ww(t)+S(t)u™ (1) =y(1), (4)

where vector y(t)= {y,(t)} specifies the requirements for different timber
assortments k (e.g., pine log, spruce pulpwood, etc.), matrix S(¢) transforms
quantities of harvested trees of different species and age into the volume of
different timber assortments, and ¥w(¢) accounts for thinning activities. Note
that the volume of any given tree being harvested is assigned in eq. (4) to log
and pulpwood in proportion, depending on the species and age group of the
tree. For each species, several dimension classes of log may be specified. The
possibility of using any size of log as pulpwood may be included in the model.
Thereby the dimension distinguishing log from pulpwood actually becomes
endogenous.

2.3. Planning horizon

The forest as a system has a very long transient time: one rotation of the
forest may in extreme conditions require more than one hundred years.
Naturally, various uncertainties make it difficult to plan for such a long time
horizon. On the other hand, if the planning horizon is too short we cannot take
into account all the consequences of activities implemented at the beginning of
the planning horizon. To set a terminal condition for the forests, the standard
concept of sustainable yield shall be employed.

In order to analyze a stationary regime for the forests, we set w(t + 1)=
w(t)=w, for all ¢. The state equation (1) can then be restated as

w=aw+nu"—wu". (5)

Imposing constraints (2) through (4) on variables w, «*, and u~, we can
solve a static linear programming problem to find an optimal stationary state
w* of the forest (and corresponding harvesting and planting activities). This
approach has been used, for instance, by Rorres (1978) for finding the
stationary maximum yield of a harvest. The solution of a dynamic linear
program with terminal constraints

w(T)=w* (6)

yields the optimal transition to this sustainable yield state.
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Another way of introducing sustainable yield is to consider an infinite
period formulation and to impose constraints w(t)=w(t+ 1), u"(t)=u" (¢t +
1) and u"=u"(t+ 1), for all ¢ > T. If the model parameters for period ¢ are
assumed independent of time for all ¢ > T, then the dynamic infinite horizon
linear programming model may be formulated as a T+ 1 period problem
where the last period represents a stationary solution for periods ¢ > T, and the
first T periods represent the transition from the initial state to the stationary
solution.

There is a certain difference in these two approaches of handling the
stationary state. In the first approach, when eq. (5) is applied, we first find the
optimal stationary solution independently of the transition period, and there-
after we determine the optimal transition to this stationary state. In the latter
approach we link the transition period with the period corresponding to the
stationary solution. The linkage takes place in the stationary state variables
which are determined in an optimal way taking into account both time periods
simultaneously.

3. The industrial subsystem

We will now consider the industrial subsystem of the forest sector. Again
the formulation is a dynamic linear programming model. We discuss first the
section related to production and final demand of forest products, and the
financial considerations thereafter.

3.1. Production and demand

Let x(¢) be the vector (levels of) of production activities for period ¢, for
t=0,1,...,T—1. Such an activity / may include production of sawnwood,
panels, pulp, paper, converted products, etc. For each single product j, there
may exist several alternative production activites / which are specified through
alternative uses of raw material, technology, etc. Let U be the matrix of wood
usage per unit of production activity so that the wood processed by industries
during period 7 is given by vector Ux(t). Note that matrix U has one row
corresponding to each timber assortment k (corresponding to the components
of the timber supply vector y(¢) in the forestry model). Some of the elements
in U may be negative. For instance, saw milling consumes logs but produces
raw material (industrial residuals) for pulp mills. This byproduct appears as a
negative component in matrix U. We denote by r(¢)= {r.(¢)} the vector of
wood raw material inventories at the beginning of period ¢ (i.e., wood
harvested but not processed by the industry). As above, let y(¢) be the amount
of wood harvested in different timber assortments, and z¥(¢) and z(¢) the
(vectors of) import and export of different assortments of wood, respectively
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during period ¢. Then we have the following state equation for the wood raw
material inventory:

r(t+ 1) =r(t)+y(t) - Ux(t) +z7 (1) —z7(1). (7)

In other words, the wood inventory at the end of period ¢ is the inventory at
the beginning of that period plus wood harvested and imported less wood
consumed and exported (during that period). Note that if there is no storage
(change), and no import nor export of wood, then eq. (7) reduces to y(t)=
Ux(t); i.e., wood harvested equals the consumption of wood. For wood import
and export we assume upper limits Z*(r) and Z~ (1), respectively:

z(1)<Z*(t)and z (1) < Z (1). (8)

The production process may be described by a simple input—output model
with substitution. Let 4(¢) be an input-—output matrix having one row for each
product j and one column for each production activity / so that A(t)x(¢) is
the (vector of) net production when production activity levels are given by
x(t). Let m(t)={m;(¢)} and e(s)= {¢;()} be the vectors of import from
and export to the forest sector, respectively, for products j. Then, excluding
from consideration a possible change in the product inventory, we have

A()x(t)+m(t)—e(t)=0. 9)

Domestic consumption is included in e(#). Both for export and for import we
assume externally given bounds E(¢) and M(¢), respectively:

e(t)< E(1), (10)
m(t) < M(r). (11)

Such constraints may be substituted by piecewise linear export and import
functions in the model. The same applies to trade in timber.

Production activities are further restricted through labor and mill capacities.
Let L(t) be the vector of different types of labor available for the forest
industries. Labor may be classified in different ways taking into account, for
instance, type of production, and the type of responsibilities in the production
process (e.g., work force, management, etc.). Let p(¢) be a coefficient matrix so
that p(z)x(t) is the (vector of) demand for different types of labor given
production activity levels x(¢). Thus we have

p(t)x(t) < L(1). (12)

Again, such a constraint may be substituted by piecewise linear supply
function of labor.
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We will consider the production (mill) capacity as an endogenous state
variable. Let g(t) be the vector of the amount of different types of such
capacity at the beginning of period ¢. Such types may be distinguished by
region (where the capacity is located), by type of product for which it is used
and by different technologies to produce a given product. Let Q(t) be a
coefficient matrix so that Q(¢)x(¢) is the demand (vector) for these types of
capacity. Such a matrix has nonzero elements only when the region—product-
technology combination of a production activity matches with that of the type
of capacity. The production capacity restriction is then given as

Q(1)x(1) <q(1). (13)

The development of the capacity is given by a state equation

g(t+1)=(I-8)q(r)+v(1), (14)

where 8 is a diagonal matrix accounting for (physical) depreciation and v(?) is
a vector of investments (in physical units). Capacity expansions are restricted
through financial resources. We do not consider possible constraints of other
sectors, such as machinery or the construction sector, whose capacity may be
employed in investments of the forest sector.

3.2. Finance

We will now turn our discussion to the financial aspects. We partition the
set of production activities i into financial units (so that each activity belongs
uniquely to one financial unit). Furthermore, we assume that each production
capacity is assigned to a financial unit so that each production activity employs
only capacities assigned to the same financial unit as the activity itself.

Production capacity in eq. (14) is given in physical units. For financial
calculations (such as determining taxation) we define a vector g(t) of fixed
assets. Each component of this vector determines fixed assets (in monetary
units) for a financial unit related to the capacity assigned to that unit. Thus,
fixed assets are aggregated according to the grouping of production activities
into financial units, for instance, by region, by industry, or by groups of
industries.

Financial and physical depreciation may differ from each other; for in-
stance, when the former is specified by law. We define a diagonal matrix
[1—&(2)] so that [I —&(¢)]g(¢) 1s the vector of fixed assets left at the end of
period ¢ when investments are not taken into account. Let K(¢) be a matrix
where each component determines the increase in fixed assets (of a certain
financial unit) per (physical) unit of an investment activity. Thus the compo-
nents of vector K(t)v(t) determine the increase in fixed assets (in monetary
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units) for the financial units when investment activities are applied (in physical
units) at a level determined by vector v(¢). Then we have the following state
equation for fixed assets:

g(r+1)=[1-3()]q(r) + K(t)v(1). (15)

For each financial unit we consider external financing (long-term debt) as
an endogenous state variable. Let /(¢) be the (vector of) beginning balance of
external financing for different financial units in period ¢. In this notation, the
state equation for long-term debt is as follows:

e+ ) =1()+ 1" (t) =1 (1). (16)

We will restrict the total amount for long-term debt through a measure
which may be considered as a realization value of a financial unit. This
measure is a given percentage of the total assets less short-term liabilities. Let
p(¢) be a diagonal matrix of such percentages, let b(¢) be the (endogenous
vector of) total stockholders equity (including cumulative profit and stock).
Then the upper limit on loans is given as

[7=p()]i(e) <pu(t)b(2). (17)

Alternatively, external financing may be limited, for instance, to a per-
centage of a theoretical annual revenue (based on available production capac-
ity and on assumed prices of products). Note that no repayment schedule has
been introduced in our formulation, because an increase in repayment can
always be compensated by an increase of drawings in the state equation (16).

Next we will consider the profit (or loss) from period ¢. Let p*(¢) and
P~ (¢) be vectors whose components indicate profits and losses, respectively,
for the financial units. By definition, both profit and loss cannot be simulta-
neously nonzero for any financial unit. For a solution of the model, this fact
usually results from the choice of an objective function.

Let P(¢) be a matrix of prices for products (having one column for each
product and one row for each financial unit) so that the vector of revenue (for
different financial units) from sales e(?) outside the forest industry is given by
P(t)e(r). Let C(t) be a matrix of direct unit production costs, including, for
instance, timber, energy, and direct labor costs. Each row of C(¢) refers to a
financial unit and each column to a production activity. The (vector) of direct
production costs for financial units is then given by C(#)x(¢).

The fixed production costs may be assumed proportional to the (physical)
production capacity. We define a matrix F(x) so that the vector F(t)q(t)
yields the fixed costs of period ¢ for the financial units. According to our
notation above, (financial) depreciation is given by the vector a(¢)g(t). We
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assume that interest is paid on the beginning balance of debt. Thus, if €(z) is
the diagonal matrix of interest rates, then the vector of interest paid (by the
financial units) is given by €(¢)/(t). Finally, let D(z) be (a vector of) exoge-
nously given cash expenditure covering all other costs. Then the profit before
tax (loss) is given as follows:

pr (1) —p (1) = P(t)e(t) = C(t)x(t) = F(t)q(t)
—5(1)g(1) —e(2)1(¢) = D(2). (18)

The stockholder equity b(t), which we already employed above, now
satisfies the following state equation:

b(t+ 1) =b(t)+[I—7()] p*(2)+ B(2), (19)

where 7(t) is a diagonal matrix for taxation and B(¢) is the (exogenously
given) amount of stock issued during period ¢.

Finally, we consider cash (and receivables) for each financial unit. Let ¢(¢)
be the vector of cash at the beginning of period ¢. The change of each during
period ¢ is due to the profit after tax (or loss), depreciation (i.e., noncash
expenditure), drawing of debt, repayment, and investments. Thus we assume
that the possible change in cash due to changes in accounts receivable, in
inventories (wood, end products, etc.) and in accounts payable cancel each
other (or that these quantities remain unchanged during the period). Alterna-
tively, such changes could be taken into account assuming, for instance, that
the accounts payable and receivable, and the inventories are proportional to
annual sales of each financial unit.

Using our earlier notation, the state equation for cash is now

c(t+ D) =c()+[I=-7()] p* (1) —p (1) +3(1)q()

+1M () =17 (1) —K(¢)v(t)+ B(2). (20)

3.3. Initial state and terminal conditions

In our industrial model, we now have the following state vectors: wood raw
material inventory r(¢), (physical) production capacity q(¢), fixed assets g(¢),
long-term debt /(t), cash ¢(2), and total stockholders equity b(¢). For all of
them we have an initial value and possibly a limit on the terminal value. We
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shall refer to the initial and terminal values by superscripts 0 and *, respec-
tively; i.e., we have the initial state given as

r(0)=r°, q(0)=4q°, 4(0)=7",

1(0)=1°, c(0)=¢°, b(0) =b°, (21)
r(T)zr* q(T)=q* q(T)=q*,

T)<I* ¢(T)>c*. (22)

The initial state is determined by the state of the forest industries at the
beginning of the planning horizon. The terminal state may be determined as a
stationary solution similarly as we described for the forestry model above.

4. The integrated system

We will now consider the integrated forestry—forest industries model. First
we have a general discussion on possible formulations of various objective
functions for such a model. Thereafter, we summarize the model in the
canonical form of dynamic linear programming. A tableau representation of
the structure of the integrated model will also be given.

4.1. Objectives

The forest sector may be viewed as a system controlled by several interest
groups or parties. Any given party may have several objectives which are in
conflict with each other. Obviously, the objectives of one party may be in
conflict with those of another party. For instance, the following parties may be
taken into account: representatives for industry, government, labor, and forest
owners. Objectives for industry may be the development of profit of different
financial units. Government may be interested in the increment of the forest
sector to the gross national product, to the balance of payments, and to
employment. The labor unions are interested in employment and total wages
earned in forestry and different industries within the sector. Objectives for
forest owners may be the income earned from selling and harvesting wood.
Such objectives refer to different time periods ¢ (of the planning horizon) and
possibly also to different product lines. We will now give simple examples of
formulating such objectives into linear objective functions. Nonlinear objec-
tives may be employed as well.
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4.1.1. Industrial profit

The vector of profits for the industrial financial units was defined above as
[I—7()] pT(¢t)—p (1) for each period t. If one wants to distinguish between
different financial units, then actually each component of such a vector may be
considered as an objective function. However, often we aggregate such objec-
tives for practical purposes, for instance, summing up discounted profits over
all time periods, summing over financial units, or summing over both time
periods and financial units.

4.1.2. Increment to gross national product

For the purpose of defining the increment of the forest sector to the GNP
we consider the sector as a “profit center” where no wage is paid to the
employees within the sector, where no price is paid for raw material originating
from this sector, where no interest or taxes are paid. The increment to the
GNP is then the profit for such a unit.

4.1.3. Increment to balance of payments

The increment of the forest sector to the balance of payments has a similar
expression to the one above for the GNP. The changes to be made in this
expression are, first, to multiply the components of the price vector by the
share of exports in the total sales; second, to multiply the components of the
cost vectors by the share of imported inputs in each cost term; third, to
multiply by the share of foreign debts (among all long-term debts) of the
financial unit; and finally, to replace the depreciation function by investment
expenditures in imported goods.

4.1.4. Employment

Total employment (in man-year per period) for each time period ¢ for
different types of labor, in different activities and regions, has already been
expressed in the left hand side expressions of inequalities (3) and (12).

4.1.5. Wage income

For each group of the work force, the wage income for period ¢ is obtained
by multiplying the expressions for employment above by the annual salary of
each such group.

4.1.6. Stumpage earnings

Beside the wage income for forestry (which we already defined above), and
an aggregate profit (as expressed in eq. (6)), one may account for the stumpage
earnings; i.e., the income related to the wood price prior to harvesting the tree.
Such income is readily obtained by the timber assortments if the components
of the harvesting yield vector y(¢) are multiplied by the respective wood prices.
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4.2. The integrated model

The integrated forestry—forest industry model may be illustrated by fig. 1.
The interactions between the forestry and industrial subsystems takes place in
round wood consumption. Both subsystems interact with the general economy
{which in our model is exogenous). This latter subsystem determines the supply
(ie., prices and quantities) for capital, labor, energy, and land. Also domestic
consumption and export demand (import supply) are determined by this
subsystem.

We will now summarize the integrated forestry-industry model in the
canonical form of dynamic linear programming (see e.g., Propoi and
Krivonozhko 1978). Denote by X(t) the vector of all state variables (defined
above) at the beginning of period . Its components include the trees in the
forest, different types of production capacity in the industry, wood inventories,
external financing, etc. Let Y(¢) be the nonnegative vector of all controls for
period ¢, that is, the vector of all decision variables, such as levels of harvesting
or production activities. An upper bound vector for Y(t) is denoted by ¥(¢)
(some of whose components may be infinite). We assume that the objective
function to be maximized is a linear function of the state vectors X(¢) and the

General Economy:

Forest Industry Submodel:

{exogenous)
® Production and Investments
e Consumption and Trade e Capital Supply
e Resources: Capital, Labor e Labor Supply

e LLand Supply
e Energy Supply
e Demand

- Domestic
- Export

Timber Supply

Forestry Submodel:

o Forest Dynamics
® Forest Management
® Resources: Capital, Labor, Land

Fig. 1. Integration of forest sector models.
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control vectors Y(¢), and we denote by y(¢) and A(¢) the coefficient vectors
for X(t) and Y(1), respectively, for such an objective function. This function
may be, for instance, a linear combination of the objectives defined above. For
multicriteria analysis y(¢) and A(z) are matrices. The initial state X(0) is
denoted by X°, and the terminal requirement for X(7') by X*. Let I'(t) and
A(1) be the coefficient matrices for X(¢) and Y(¢), respectively, and let £(¢) be
the exogenous right hand side vector in the state equation for X(¢). Let ®(¢),
(1), ¢(¢) be the corresponding matrices and the right hand side vector for the
constraints. Then the integrated model can be stated in the canonical form of
DLP as follows:

find Y(¢),forO<sr<T—1,and X(¢),forl<t<T,to

T-1

maximize ;0 [y() X(£) +y()Y()] +¥(T) X(T),

subject to

X+1)=T()X(t)+A()Y(t)+£&(r), forO<t<T-—1,
D(t)X(t)+(2)Y(r)=y(1), forO0<r<T-1,
0<X(1),0<Y(1) < ¥(1), for all 7,

with the initial state

X(0)=x°,

and with the terminal requirement

X(T)= Xx*.

Il>

The notation for the constraints and terminal requirement refers either
to =, to < or to >, separately for each constraint. The coefficient matrix
(corresponding to variables X(z), Y(t), and X(¢+ 1)) and the right hand side
vector of the integrated forestry—industry submodel of period ¢ are given as

I -A@) 1] " [sm}
o)  2(1) 0 (o]

respectively.
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5. Application to the Finnish forest sector
5.1. Implementation

A version of the integrated model was implemented for an interactive
mathematical programming system called SESAME (Orchard-Hays 1978). The
model generator is written using SESAME’s data management extension,
called DATAMAT. An actual model is specified by the data tableaux of the
generator programs. Our example has been designed for the Finnish forest
sector. This model may have at most ten time periods each of which is a five
year interval. The whole country is considered as a single region. Table 1 shows
the dimensions of the model.

The seven product groups in consideration are sawnwood, panels, further
processed (mechanical) wood products, mechanical pulp, chemical pulp, paper
and board, and converted paper products. For each group we consider a
separate type of production capacity and labor force. We have aggregated all
production into one financial unit. Only one type of tree represents all tree
species in the forests. The trees are classified into 21 age groups. Thus, the age
increment being five years, the oldest group contains trees older than 100
years. Two harvesting activities were made available. The two timber assort-
ments in consideration are log and pulpwood.

The data for the Finnish model were provided by the Finnish Forest
Research Institute. They were partially based on the official forest statistics
(Yearbook of Forest Statistics 1977 /1978) published by the same institute.

Table 1
Characteristic dimensions of the Finnish forest sector model

Number of time periods @ 1
Length of one period in years »
Number of regions

Number of tree species

Number of age groups for trees * 2
Harvesting activities *

Soil types

Harvesting and planting resources

Timber assortments

Production activities

Types of labor in the industry
Types of production capacity
Number of financial units

[N [ T | [ NS NG T — O

w
[
=]

Number of rows in a ten period LP
Number of columns in a ten period LP 612

» The value may be specified by the model data. The numbers show the actual values being used.
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Table 2
Assumed annual demand of forest products (mill. m’, mill. ton)

Time Sawn- Panels Chemical Paper and Converted
period wood pulp board paper
1980-84 7.0 1.7 1.2 4.8 0.5
1985-89 7.5 2.0 11 5.8 0.7
1990-94 8.0 22 1.0 7.0 0.9
1995-99 8.8 2.5 0.9 8.3 1.2
2000-04 9.3 28 0.8 9.8 1.6
2005-09 9.7 3.2 0.7 11.6 21
2010-14 10.2 3.6 0.7 132 2.9
2015-19 107 4.1 0.6 151 38
2020-24 11.2 4.6 0.6 17.1 5.1
2025-29 11.6 5.2 0.6 19.2 6.9

Validation runs (which eventually resulted in our current formulation) were
carried out by contrasting the model solutions with the experience gained in
the preceding simulation study of the Finnish forest sector by Seppala et al.
(1980).

5.2. Scenario examples

For illustrative purposes we will now describe a few test runs. Most of the
data being used in these experiments correspond approximately to the Finnish
forest sector. This is the case, for instance, with the initial state; i.e., trees in the
forests, different types of production capacity, etc. Somewhat hypothetical
scenarios have been used for certain key quantities, such as final demand, and
price and cost development. Thus, the results obtained do not necessarily
reflect reality. They have been presented only to illustrate possible uses of the
model.

For each test run a ten times five year period model was constructed. Labor
constraints both for industry and for forestry were relaxed. At this state, one
activity for converted paper products was considered. Both roundwood import
and export were excluded. The assumed demand of wood products is given in
table 2. Mechanical pulp is not assumed to be exported. At the end of the
planning horizon, we require that in each age group there is at least 80% of the
number of trees initially in those groups. For production capacity a similar
terminal requirement was set to 50%. Initial production capacity is given in
table 3 and the initial age distribution of trees in fig. 2.

5.2.1. Scenario A: base scenario
For the first run the discounted sum of industrial profits (after tax) was
chosen as an objective function. Such an objective may reflect the industry’s
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Fig. 2. Age distribution of trees in 1980 and in 2010 according to Scenario B.

behavior given the cost structure and price development. The resulting produc-
tion is characterized as follows: the mechanical processing activities are limited
almost exclusively by the assumed demand of sawnwood and panels. The same
is true for converted paper products. However, the chemical pulp produced is

Table 3
Production capacity (mill. m*/year, mill. ton/year) initially in 1980 and in 2010 according to
Scenario A

Product 1980 2010
Sawnwood 7.0 10.2
Panels 1.7 3.6
Mechanical pulp 2.2 19
Chemical pulp 4.0 43
Paper and board 6.2 6.2

Converted paper products 0.5 2.9
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almost entirely used in paper mills, and therefore, the potential demand for
export has not been exploited. Neither have the possibilities for exporting
paper been used fully. Paper export is declining sharply from the level of 5
million ton /y, approaching zero towards the end of the planning horizon. This
is due to the strongly increasing production of converted paper products. The
corresponding structural change of the production capacity of the forest
industry over the 30 year period from 1980 to 2010 is given in table 3.

5.2.2. Scenario B: GNP potential

For the second run we have chosen the discounted sum of the increments of
the forest sector to gross national product as an objective function. Compared
with Scenario A, there is no significant difference in the production of
sawnwood, panels and converted paper products for which export demand
again limits the production. However, there is a significant difference in pulp
and paper production. Pulp is now produced to satisfy fully the demand for
export. Paper production is now steadily increasing from 5 million ton/y to
nearly 9 million ton/y. Paper export is still declining again due to increasing
use for the converting processes of paper products. Therefore, the export
demand for paper is not fully exploited.

The bottleneck for paper production now is the biological capacity of the
forests to supply wood. The annual use of roundwood increases from about 40
million m® to the level of 65 to 70 million m® (see fig. 3a). The increase in the
yield of the forests may be explained by the change in the age structure of the
forests during the planning horizon. Such change over the period 1980-2010
has been illustrated in fig. 2.

We notice a significant difference in the wood use between Scenarios A and
B. In Scenario A (the profit maximization) the national wood resources are
being used in an inefficient way; i.e., under the assumed price and cost
structure the poor profitability of the forest industry results in an investment
behavior which does not make full use of the forest resources.

5.2.3. Scenarios C and D: product price and demand variations

The prices of forest products in Scenario C represent average world market
prices. The prices used in Scenario A are 10% above this level (accounting for
possible quality differences). Investments are now unprofitable, and therefore,
under profit maximization criterion, production is declining at the rate of
capacity depreciation. As illustrated in fig. 3a, by the year 2020 the wood
resource utilization is decreased by 50% compared to the level in 1980. The
same is true for GNP as well.

In Scenario D demand for all forest products was doubled as compared
with Scenario A. Because of poor profitability, only part of this demand
potential will be exploited. The resulting wood consumption is given in fig. 3a.
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Fig. 3. Industrial consumption of roundwood (mill. m*/y) for Scenarios A—K.

Compared with Scenario A, it is about 10% higher.

5.2.4. Scenario E: inflation

Next, we modified the base scenario by an eight per cent annual real
inflation on all cost and price figures. This applies to production cost factors,
such as wages, energy and wood costs, investment costs, to the rate of interest
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as well as to forest products prices. In this scenario, the inflation losses due to
taxation and the gains due to a real reduction in loan repayments approxi-
mately outweighed each other so that profit maximization resulted is roughly
the same production figures as in Scenario A (see fig. 3b).

5.2.5. Scenarios F and G: wage rates and productivity

For Scenario F, an annual real increase of 2% was assumed for all wage
costs. The near future effect as compared with Scenario A is minor, whereas in
the long term, such an increase results in a significant reduction in production
(fig. 3b). On the other hand, a change in the opposite direction, i.e., a 2%
annual increase in labor productivity influences production significantly earlier.
As shown by Scenario G of fig. 3b, in 10 to 15 years wood consumption
increases to the level of 50 million m® annually.

5.2.6. Scenarios H and I: energy cost increase

The energy costs of Scenario A were increased by 2.7% annually (i.e., 15% in
5 y). Scenario H in fig. 3¢ shows the resulting decrease in production which is
significant only in the long term. In Scenario [ we assume in addition, that the
price of wood as a primary energy source would increase by the same rate of
2.8% annually. Around the year 2000 the energy use of wood becomes
competitive with industrial wood processing and from then on the total
consumption of wood starts increasing. The difference in Scenario I and H in
fig. 3c represents the energy use of wood.

5.2.7. Scenarios J and K: timber cost variations

Finally, two experiments were carried out to study the sensitivity of wood
price. In Scenario J a 20% decrease was imposed as compared to the wood
costs in Scenario A. In Scenario K the corresponding decrease is 2% annually,
The result in wood consumption are given in fig. 3d. The 20% decrease resulted
in better profitability and thereby a steady immediate growth of the industry.
The annual decrease of 2% results in a significant change only after 10 years.
However, thereafter the forest industrial growth is fast and reaches the
biological limits of forests (i.e., 60 to 70 million m’ of annual wood consump-
tion) around the year 2000.

6. Summary and possible further research

We have formulated a dynamic linear programming model of a forest
sector. Such a model may be used for studying long-range development
alternatives of forestry and forest based industries at a national and regional
level. Our model comprises two subsystems, the forestry and industrial subsys-
tem, which are linked to each other through the roundwood supply from
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forestry to the industries. We may also single out static temporal submodels of
forestry and industries for each interval (e.g., for each five year period)
considered for the planning horizon. The dynamic model then comprises these
static submodels which are coupled with each other through an inventory-type
of variables; i.e., through state variables.

The forestry submodel describes the development of the volume and the age
distribution of different tree species within the nation or its subregions. Among
others, we account for the land available for timber production and the labor
available for harvesting and planting activities. Also ecological constraints,
such as preserving land as a watershed may be taken into account.

In the industrial submodel we consider various production activities, such as
saw milling, panel production, pulp and paper milling, as well as further
processing of primary products. For a single product, alternative production
activities employing, for instance, different technologies, may be included.
Thus, the production process is described by a small Leontief model with
substitution. For the end product demand an exogenously given upper limit is
assumed. Some products, such as pulp, may also be imported into the forest
sector for further processing. Besides biological supply of wood and demand
for wood based products, production is restricted through labor availability,
production capacity, and financial resources. Availability of different types of
labor (by region) is assumed to be given. The development of different types of
production capacity depends on the initial situation in the country and on the
investments which are endogenous decisions in the model. The production
activities are grouped into financial units to which the respective production
capacities belong. The investments are made within the financial resources of
such units. External financing is made available to each unit up to a limit
which is determined by the realization value of that unit. Income tax is
assumed to be proportional to the net income of each financial unit.

The structure of the integrated forestry—forest industry model is given in the
canonical form of dynamic linear programs for which special solution tech-
niques may be employed. (See, for instance, Kallio and Orchard-Hays 1979,
Propoi and Krivonozhko 1978.) Objectives related to gross national product,
employment and profit for industry as well as for forestry have been for-
mulated. Terminal conditions (i.e., values for the state variables at the end of
the planning horizon) have been proposed to be determined through an
optimal solution of a stationary model for the forest sector.

The Finnish forest sector model has been implemented for the interactive
mathematical programming system called SESAME (Orchard-Hays 1978). It is
ten period models with each period of five years in length. The complete model
amounts to 520 rows and 612 columns.

A number of numerical scenarios have been presented to illustrate possible
uses of the model. Both the discounted industrial profit and the discounted
increment to the GNP were used as objective functions. The base Scenario A
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illustrates a case where the internal wood price and wage structure results in a
rather poor profitability for the forest industries. This in turn amounts to an
investment behavior which provides insufficient capacity for making full use of
the wood resources. However, because of somewhat hypothetical data used for
some key parameters, no conclusions based on these runs should be made on
the Finnish case.

Several scenario runs have been presented to illustrate the model use for
studying the influence of demand and price assumptions concerning forest
products, as well as for studying the impact of various production cost factors.

The purpose of this work has been the formulation, implementation and
validation of the Finnish forest sector model. A natural continuation of this
research is to use the model for studying some important aspects in the forest
sector. For instance, the influence of alternative scenarios of the world market
prices for wood products would be of interest. Furthermore, the studies could
concentrate on employment and wage rate questions on labor availability
restrictions and productivity, on new technology for harvesting and wood
processing, on the influence of inflation, exchange rate changes, and alternative
taxation schemes, on land use between forestry and agriculture, on site
improvement, on ecological constraints, on the use of wood as a source of
energy, etc. Given the required data, such studies could be carried out
relatively easily.

Further research requiring a larger modeling effort may concentrate on
regional economic aspects, on linking the forest sector model for consistency to
the national economic model, and on studying the inherent group decision
problem for controlling the development of the forest sector. The first of these
three topics requires a complete revision of our model generating program and,
of course, the regionized data. The second task may be carried out either by
building in the model a simple input—output model for the entire economy
where the non-forest sectors are aggregated in a few sectors. Alternatively, our
current model may be linked for consistency to an existing national economic
model. The group decision problem may be analyzed, for instance, using a
multicriteria optimization which is based on the use of reference point optimi-
zation (Wierzbicki 1979).
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MACRO-ECONOMIC MODELS FOR LONG-TERM FOREST
SECTOR ANALYSIS IN NORWAY

Birger SOLBERG

Agricultural University of Norway

This paper has two main objectives. First, it gives a brief account of two multi-sectoral growth
economic models, called MSG-3 and MSG-R, which are of considerable interest with regard to the
long term analysis of the development of the Norwegian forest sector. Second, the paper describes
how these two models could be used for analysing major problems in the forest sector. It is argued
that the advantage of using the MSG Multi-Sectoral Growth models as a basis for long term forest
sector analysis is that the forest sector activities are consistent with the expected development of
the other sectors of the economy. The particular advantage of the MSG-R model is that important
regional differences regarding industry structure and forestry conditions as well as employment
situation are taken care of.

0. Introduction

Forestry and forest industry activities are closely linked, and decisions
regarding major changes in one of the sectors have to be considered in
connection with changes in the other sector. It is, however, in many situations
insufficient to look at these two sectors alone when analyzing their future. In
particular, regarding long term analysis, it is in most cases necessary to include
other sectors of the economy to prevent taking unwise decisions. Likewise, it is,
in the Norwegian context, not sufficient to look at the national level only,
when analyzing the forest sector. The regional effects are in many cases as
important as the national aspects.

This paper has two main objectives. First, to give a brief account of two
multi-sectoral economic growth models (MSG-3 and MSG-R), which are of
considerable interest with regard to the long term analysis of the Norwegian
forestry and forest industry — hereafter referred to as the forest sector. MSG-3
is a macroeconomic model, having MSG-R as a regionalized version. This part
of the paper is largely based on refs. [6,8,10,11,12, and 14].

The second objective of the paper is to describe how these two models could
be used for analyzing major issues in the forest sector.
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1. Brief outline of MSG-3 and MSG-R
1.1. MSG-3

The macro-economic model of the Norwegian economy known as MSG
(abbreviated from Multi-Sectoral-Growth) originates from Johansen [7]. This
study attempted to construct a model covering important aspects of the
process of economic growth with particular emphasize on explaining dif-
ferences in growth rates between the various sectors of the economy. It was the
explicit intention of the model’s originator that the theoretical framework
should be kept simple enough for the model to use existing statistics and to be
solved by existing computational equipment. Since 1968 a revised version of
the original model, MSG-2F, was used in the Ministry of Finance [13]. In 1974
this model was revised by the Central Bureau of Statistics, giving the MSG-3
model.

The model can be characterized as being a disaggregated neoclassical
growth model. It is based on an input-output description of the economy,
having for each production sector a fixed proportion between input and output
commodities. A central feature of the model is that capital and labour are
assumed to be homogeneous production factors freely moveable berween
sectors and substitutable within sectors according to a Cobb-Douglas produc-
tion function for each sector of production. The function is of the form

X, = A,NYK[' e, (1)

where X;, N, and K, indicate gross output in year ¢, employment and total
capital stock in sector i. A4,, vy, and f8; are constants. ¢; is a coefficient which
expresses technological change and ¢ is time. For all manufacturing industries
and for the service sectors constant returns to scale are assumed, i.e. v, + 8, = 1.
For Agriculture, Fishing, Mining and Electricity Supply diminishing returns to
scale are allowed for.

The producers’ decision is, apart from Agriculture and Fishing, in the model
based on profit maximization with profits in sector i defined as:

PrOﬁt:EXi_ZPiaﬂXf— W.N,, (2)
J

~ value of inputs of noncompetitive imports
- depreciation
— indirect taxes
- interest on the value of the capital stock
where P, is the price of output from sector i, W, is the wage rate in sector / and
a;; are the input—output coefficients.
For the majority of sectors, where constant returns to scale is assumed,
profits as defined by eq. (2) are zero in equilibrium, and output is unde-
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Table 1
Exogenous and endogenous parameters of MSG-3

Exogenous Endogenous

Capital stock Allocation of capital
Employment Allocation of labour
Population Output by sector

Government demand Output price by sector
Inventory changes Return on capital

Exports less competitive imports Private consumption by sector
Technological change Non-competitive imports

termined, while equilibrium prices are determined by the expression in eq. (2)
equalling zero. In the model as a whole this does not mean that outputs of the
sectors with constant return to scale are completely determined by the demand
side of the economy; the composition of total demand is influenced by relative
prices and these are in turn influenced by conditions on the production side.

The growth of total labour force, total capital stock and technological
improvements are exogenously given and determine the growth of production
capacity of the economy. Most final demand components except private
consumption are also exogenously given.

The level and composition of private consumption are endogenously de-
termined in such a way that full utilization of capital and labour is ensured.
For this, the “Complete Scheme”-price-elasticity system of Frisch [4] is used
together with exogenously given elasticities of expenditures, the demand func-
tions being dependent on per capita total consumption expenditures and all
prices.

Thus, the model traces out paths of balanced growth with neither shortage
nor surplus of commodities, labour and capital. The producers’ and consumers’
adaptations are affected by changes in relative prices and the equilibrium
solution calls for a simultaneous determination of prices and quantities.

The main groups of exogenous and endogenous elements of the model are
listed in table 1. The planning period, or horizon, of the model, has normally
been 20 to 30 years. During a single run of the model, the non-linear equation
system is solved at intervals of 1 to 5 years.

The model consists of 38 production sectors, 9 sectors for private consump-
tion, 10 sectors for government consumption, 4 gross capital formation sectors,
1 sector for stock changes and 1 export sector.

1.2. MSG-R

An input—output model for regional analysis has been developed by the
Norwegian Central Bureau of Statistics to improve the coordination between
national economic forecasting and regional forecasting.
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The model, MSG-R, was operational in 1979, comprising 38 production
sectors and 20 regional units (19 counties and a dummy region). It is an
interregional input—output model. Commodity flows are subdivided in intrare-
gional flows (commodities produced and used in the same region), interre-
gional flows (commodities produced in one region and used in another region),
and international flows (exports and imports). Constant input coefficients are
assumed for each type of commodity flow. The input coefficients vary between
commodities, industries and regions. The production of intraregional commod-
ities is determined by regional demand. The production of interregional
commodities is determined by the assumption of constant regional shares for
each commodity. The model does not specify interregional commodity flows
between pairs of regions, but it is assumed that demand in one region is met by
the same regional pattern of supply as demand in another region. Exports are
exogenously given at the national level and distributed to regions according to
estimated market shares.

Private consumption and investment are also specified by region and in
different ways related to the production side of the regional economy. Private
consumption is assumed to be determined by the total value added in the
regions. For investment, national figures are exogenously given in each in-
dustry and subdivided to regions according to production shares calculated in
the model. The consumption and investment in central and local government
are exogenously given in each region. It is furthermore assumed that labour
input in each regionally specified industry is determined by the calculated
growth in production and exogenous growth in labour productivity.

As mentioned earlier the regional model is constructed to be used as a
supplement to the MSG-3 model. The idea is that calculations with the MSG-3
model shall be a national starting point for calculations on the regional model.
Most of the exogenous variables in the regional model are either exogenous or
endogenous variables in the MSG-3 model. For all final demand categories
except private consumption the regional calculations are based on the same
assumptions as the MSG-3 calculations. To obtain a corresponding consistency
for private consumption a mechanism is implemented which adjusts the
calculated regional figures in accordance with given national figures. The main
endogenous variables are production and employment specified by industry
and region. For these variables the regional model will give other national
results than MSG-3, but the differences will normally be of acceptable size.
Table 2 lists the exogenous variables in MSG-R and how they relate to
corresponding MSG-3 variables.

The national accounts by county for 1973 have served as a data base in
implementing the regional model. The regional accounts are constructed by
breakdown of national figures and give complete input—output tables by
county containing about 180 industries and 300 commodities. Private con-
sumption, investment and most of government final consumption are also
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Table 2
Exogenous variables in MSG-R and their status in MSG-3. Source: Skoglund [14]

Exogenous in MSG-R Number of Status in MSG-3
variables

Production 3 Exogenous
Gross capital formation 3 Exogenous or endogenous
Production inputs, government production

activities specified by county 5x20 Exogenous
Gross capital formation, govern-

ment production activities 5x20 Exogenous or endogenous
Export, whole country 30 Exogenous
Change in stock, whole country 30 Endogenous on Exogenous
Final use levels, whole country 16 Endogenous
Export of used fixed capital 2 Exogenous
Foreigners’ consumption in Norway 1 Exogenous
Employment 3 Exogenously or endogenous
Gross capital formation for whole country 30 Endogenous
Production changes 30 Endogenous
Productivity changes 5 Exogenous or endogenous

classified by county. Regional figures for exports and imports and intrare-
gional and interregional trade flows are not, however, estimated in the regional
accounts. As these data were very important in model implementation, they
were calculated directly in connection with the model building.

The sector specification of MSG-R corresponds to that of MSG-3. For
further information about the model the reader is referred to Skoglund [14].

2. MSG-3 and MSG-R in forest sector analysis

Forestry is one sector in the MSG model, whereas the forest industry is
represented by two sectors: wood industry and pulp and paper industry. A
precondition for useful analysis of the forest sector is a more detailed specifica-
tion of the forest industry activities. This can be done in at least two ways —
either by initially expanding the number of activities, or by breaking up ex post
the existing two forest industry sectors into more relevant activities assuming
the development of the other sectors in the model is not altered significantly in
doing so. The former method is correct from a theoretical point of view.
However, in practice, the latter method, which is by far the easiest and less
expensive, is likely to be favoured.

In general the forest sector optimization model can be formulated as an
optimal control problem, where the choice of control variables depends upon
what policy options are of interest to be analyzed. In Norway the following
variables are important: for the forestry (by site classes and regions) the
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intensity of planting, tending, fertilizing, thinning and clearcutting, and for the
forest industry (including wood for energy production, by regions) the changes
in production capacity, as well as trade in timber and wood residuals. If effects
of subsidies (regarding energy, transport, investments, etc.) are known with a
reasonable degree of accuracy, such policy variables could also be included in
the set of control variables.

The objective function will in most cases be discounted net of the present
value of profits or of the contribution to net domestic product. Since choosing
the objectives (including corresponding constraints on state and control varia-
bles) is a controversial matter reflecting the various interest groups involved,
comparing the consequences of using different objectives should be an essen-
tial part of a forest sector analysis.

The forest sector model and the rest of the economy represented by the
MSG-models, would be linked through the constraints regarding labour and
investment capital available for the forest sector, and through the relative
prices generated by the MSG-models. These are important input variables for
the regionalized forest sector optimization model.

Ideally the production functions used in the macro-economic model should
represent the ex ante technology which in some proportion of the existing
production techniques generates a new average production technique in the
subsequent time period. In practice, Cobb—Douglas production functions
based on historical data are used in the MSG-models. By varying the coeffi-
cient ¢, in eq. (1) it is possible to make a sensitivity analysis of the robustness
of the future structure of the forest sector regarding different probable techno-
logical development paths of the industry. Expected technology development
can be included by using for instance the production function approach
outlined in Fersund and Hjalmarsson [5]. Export and import prices of timber
and forest industry products could be incorporated by applying an equilibrium
world market model for forest industry products as proposed by IIASA [17].
Meanwhile, the relative price development of these products has to be exoge-
nously given.

In my opinion a planning period of about 25 years would be appropriate in
the forest sector analysis. Such a period seems appropriate in the forest sector
analysis. Such a period seems realistic in the forest industry’s long term
planning, and forecasts of expected prices of forest industry products and
technological changes are also possible without too much uncertainty involved.
In the forestry sector a 20-30 year period is relevant for fertilizing and
clearfelling of the present mature and maturing forests. For the investments in
the forestry’s primary production (planting, pruning, tending) a 60-120 year
perspective is necessary in Scandinavia, and even long term macro-economic
models like the MSG-models will here be of little use.

The Norwegian economy is already dominated by the oil sector, which in
1981 accounted for 33% of Norway’s total export earnings and 16% of gross
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domestic product. Corresponding figures for the forest sector were respectively
3.3% and 2.5%. It is therefore unlikely that marginal changes in the forest
sector will significantly influence the other sectors of the economy. An excep-
tion here are regions like Hedmark, Oppland and @stfold where the forest
sector plays an important role. For these areas the regionalized multi-sectoral
model should be adjusted according to the results of the forest sector optimiza-
tion model regarding in particular the availability of capital and labour. With
the existing models it is, in practice, not possible to incorporate such feedback
mechanisms endogenously as a link between the multi-sectoral models and the
forest sector model. The links have to be exogenously determined through
iterations: information from the MSG-model is disaggregated in the MSG-R
model and then fed into the forest sector model. The result here is then, for the
above mentioned regions, used as input in the MSG-R model to get consistent
solutions, and so on.

In this way one could arrive at a set of simulation and optimization
sub-models exogenously linked to each other. A world market model and
technology (production function) models give inputs to the MSG model
(national and regionalized version), which then generate among other things
labour and capital available for the forest sector as well as future relative
prices. This information serves as a basis for a more detailed forest sector
model.

The forest sector model has to be quite large to be realistic. In order to
derive strategies for optimal control of a large scale system, it is often
necessary to perform a model reduction giving a new model of reduced order
and complexity based upon the more detailed and complete original model. As
discussed by Balchen [1] an important part of control strategy is to find a state
estimator which utilizes observations from part of the real system to compute
estimates of the state variables in the whole model system. Equally important,
when going for optimal solutions, is to develop a state reducer algorithm which
brings the full model down to dimensions which are possible to handle.
Various filtering techniques can be used for this. According to Balchen [1] the
state vector dimension of the reduced model should not exceed 30, with
existing computing power.

A forest sector model in a context as described here is of interest for several
types of analysis. The allocation of timber between different demand categories
— i.e. different kinds of forest industries, including wood for energy produc-
tion, would be one interesting issue to analyze. It will be possible to arrive at
estimates of optimal development paths of the forest sector seeing the cutting
policy and some of the investments in forestry together with the development
of the forest industries and of the other sectors of the economy. Most
important, perhaps, will be the improved possibility for doing sensitivity
analyses in order to find how flexible the various solutions are regarding
changes of state variables, constraints and objectives. The shadow prices
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generated by the regionalized forest sector model give useful information
regarding in which fields the forest sector’s improvement potential is greatest.

Another field where the MSG model could be of considerable interest in
connection with the forest sector, concerns the analysis of the domestic
demand and supply of the various forest industry products, for instance as
described in Statistisk Sentralbyra [16] regarding energy.

The advantage of using the MSG models as a basis for long term forest
sector analysis is that one is assured that the forest sector activities are
consistent with the expected development of the other sectors of the economy.
The particular advantage of the MSG-R model is that important regional
differences regarding industry structure, forestry conditions (age classes, growth
potential, species, etc.) and employment are taken care of in the analysis.

The forest sector discussed so far is deterministic. It may, however, in
principle be expanded to take into account the stochastics regarding, e.g.,
timber stock levels, annual timber yield and future prices as described by
Dixon and Howitt [3] using the Linear-Quadratic Gaussian approach in a
forestry model. As mentioned by Kleindorfer [9] one major problem in such
cases is to get sufficient computer power for the solution algorithms involved.

3. Some final remarks

The current MSG-3 model uses constant coefficients for the input—output
relationships in the economy. However, the need to take into account sys-
tematic changes in some of the input—output coefficients is recognized, and it
is hoped to introduce such changes explicitly into the model.

For the specification of the production structure of the MSG-model the
Cobb-Douglas functions might be replaced by CES-functions. However, as
mentioned by Johansen [8] the estimation of elasticities of substitutions
remains a very uncertain undertaking and the evidence against the
Cobb-Douglas functions is not yet conclusive. Similarly, introducing
putty—clay assumptions leads to almost insurmountable data problems when
many sectors are involved.

Regarding analysis of regional employment effects the present MSG-R
model has some deficiencies. It is most likely unrealistic to assume equal
productivity development in all counties for each sector. Also, the employment
is decided by demand only, and labour supply relationships are not taken into
account. The Socio-Demographic Research Group at the Central Bureau of
Statistics 1s, however, working on improving these aspects of the model.
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A DYNAMIC SIMULATION MODEL FOR THE FOREST
SECTOR WITH AN ILLUSTRATION FOR SWEDEN

Lars LONNSTEDT

Swedish University of Agricultural Sciences

This paper describes a dynamic simulation model for long-term development of the forest
sector. The model is developed for analyzing the impact of cost competitiveness and wood
availability on the structural change of the forest sector in a particular country over a 20-30 y
period. It is intended to aid decision makers on strategic issues about possible futures of the forest
sector.

The model consists of two symmetric competing forest sectors: one for the national forest
sector under investigation and another aggregating competing forest sectors of other countries.
Both submodels cover all activities ranging from timber growing to the consumption of forest
industrial products such as paper (pulp), sawnwood and panels. They are represented in the model
through eight modules: demand of forest products, product market, forest industry, roundwood
market, forest management, inventory of standing volume, construction sector and regulation of
the forest sector. At the end a Swedish example is discussed.

1. Introduction

This paper gives a formal description of a prototype model of long-term
development of the forest sector (Adams et al. 1982, Lonnstedt 1983a, b). The
model is developed for analysis over a 20--30 y perspective, the impact of cost
competitiveness and wood availability on the structural change of the forest
sector under investigation (Grossmann and Lonnstedt 1983). The model is able
to produce scenarios for the forest sector under different assumptions about
the economic environment of the forest sector when applying different strate-
gies. The model is intended for interactive use in strategic discussions in
government, forest industrial companies, and other organizations concerned
with the future of the forest sector.

Under given assumptions, the model produces scenarios for the sector
development. The long-term price will follow the long-term development of
processing costs. However, the market share and price will fluctuate around
these trends due to, for example, information delays, planning time, and
building time, which will cause excess demand or excess supply. Unfavorable
cost development, limited wood resources or opportunities for better invest-
ment outside the sector will alter this scenario in the sense that the market
share for the sector under investigation will decrease. If this share is already
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small and the sector under investigation is not the price leader, the price will
remain unchanged. Actions taken by the sector will, however, change the
scenario.

Existing forest sector models (Kuuluvainen and Seppala 1982, Kallio et al.
1982, Kalgraf and Lonnstedt 1981, Adams and Haynes 1980, Lonnstedt and
Randers 1979) as well as the general economic theory lie behind the construc-
tion of this model (e.g., Douglas 1979, Layard and Walters 1978, Gold 1971,
Cohen and Cyert 1965). The demand and supply curves are indirectly repre-
sented. One main assumption is that the system continually tries to equalize
potential demand and supply, but never succeeds due to delays. A simulation
approach will be used where the solution is found recursively over time.

The model consists of two symmetric competing forest sectors — one for the
national forest sector under investigation; and the other represents competing
forest sectors of other countries (see fig. 1). Each forest sector covers all
activities ranging from timber growth to the consumption of forest industrial
products such as paper, sawnwood and panels.

In the text below, the general structure of the model system is described
starting from an aggregated level, i.e.,, the linkage between demand and supply
will be described. Thereafter, the description of the supply modules follows.

In principle, each sector is thus defined by domestic long-term demand and
supply of forest industry products and by a product market. Trade is intro-
duced by linking the two sectors. This means that imports of forest industrial
products and roundwood are introduced on the domestic markets. At the same
time, the forest sector under investigation has the possibility to export its
products. Exogenous variables are gross domestic product (GDP), size of
pcpulation, price of substitutes, exchange rate, price of input factors and
technological change.

The price of the bulk products studied, which is essential for the feed-back
mechanisms that exist in the model, is defined by the aggregated long-term
demand and long-term supply for the two sectors. For example the increasing
relative price of forest products will, after some time, decrease the demand for
forest industry products which in its turn will affect the price. Price also affects
supply via profits and investments. Decreasing price means, everything else
unchanged, reduced profit per product unit, and less money for investments.
Fewer investments in new capacity will after some years reduce the long-term
supply of forest industry products, which in turn will increase the price.

Supply of forest industry products from each forest sector is made up in the
model of five submodels or modules representing: (1) forest industry; (2)
roundwood market, (3) forest management, (4) inventory of standing volume,
and (5) regulation. The linkage of these modules to the rest of the system is
carried out through the forest industry module. Potential supply and processing
costs are given to the product market module, from which product price, actual
demand and market imbalance are received.
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Fig. 1. Outline of the prototype model used on the forest sector under investigation.

The forest industry module defines production capacity and processing
costs. The wood raw material base for the industry are the domestic forest
resources and import of wood. Gross felling, import of wood, and delivery
price are defined in the roundwood market module. Potential supply based on
existing forest resources and harvesting capacity, as well as the harvesting costs
are calculated in the forest management module. The regulation module allows
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the regulation of investments in new industry capacity and gross felling.

Each of the eight modules is described in the following text. Each section
contains a description of how each module is constructed.! Possible future
extensions of the model are also pointed out.

2. A prototype model
2.1. Demand of forest industrial products

Demand per capita for paper, sawnwood, and panels, may be defined by a
logistic function of GDP per capita, and product price relative to price of
substitutes * (fig. 2). Total demand is calculated by multiplying demand per
capita with size of population. Demand for fuelwood relative to total demand
of wood, may be calculated along the same principles. However, in this model
version it is defined as a constant share of demand for wood raw material.

Demand for pulp and paper, sawnwood, and panels will, in this version of
the model, be aggregated in the market module into just one demand curve.
The output of the forest industry is thus only one product. The industrial
demand for wood together with the demand for fuelwood meet the supply of
wood in the roundwood market. The principles outlined in this paper can
easily be followed in future versions of the model when the number of products
is increased. Another important aim in future model versions is to relate the
demand functions to the end use of wood based products.

2.2. Product market

Sawnwood, panels, and pulp can be considered as bulk products the prices
of which are determined by the condition of an international market — in this
case defined by the two forest sectors under study. Thus, after getting total
potential demand from the demand module and total potential supply from
the industry module, the market module determines:

(a) the product price (in U.S.$) which is the same for the two sectors under
investigation,

(b) the ratio between aggregated potential demand and aggregated potential
supply, which is called market imbalance.

! For a detailed mathematical formulation, see Lonnstedt 1983b.

2 The chosen function is just one of several candidates here as well as later on the paper. The
function is an example for giving structure to the model. The final choice must be made after
looking at the data for the forest sector under investigation.
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Fig. 2. Example of a demand function for paper and paperboard in Western Europe. (Sources: UN
Statistical Yearbook, Yearbook of National Accounts Statistics and FAO Yearbook of Forest
Products.)

2.2.1. Market price

The principle for formulating the price in the product market is to calculate
what long-term price is needed in order to cover both variable and fixed costs.
The price is calculated as the long-term average variable cost for those
producers supplying the market plus a mark-up for required long term return
on capital. As a weight when calculating the average variable cost the quantity
produced by each producer has been used. Mark-up can for example be
defined by an exponential function of the market imbalance (fig. 3). Excess
supply implies a lower mark-up than a market with excess demand. Market
imbalance information is somewhat delayed in the model. Therefore, it will
take some time for the price to change when the market situation changes.

2.2.2. Import and export

Import is determined as a delayed share of potential demand (Nagy 1983).
The share can for example be defined by a logistic function of relative
processing cost, taking transportation cost into consideration (Considine et al.
1983, see also Andersson and Persson 1982). Export is calculated in the same
way but using the conditions in the competing forest sector for which potential
demand is calculated following the-same principles as for the forest sector
under investigation. Depending on the actual case it can be necessary to
introduce trade with one more market.



128 L. Lonnstedt, A dynamic simulation model for the forest sector

Mark up
0.30

0.25

0.20

0.15+

0.10+

0.05

I LB L i I L
0 0.20 040 0.60 0.80 1.00 1.20

Market imbalance

Fig. 3. Example of mark up defined as an exponential function of market imbalance. Plotted in the
figure is gross profit for the Swedish forest industry related to a calculated value of capacity
utilization. The capacity utilization when production is peaking is assumed to be 0.95 of the
capacity. The values thus calculated have been related to the average capacity utilization. (Sources:
Yearbook of Forest Product, Yearbook of Swedish Forest Statistics and SOS INdustry.)

2.2.3. Actual demand and supply

The price that is fixed for a specific time period generates potential demand
and supply. In the long run demand and forest industry capacity will follow
each other. This means that inventory fluctuations can be neglected. There will
of course be periods when potential demand exceeds potential supply, trigger-
ing price increases that increase production capacity and decrease the potential
demand — and vice versa if there is an excess supply. At the same time demand
and supply change due to income changes and changes in technology. If
everything remains unchanged or develops in the same way the market shares
of the two forest sectors in the model will also be unchanged. If the competi-
tive conditions are getting worse for one of the sectors or if it faces limited
wood resources the market share of this sector will decrease (if no actions are
taken for offsetting those disadvantages).
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Actual demand and supply is calculated in the module as the minimum
value of potential demand and potential supply taking export and import into
consideration.

2.3. Forest industry

In the forest industry module the long-term potential supply is determined
taking an eventual shortage of wood deliveries into consideration. The module
consists of three submodels: (a) gross profit module, (b) cash flow module, and
(c) production capacity module.

2.3.1. Gross profit

Gross profit is defined by subtracting total variable costs from total income.
Gross margin is gross profit as a share of total income. Gross profit for the
forest sector under investigation is calculated in the model through adding
profit for domestically sold products to profit for exported products. The
difference in profit between these two types of sales is explained by differences
in transportation costs. The market price, expressed in U.S. dollars, is trans-
ferred into the national currency.

The variable costs are calculated in this version of the model from two
groups of input factors: wood and other input factors. The formulation
assumes fixed coefficients for labor and capital usage. This means that the
relative cost of labor and capital is constant. The transportation cost from mill
to market is calculated as a share of total variable processing cost.

The cost of wood is calculated by adding the transportation cost to the
delivery price, which is defined in the roundwood market (see section 2.4).
Transportation cost is assumed to be a constant share of the roundwood price.
For calculating the wood raw material cost per product unit, cost of wood at
mill is multiplied by wood volume needed per product unit; this transforma-
tion quotient in the model is a constant parameter.

The principle for calculating the production cost related to input factors
other than wood is the same. The price of the input factors is devided by the
quantity of forest industry products produced per unit input factor (shortly
called average efficiency). If we take labor as an example the calculation is as
follows: the wage cost per hour is divided by the number of units produced per
hour — a number that changes with the technological development, invest-
ments, and shutdowns — and the result is wage cost per produced unit.
Compared with the calculation of the cost of wood, the prices of the other
input factors than wood are treated as exogenous variables and the efficiency
in utilization of the factors as a variable.

When developing the model it is worthwhile to remember that (a) a
production function with fixed input coefficient for labor and capital is used,
(b) cost with different dynamic behaviors is combined into just one cost factor,
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(c) transportation costs and efficiency in wood utilization is treated as con-
stant, and (d) the same fuelwood share is used for import as for domestic
harvest.

2.3.2. Cash flow

In this version of the model we are operating with two inflows and one
outflow of cash. One inflow is earnings before depreciation after subtracting a
constant share representing interest payments, dividends, and taxes. Another
financial source is net inflow of external money such as new loans after
repayment of old ones. The external financing is expressed as a share of the
first mentioned inflow - a share that can for example be a linear function of
the gross margin for new investments relative to a gross margin reference value
for alternative investment opportunities. The financial resources that these two
cash inflows make up are all, with the exception of a certain share that is
withheld as working capital, used for investments. One part of this financial
outflow is for investments in new forest industry capacity and the other part is
for investments outside the sector (see next section).

The amount of borrowed money and repayments follow, in this version of
the model, given a profitability of the forest sector comparable with alternative
investment opportunities, the development of the gross profit and financial
resources. The model will become more realistic by introducing an accounting
system that keeps track on balance of payment and allows the industry to
manipulate its profit and taxes by changing the depreciations. This will
probably not have any major impact on the dynamic behavior of the model.

2.3.3. Production capacity

As mentioned in the previous section when describing the cash flow two
types of investments exist. One type is investment in new forest industry
capacity and the other type is investment outside the sector. The share of
financial resources available for forest industry investments can for example be
a linear function of expected changes in the market situation as measured by a
moving average of the imbalance between potential demand and supply.
Changes in the market imbalance indirectly reflect the changes that can be
expected in the product price and profitability. If no regulation exists (cf.
section 2.8) the “planned” change in capacity, in the model defined by
dividing the outflow from the financial resources intended for new industrial
capacity with unit investment costs, will be realized. If regulation exists the
change of the industrial capacity will be affected by authorized change and
regulation power. Financial resources not used due to regulation are assumed
to be used for investments outside the sector.

Between the investment decision and the start of production several years
will elapse because it will take some years to build new capacity. The model
operates with a shutdown rate that for example can be expressed as an
exponential function of profit margin (fig. 4).
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Fig. 4. Example of a shutdown function derived for the Swedish pulp and paper industry (Source:
taken from SIND 1983: 1))

As pointed out above, it is important to keep track of the production
efficiency of the existing capacity as this will affect the variable costs. In the
model we handle this by saying that each new capacity unit allows the input
factors to be used with a certain efficiency. The average efficiency of the
operating capacity is thus affected by the rate of introduction of new capacity
and the shutdown of old capacity.

For calculating average efficiency a technical term, called efficiency memory,
has been introduced. The efficiency memory is defined as existing capacity
times average efficiency for existing capacity. Changes in the efficiency mem-
ory depend on new capacity times production efficiency for new capacity with
respect to the shutdown of old capacity and the production efficiency for this
old capacity. Average capacity is calculated through dividing the efficiency
memory by the capacity.

In this version of the model we have not distinguished between investments
in existing or new capacity. Furthermore, investment costs are not affected by
the type and size of investment. Neither have we incorporated the effect
maintenance investment will have on the lifetime of capacity.

Potential forest industry production is, taking the conversion quotient into
consideration, defined from gross felling, export and import of wood and use
of fuelwood. Potential domestic demand of wood is calculated through multi-
plying the production capacity with the conversion quotient and adding
fuelwood.
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2.4. Roundwood market

Forest industry and forest owners are looked upon in this module as two
independent parties. The roundwood market is characterized by negotiations
between the parties about the actual stumpage price.

2.4.1. Price of roundwood

The actual delivery price is decided upon after negotiations and depends on
the demand and supply of wood. In the model all roundwood will be sold as
delivered timber. The delivery price is calculated from the sum of the average
variable cost for logging and the stumpage price. The stumpage price depends
on the negotiation power set somewhere between the maximum stumpage price
the buyers are willing to pay and the minimum stumpage price the sellers are
willing to accept for doing any cutting. The negotiation power can for example
be defined as a linear equation of timber balance. Two extreme possibilities
exist. If negotiation power equals one the realized stumpage share equals
maximum possible stumpage share that the forest industry can pay. On the
other hand if the forest owners have no negotiation power at all the realized
stumpage price equals the minimum acceptable stumpage share for forest
owners. If negotiation power equals one half the stumpage share will be
between those two extreme values. What parameter values to use is partly a
policy question when experimenting with the model.

Depending on the type of market in different countries the structure of this
module will be changed. If, instead of negotiations, there is just a fixed price
for standing timber that has to be paid to the forest owner (for example the
national forest service) this “price” can just be added to the average variable
cost instead of the negotiation structure now outlined. If the owner structure of
the forest sector is other than the one outlined, for example closer economic
links between forestry and industry, the net profit of the forest sector manage-
ment will go into the financial resources of the forest industry. The outflow of
financial resources will in its turn be divided between investment in the
industry and in forestry.

2.4.2. Import and export

Import and export of wood is calculated following the same principles as for
import and export of forest industry products (compare section 2.2). Import of
wood is thus calculated as an s-shape share of potential demand of wood — a
share that increases if domestic wood at the mill becomes relatively more
expensive than imported wood. Export is calculated in the same way but using
the conditions in the competing forest sectors.

2.4.3. Gross felling
Gross felling is calculated as the minimum value of demand for wood taking
trade into consideration and potential supply of wood. If cutting is regulated
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the potential supply will be a compromise between the forest owners’ willing-
ness to cut and the allowable cut calculated by the regulators. Where between
those two extremes the compromise will be depends on the regulation power
(see section 2.8).

2.5. Forest management

The long term goal of the forest managers is assumed to be to adjust the
harvesting capacity to the industrial capacity, considering economic and bio-
logical restrictions. The effects on the long-term supply due to changed owner
structure, inflation, taxes, lack of investment opportunities, recreational and
environmental considerations (Grossmann 1983), and lack of forest labor
(Kauluvainen and Seppila 1982) will not be taken into consideration in this
version of the model.

The principles behind the structure of the forestry module are the same as
for the industrial part — the same mechanisms are functioning. Therefore, in
order not to try the patience of the readers the equations of this model will not
be described.

2.6. Inventory of standing volume

The structure of the forest industry module is formulated without detail.
This is reflected in the modeling of the inventory module. The aim is to give an
estimate of the wood raw material base for the forest industry. In this model
version we do not distinguish between different species, site quality classes, or
age classes. Neither do we distinguish between different types of felling. We
have not taken into consideration the future possibility of decreasing residues
and losses or of using branches, roots, leaves, and needles. The effects of
different silvicultural activities have not been handled.

The standing volume of the forest in the model is increased by increment
and decreased by total drain and mortality. The increment is calculated by
multiplying an increment percentage by the standing volume. The increment
percentage can for example be defined as an exponential function of density.
Mortality is calculated in the same way. These relationships are assumed to be
a mirror image of the relationship between increment and age. The forest land
area has been made a constant. The total drain is calculated as the sum of
gross felling and mortality. The latter is a constant factor of standing volume.

In a future version of the model it may be possible to incorporate the effects
of silvicultural activities (Lonnstedt and Randers 1979). Other possibilities are
to introduce different age classes, qualities, and species.

2.7. Construction sector

The forest industry and management modules get investment cost and
efficiency, used when calculating new capacity and efficiency memory, respec-
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tively, from the construction sector module. Investment cost is calculated from
the cost of input factor divided by the efficiency in using the input factors
when producing new machineries. Both factor costs and efficiency are exoge-
nous.

2.8. Regulation of the forest sector

In some countries such as the Nordic countries, there is a long established
tradition to utilize the forest in accordance with long-term allowable cut. This
was, for a long time, only done through regulations on the cutting. Now, even
the investments in new sawmilling, panel, and pulp capacity are regulated.

The allowable cut can for example be defined as a linearly adjusted value of
the annual increment. If the inventory is above a target value, this represents in
the model, a forest with an uneven distribution towards mature stands and the
allowable cut calculated from increment will be somewhat increased and vice
versa.

The regulation power can for example be defined as a linear function of the
timber balance. A tight timber balance - total drain exceeds allowable cut —
implies a high regulation power, and vice versa. By setting the regulation power
to zero the regulating authorities will be put out of play (compare with section
2.4).

3. The Swedish case
3.1. Technological development

In this section the presented model will be used for illustrating the impacts
of technological development on the dynamics of the Swedish forest sector.
When parameterizing the model for the Swedish forest sector, the primary
manufacturing industries have been treated under one coverage. The assump-
tions for the reference scenario are that the historical trends (GDP, population
increase, factor costs and technological development) will continue. In the two
following scenarios the assumption is more rapid and slower technological
development, respectively, than in the reference run. The two following
scenarios show the effect of (1) stimulating investments in new capacities
through different economical and financial means and (2) the same as (1) plus
shorter life time for capacity. The impact of technological development on the
production process is defined as the change in the relationship between output
and input factors, for example, amount of pulp per working hour, per cubic
meter of wood or per energy unit. Technological development in the sense of
the improvement of existing processes or introduction of a new process is thus
measured as the increase in output at a given input.
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3.2. A reference scenario

The gross domestic production per capita for Sweden has, as an average
until the end of this century, been assumed to increase by 1% in real term:
compared with 2% for Western Europe. (The corresponding percentages for
1960-1980 are 2.8 and 3.5, respectively.) Also the population is assumed to
increase slower in Sweden than in Western Europe, 0.3% compared with 0.7%
(0.5 and 0.7, respectively, for the period 1960-1980). The result will be a
slower increase in demand for wood products in Sweden than in the rest of
Europe. Another reason for this is that consumption of wood products in
Sweden seems to be in a more mature phase than in the rest of Europe. This
means a scenario where the Swedish consumption of wood products increase
from 5.6 million tons in 1980 to 7.0 million tons in 2000. The corresponding
figures for Western Europe are 106 and 199 million tons, respectively.

Other assumptions made are that the factor costs (excluding wood raw
material) in nominal terms as an average for the decades to come until the end
of this century will increase by 10% both in Sweden and in competing
countries. Technological development, defined as change of output-input ratio
for new equipment, is assumed to increase by 4% for this period. New
equipment is available for every company that wants to buy. The value of the
Swedish currency relative to the European ones is assumed to be unchanged
for the years to come.

One main difference between the Swedish forest sector and its competitors
in North America is wood availability and cost of wood. The Swedish forest
industry capacity is close to the sustainable yield compared with, for example,
competitors in the southern U.S.A. This situation will have an impact on (1)
marginal costs for wood, for example, due to expensive import, (2) transport
distances and harvesting costs for part of the domestic supply and (3) negotia-
tion power of the forest owners. Investment in new primary manufacturing
capacity has been regulated in Sweden for almost one decade. The silvicultural
law that regulates the cutting has an history of more than 100 years. Those
“institutional conditions” will quite certainly affect the scenarios for Sweden.

The reference run shows increasing forest industry capacity for the competi-
tors of the Swedish forest sector for the whole period (fig. 5). Some decades are
characterized by a quicker capacity increase than others depending on the
market situation and applied investment policy. The capacity of the Swedish
forest sector levels off in the scenario due to limited domestic supply of wood,
increased costs for wood, and regulation of industrial investments. The Swedish
export of wood products follows the capacity development. However, there is a
tendency, due to high production costs relative to competitors, to lose market
shares on the Western European market.

Increasing cost for wood means lower profit, difficulties in borrowing
money and an outflow of money from the sector to better investment oppor-
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Fig. 5. A reference scenario for Swedish and competing forest industry capacity (different scales).
Export from Sweden and gross margin for the industry is illustrated.

tunities. This decrease in the cash flow means less money for investments. The
result of the model is that the output—input ratio develops unfavorably for the
Swedish forest sector compared with its competitors. The situation could be
better or worse depending on the market situation. A favorable market
situation for the producers, defined as excess demand, which in the model
develops at the end of the 1980s and the beginning of the 1990s after a bad end
of the 1970s and the beginning of the 1980s, means higher profit and increased
selling. Another explanation for the increasing profit is reduced costs of wood
as a consequence of reduced industrial capacity. Increased profit means more
money for investment.

3.3. Changed technological development

The two model runs (in this section) show the impact of the technological
development on the dynamics of the Swedish forest sector. In the reference run
the output—input ratio for new equipment was assumed on average to increase
by 4% per year for the rest of this century. This assumption is in the two model
runs increased to 6% and decreased to 2%, respectively. Everything else is
unchanged.

Those changes have quite a substantial impact on the result. The assump-
tion about a quicker technological development means a slower long-term
increase of the wood product price than in the reference run — and the other
way around. Furthermore, the development of the Swedish forest industry
capacity, wood product export, profit level, and harvesting level is changed —
just to mention some examples.
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Fig. 6. Scenarios of the gross margin for of the Swedish forest industry for three different
assumptions about the technological development of new industrial equipment (e = average annual
increase of output-input ratio for new equipment).

The assumption about a quicker technological development than in the
reference scenario makes the situation worse for the Swedish forest sector (see
fig. 6). The explanation is that an unfavorable profitability development due to
increasing wood costs relative to the competitors leaves, as was mentioned
above, less money for investment in new equipment. A decreased investment
rate as compared with competing forest sectors means a slower introduction of
new equipment and thus a slower increase of the average output—input ratio
than for the competitors. The disadvantage with limited investment possibili-
ties will be increasingly clear the quicker the technological development. This is
one of the reasons for a widening gap between developed and developing
countries. Another factor to remember is the effect of the technological
development on the long-term price development.

3.4. Consequences of different investment strategies

One problem in the scenarios for the Swedish forest sector as a whole, but
not necessarily for an individual company, is the increase of the forest
industrial capacity combined with expensive wood raw material. This means
less money for investments with the drawbacks discussed above. One strategy
for offsetting this drawback with limited and expensive wood resources is to
make more money available for investments or to replace old capacity quicker.
A decrease of the prime rates will help because the pulp and paper industry is
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Fig. 7. A scenario for the Swedish forest sector when the financial resources for investments are
doubled as compared with the reference run during the middle of the 1980s. (Competing and
Swedish capacities are on different scales.)

very capital intensive. Reduction of taxes is another way. The banks could be
asked to lend more money to the forest sector — for example special and
favorable forest industrial bonds could be issued with the help of the govern-
ment. The sector could be subsidized and so on.

Fig. 7 shows a scenario where the assumption is that the financial resources
available for investments in new industrial capacity are almost doubled in the
middle of 1980s as compared with the reference scenario. (This dramatic
increase is used to make the result more clear.) It takes some years, due to
different delays in the system as for example building time, before the result is
seen. Compared with the reference scenario the industrial capacity after the
beginning of the 1980s does not decrease as much as in the reference run. But
what is more important is that the output—input ratio is increased, as a
consequence of increased investments. The result is decreased processing costs.

However this strategy means increasing cost of wood and interest rates for
borrowed money. These cost increases can counter-balance the decrease in
processing costs. This is what happens in the model run.

A strategy with increased investments could be combined with a shortened
lifetime. The goal could be to allow an even more rapid introduction of new
technology than in the previous scenario through a shortened lifetime of
capacity. The result will, in the model, be a quicker increase than in the
previous scenario of the output—input ratio. This will have a favorable effect
on the profit development.
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4. Concluding remarks

Forest management and investments in new plants involve long-term deci-
sions. Consequently, strategic planning is vital for the companies involved and
has for a long time been one of management’s most important functions. This
is even more underlined by the fact that forest companies are facing slow
growth of their markets, cyclical fluctuations of demand, high investments
requirements for new capacity and high interest rates (Kalgraf et al. 1983).

The first and most important step in strategic planning is understanding the
environment in which a company operates, i.e., the market, the competitors,
the supply of raw material, and the society at large. The presented forest sector
model is a tool for achieving this. The model is basically a formulation of the
logical relationships between the forest products market, the forest sector
under investigation and competing forest industrial production, and wood
supply.

The prototype model presented is to be looked at as a suggestion or example
of how a national forest sector model could be built. Some of the modules will
be of more interest than others depending on the conditions for the forest
sector under study. For example in some countries the forest resource will be
of more importance than in others. For some cases, it will be found that
modules are missing, for example, representing land use and pollution (Gross-
mann 1983). The structure of some modules will probably also need some
changes. For example, in countries where the forest area is mainly owned by
the state the stumpage price could be decided upon in another way. More
detail could be wanted. This is true when it comes to the number of products.

Technological development of production processes, defined as the
output-input ratio, is of importance for the competition between companies
and between industrial sectors. A company that introduces technological
changes quicker than its competitors will have a more favorable development
of the output—input ratio and thus also of the processing cost. This means
higher profitability than for the competitors. The profit could be used for new
investments which will still further improve the advantage of this company.
The profit could also be used for improving the services given to the customers
or for given price discounts. The result will probably be an increased market
share and selling. The profit will increase even more.

The technological development affects, via the processing costs, the long
term price development. This means that a product characterized by a slow
technological development, as compared with other products, will be sub-
stituted. This explains the structural changes taking place between different
industrial sectors.

One disadvantage for the Swedish forest sector during the decades to come
is that the industrial capacity can be expected to increase only slowly due to
limited supply of wood. It will be easier for the quickly expanding competitors,
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for example in the southern U.S.A., to introduce technological novelties.
Therefore it seems extremely important for the Swedish forest sector quickly to
discover and introduce technological progress. This is a strategy that the
industry has successfully followed for several decades. However it is important
for the future to invest even more money in R&D activities. This will also
open up the possibility for discovering new products and processes where the
industry can find a competitive advantage. Society can help to achieve this
development through creating good financial conditions for the forest sector.

The use of the model has been educational and has given the user possibili-
ties of answering “what if questions” (Lonnstedt and Schwarzbauer 1984,
Lonnstedt 1983c). The inexpensive and simple interaction between man and
computer increases the understanding of the way the environment of an
individual company behaves.
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A STRUCTURAL CHANGE MODEL FOR REGIONAL
ALLOCATION OF INVESTMENTS *

Borje JOHANSSON
1IASA, A-2361 Laxenburg, Austria

The industrial establishments of the forest industry are often concentrated in distinct regions,
in which they employ a significant part of the labor force. This paper presents a model which
provides a means to analyze and evaluate investment patterns and programs in such regions. The
model contains two integrated parts: one describes the obsolescence and renewal processes in the
industry sectors of a region. This part of the model is formulated within the framework of a
regionally specified multisectoral model. The other part is an optimization model which generates
investment and production for regions, given national and regional constraints on production and
employment levels.

1. Introduction

In Sweden the forest industry constitutes a sector which is extremely
oriented towards the world market. At the same time this industry is char-
acterized by a set of basic rigidities. First, the long run supply of inputs is
determined by the slow growth process of forests in regionally concentrated
areas. Second, the paper and pulp sector, here called “paper and paper
products industry”, has a high average capital coefficient and the capital
equipment is characterized by extraordinarily long durability. Third, different
sectors of the forest industry are highly concentrated in a distinct set of
separated regions.

In small regions in which the forest industry plays a dominant role,
structural change may have severe effects on the employment situation. In this
paper we suggest an approach to formulate investment policies for the industry
in a region such that the structural change of the industry satisfies both certain
profitability conditions and regional employment targets. Using a vintage type
production model, we derive structural change requirements from international
and national medium term scenarios. These scenarios are combined with
regionally specified employment and production targets. We also suggest how
this analysis may be extended to an interregional framework. To illustrate the

* This revised version has been influenced by recent joint efforts between the author and
Hakan Petersson.
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method developed, we present a single-region application which focuses on the
forest industry.

This paper belongs to a framework employing three levels of models:
international, national and regional level models. The top level consists of
world trade models. For a country in which a large share of the forest industry
output is exported, world trade scenarios form a necessary basis for medium
and long term analyses of the domestic development of the forest industry. A
minimum requirement here is that a world trade scenario should specify the
development of world market prices.

At the national level, a multisectoral model is designed to capture structural
change between and within sectors of the economy. World market prices are
obtained from the top level in the system, while domestic prices are determined
endogenously by the national model. For each sector, this model [10] utilizes a
specification of how production techniques are distributed over the production
capacity of the sector. Structural change emerges as a change of the capacity
associated with each production technique including new techniques. Capacity
increase is obtained by investment in new capital equipment.

At the regional level, the structural change process will have to satisfy
certain employment and production targets which may affect the set of feasible
changes on the national level. The national and regional models of the system
[4,5,10] are formulated so as to reflect rigidities of the type described in models
adhering to the vintage tradition, with early contributions by Houthakker [1],
Johansen [2,3] and Salter [11].

We should finally emphasize that the high capital coefficients in the forest
industry sectors means that structural change in these sectors may use up large
proportions of the total “investment budget” in nations with a large forest
industry sector. This fact makes it meaningful — perhaps necessary — to treat
the investment process in a multisectoral framework.

2. A vintage model with regional and intersectoral specification

The basic ideas in this section rely on the early contributions to vintage
analysis by Johansen [2] and Salter [11]. We shall identify industrial establish-
ments as production units. The design of an establishment is defined as the
choice of specific capital equipment with a given production capacity and an
associated fixed relation between labor and other inputs. This means that ex
post, i.e., after investment in an establishment, its input coefficients and the
production capacity remain unchanged. However, since an establishment gen-
erally consists of separate subsystems, we assume that as a result of renewal
investments (i) new capacity may be added to the already existing capacity in
the establishment, and (ii) parts of the old capacity may be removed simulta-
neously as new capacity is added.
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2.1. Distribution of vintages over the input space

Let x},(¢) denote the total output in period ¢ from the set of establishments,
in sector j and region r, which are of the vintage class (production technique)
7, where 7=1, 2,.... For this set of establishments we shall introduce the
following notations

X;,(t) = production capacity in period ¢,

aj; = input from sector i per unit of output in sector j, given )
technique 7

i _ . . . . .

I = labor input per unit of output in sector j, given technique 7

We assume that X/, > 0, /] >0, a; > 0. The production technique specified
in eq. (1) represents the average technique belonging to the vintage (technique)
class 7. By af we denote the average input vector a] = {a;; /] } of this class.

For a single establishment, with capacity X and input coefficient vector a;,
we shall introduce the following assumption

X(t + 1)= x(1) if no capacity-increasing investments in the )
establishment occur between ¢ and ¢+ 1.

a;(t +1)= a;(1) if no investment in the establishment occurs

between ¢ and ¢ + 1.

Given the assumption in eq. (2) it is natural to assume that the production
capacity in a production unit can be increased, and that the vintage classifica-
tion 7 may be changed as a result of investment. From this assumption we may
conclude that X, (¢) and X}, (z+ 1) may differ for three reasons: capacity
increasing investments in existing establishments (indexed j, r, 7), exit from,
and entry to the set of establishments with index j, r, 7. Exit may occur as the
result of either shut down or investments changing the production techniques
from 7 to 7* for one or several existing establishments.

Entry occurs analogously: either completely new units enter the economic
sector or existing units change technique from 7’ to 7.

Let X;(¢) and X,,(¢) denote the total production capacity in sector j in the
whole economy and in region r, respectively. Then we have

xjr(t) =Zf]r(t),

%,(1) = £5,.(0). ©

Studies of industrial change should avoid relying on aggregates of the type
described in eq. (3). The usefulness of such studies increases if they focus on
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the distributions of techniques and capacities forming the aggregates. For
example, one may consider sequences like ()_c},, 1/ lj]- )s-- s (X5, 1/17), ..., where
1/17 represents the labor productivity of units belonging to class 7. In the very
short run these distributions can change only if production units in a class are
closed down. In a medium term perspective new establishments may enter and
existing establishments may renew their technique through renewal invest-
ments. This study focuses on how distributions, of the type described above,

change as the compound result of simultaneous shut down and investment.
2.2. Profits, exit and entry

In the type of framework which is presented here, it is tempting to introduce
regionally specified prices and wages. Resisting this temptation, we shall
assume that the price of product j (output from sector j), p;, and the wage
level in sector j, w;, are economy-wide, i.e., equal in all regions. Using the
notation in eq. (1) we may then define the value added of a specific production
unit as follows

(2 () =Zp(D)a], )51 (0). @
The wage share of value added, 0;, is then determined as

07(1) =wi ()7 /( p(1) =X p,(1)a];). )

Consider now the sequence of techniques 7=1, 2,..., each with its average
input vector. Assume that techniques are arranged so that !

0/ (t)<8 (1)< .... (6)

Let A? be an input set which becomes available at time . Suppose next that
the average input vector aj(-) S Aj-) satisfies

6°(r) <8 ()< .... (7

Suppose also that 1 — HJ.O(t) is greater than the capital cost per value added
which obtains when the new technique is installed. Then establishments
entering into this new class, 1 =0, may through competition force the price in

! Observe that if the wage, w,, is equal for all establishments, and if Za}, < Za,-zj,..., then the

ranking according to productivity, 1/ I}, 1/ Ij2 ..... is necessarily equivalent to the ranking accord-
ing to gross profit share, (1 — 0]1 ), (1— 0j2) .....



B. Johansson, A structural change model 147

sector j to be lowered relative to w;(¢) and other prices. According to eq. (5),
this implies that 67(¢) has to increase for 7=1, 2,.... This process, char-
acterized by growing values of 8., reflects economic ageing of the existing
establishments.

The ultimate effect of economic ageing is that 6, approaches unity or
becomes even greater. Suppose that §(¢) > 1. If the objective is to retain the
production capacity of an establishment in class 7, with non-positive gross
profit, there are two options: the establishment can be shut down and replaced
by a completely new production unit with an input vector o} € A}. The second
option is partial renewal. In that case new equipment is added to the old, or
parts of the old production equipment are replaced by new equipment. Of
course, this also includes reorganisation. Partial renewal should result in a
change from technique 7 to y such that §7(¢) <1< 6/(z).

2.3. International, national and regional interfaces

In small countries many industry sectors are highly oriented towards the
world market — both with regard to selling its output and buying its inputs. In
Sweden, an extremely high proportion of the products from the forest industry
is exported. Inputs are primarily domestic.

In the previous section economic ageing was related to the introduction of
new and competitive techniques. For industries interacting with the world
market we may add changes in world market prices as an important cause of
economic ageing. In this case, we may argue as follows: if the world market
price of the output from sector j is falling relative to other prices on the world
market, the domestic price of sector j will also be reduced in relative terms. >
From eq. (5) it follows that this change in relative prices will cause economic
ageing, i.e., the wage share will increase in the sector experiencing a reduced
relative price. In this situation establishments in sector j will have to search for
new techniques and renew their old techniques, if possible.

We may now introduce a domestic multisectoral model of the following
kind

x(8)=Aa()x(t) +B(1)c(r) +£(1), (8)

where all variables refer to the last year of period ¢ (e.g. five years), and where
x(t)={x;(1)} is a vector of sector outputs, A(t)={a,;,(1)} is a matrix of
average input-output coefficients, B(z)= {b;;(¢)} is a matrix in which an
element b;, denotes investment deliveries from sector / per unit of new
capacity (equipment) in sector j, c(¢)= {¢;(¢)} is a vector of annual capacity

2 If this is not the case, there is no regular interaction between the domestic and the world
market.
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increments in sector j during the period, and where f(¢)= { f;(¢)} is a vector
summarizing export, import and net final demand.

Different ways of solving a system of the kind described in eq. (8) are
presented in refs. [7,9,10]. In order to establish a link between the domestic and
the world economy, f(¢) may be specified as a vector function of domestic
income and prices, and of the relation between domestic and world market
prices.

In addition, we may embed a structural change model in the multisectoral
framework. With the features specified in the previous section, such a model
will react to changes in prices, wages and demand. Those reactions include
removal of existing capacities and construction of new capacities embodying
new techniques. As described in ref. [10], the reactions in such a structural
change model will also affect the formation of domestic prices. In this way
each sector may simultaneously satisfy total demand and counteract economic
ageing.

A solution to the system in eq. (8), together with the interacting model
components, consists of a set of equilibrium prices and wages together with an
associated balanced structure of outputs, investments, etc.

The system in eq. (8) could be regionalized in several ways. For the moment
we just note that according to eq. (2) the aggregates of the system in eq. (8)
consist of regionally specified quantities x;,. A similar observation can be
made with regard to the average input-output coefficients of the matrix A.
Such an element is determined as follows

a,-,-=):):afjffr/7€j- (9)

Entry of new production units applying technique 7 =0 and renewal of
existing units will change the distribution of capacities X}, between time ¢ — 1
and ¢. The same is of course true for regionally specified (average) coefficients
a;;, such that

aijr:Za;'rjijr/ijTr' (10)

3. Structural change models

This section presents different ways of modeling structural change within
sectors on the national level. In a first step structural change is analyzed
without considering renewal of existing establishments. Thereafter renewal or
restoration is considered explicitly. It is shown how these two approaches may
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be integrated. The structural change model which includes renewal is utilized
in the regional models of sections 4 and 5.

3.1. Structural change without renewal

Consider a medium term period. Let the prices and wages during this period
be given. By using formula (5) we may then calculate the wage share 6 for
each class 7. Let ¢, be a function describing the frequency of capacity removed
during the period for each value of 7. The total capacity removed, e;, will
then be

ej=ch(f)jT))7;. (11)

The function €; will reflect the obsolescence policy of sector j. For medium
term periods empirical observations show (see refs. [4,10]) that in general, the
obsolescence policy is delayed so that the following three conditions are
satisfied for each 7: (i) €;(67)=0, (i) d¢;/367 >0, and (iii) €;(§7)<1 for
67 > 1. In a strict version of vintage theory [3,11] we should have: (i) €,(67) =0
if and only if §7 <1, and (ii) €,(67) =1 if and only if 67 > 1.

Having established the form of ¢, we can calculate the value of e, as shown
in eq. (11). One may then determine the new capacity, c,(¢), which must be
created in order to reach the capacity level X,(¢) at the end of the period

c,(t)=%X;(t)+e(r)—Xx,(t—1). (12)

For every vector of given prices, the investment costs per unit capacity in
sector j are determined as X, p,b;;. We shall compare these costs with the
associated profits. By {a?j, ljo} we denote the input coefficients which obtain
from the new technique embodied in the new capacity. The associated profits
are

0_ , _ 0 __ . 0
7 =p;— L pia)— Wi,
i

m=le, (1) + L[5 =1)—¢,(67)], "

where 7rj0 denote profits per unit in the new technique, and 7, total sector
profits after removal of old capacities. For every wage level the first function is
exclusively determined by the price structure. With each of the functions one
may associate an investment criterion such that the investment process is
reflected in the determination of equilibrium prices of the multisector model.

In Persson and Johansson [10] an average return criterion is used such that
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Yp;b;jc; <rym, where r; is an estimated coefficient. With a standard rate of

return coefficient f; the requirement ;> B yields
B<n'/Tpby j=1l,....n. (14)

Since 6 = wlj/[fzr0 +w/’] and 1 -6 =n?/[7 + w]a similar criterion
may be expressed in terms of 00 orl— 00

Remark 1. For given wages the n prices p,,..., p, are directly determined by
the n equations in eq. (14). This remark may be related to the empirical
observation that for each sector the medium term average of 00 is approxi-
mately constant over time. When 00 is rising as time goes by we observe
contracting sectors. *

In this subsection we have described structural change without renewal. It is
possible to embed this change process in the national model related to eq. (8).
In a second step one may apply to the regional level a change process which
includes renewal. By requiring mutual consistency between the two levels, the
two approaches may be integrated. The renewal or restoration type of process
is presented in the subsequent section.

3.2. Structural change with restoration

In this section we will introduce a way of distributing the new capacity,
¢;(t), over the set of old and entirely new establishments, where units belong-
ing to the same class are treated as a group. We shall do this by focusing on the
following property of observed behavior [4]. Over time a high proportion of
production units are renewing their techniques as if their objective was to keep
the gross profit share, 1 — §;, approximately constant. We shall call this type of
renewal a restoration policy.

Consider establishments in technique class 7, and imagine a change of
prices and wages such that 67(¢z — 1) < 6/(¢). Let y be a technique such that
67(¢t)=6/(¢t — 1) and let p7" be defined by

ny=07(r)/87(¢). (15)

We may now define restoration as an investment policy by which produc-
tion units shift from technique 7 to y so as to satisfy the condition 87(¢)=
07t = 1.

J

3 This may for example be caused by external competition from countries which are increasing
their production and which have lower wages and other input costs (raw materials, etc.).
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Let X7 be the capacity in class y which obtains as a result of a restoration
shift from 7 to y. Assuming that restored units retain their initial labor force
we may add the constraint

(1)< S (1 =1) /17, (16)

where S77(t — 1) denotes the number of persons employed during period 7 — 1
in units shifting from r to v, and /Y is the labor input coefficient of class y.
The restoration is called universal if either S7"(¢)=S7(z—1) or € 1[0’(t)]

The new capacity (in the form of new equipment) in class vy, ¢”, is approx1-
mated by
r=(1-p)xp. (17)

Remark 2. The exact value of ¢ is [1 — pj'(F"/F7)]x], where Ff =[p,—
Zp,au] Formula (17) obtains for EY=F"

The remark follows from eq. (15) where p.j*w A /F =wl!/F. For F" = FY
this yields p}Y =17/I] =y /X[, where y/ =S/"/l] and X" =S7"/1'. This
implies that (1 — TV)x” = x” —yj =c".

By setting 1=y = O and u® ;5 =0 for completely new units, these are in-
cluded in eq. (17). Consistency between the multisectoral model and universal
restoration requires that the following additivity condition is satisfied

Zc”—c (), and Zx”—x-(t). (18)

Similar conditions may be formulated for structural change with partial or
non-universal restoration.

The investment costs corresponding to eq. (17) may be expressed as I]" =
L,;p;b;;c;". From this one may determine an investment coefficient, k7Y, which
relates to value added. This yields

k”—ZP, ,,/( Zp, )

and we may write

7=k 0 - )55~ o) 19
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4. Regionally specified structural change

In this section we start by specifying regional and interregional constraints
which may be derived from a national multisectoral model providing produc-
tion and employment targets and an economic ageing scenario for a region or a
system of regions.

With this as a background we focus on a single region and present two
optimization models which generate structural change solutions for the region.
If the approach presented is applied to the complete set of regions simulta-
neously, it provides a means by which to examine the feasibility of the national
multisector model when regional rigidities and employment policies are taken
into account. Formulating an interactive scheme between the national and
multiregional structural change model, removal and investment in the national
model may be adjusted so as to reflect the rigidities on the regional level.

4.1. Interregional interdependencies and constraints

A structural change model may either focus on one single region or it may,
for example, be formulated as a multiregional programming model utilizing an
interregional input-output system as in Lundqvist [8]. In the latter case the
national and regional levels of structural change merge into one multiregional
level. In both cases we have to consider balance constraints such that regional
solutions are consistent on the national level and in an interregional perspec-
tive. One constraint of this type concerns the breakdown of X,(¢) to a
regionally specified vector {x;,(¢)} such that

% (1) =2 %,(1). (20)

In order to capture all regional interdependencies we should need a com-
plete multiregional input—output system. Information from such a system may
be added as constraints to the more simple scheme presented here which
basically utilizes eq. (10) together with employment constraints as restrictions.
In this context we shall sketch an optimization model which is able to generate
consistent scenarios of multiregional structural change.

First, assume that we can determine an employment target, S,(z), denoting
the desired number of persons employed in the industry sectors in region r.
Observe then the following relationships based on eq. (1)

S/r ZZS;” (21)

5=X5,.
j
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In the sequel we assume universal restoration so that there are unique pairs
(7, v) for which §77(r — 1) = §(¢), and S} denotes S;(¢).

We shall formulate a restoration policy, as specified in section 3.2, for
region r with the following objective function which implies universal restora-
tion

Lo=3 2 phi1Sy =3 287S]. (22)
Y J Y J
where p; denotes an interest rate (discount factor), where ;" denotes the gross

profit per person employed in all establishments which are changing technique
from 7 in period ¢ — 1 to v in period ¢ so that *

6 = (1 - 0])( Pi— Zip,.a;’j)f],/%l )

and where 4]" denotes the investment cost per person employed in establish-
ments changing technique from 7 to y during period ¢. From eq. (19) we have
that

h = k(1 =) by~ Epia | 51/S) (24)

Using eq. (22) we introduce the following multiregional objective
Min} Lf,

subject to

(i) S2(1)< S forall j,

Sy (1)< S, (t—1)forall r, j,and (1, v),
(i) Y Y 8(¢)=S, forall r, (25)
Y J

(i) XY S¥(r)/1}=%,(1) forall j,

where (i) restrains the introduction of the new technique and states that
transition from 7 to y does not increase the labor force in the establishments,
(ii) states that the regional employment target for the industry must be
satisfied, and (iii) states that the national production target as specified in eq.
(20) must be satisfied. Observe that (i) is an indirect capacity constraint and

4 Observe that for new establishment, y =0, we write B/OO and h?o. These coefficients are
calculated separately, according to the specification of technique vy = 0.
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that (iii) is the solution to the national multisectoral model. Observe finally
that the interregional objective in eq. (25) is equivalent to a maximization of
the difference between annual gross profits and annual costs associated with
investment in the new technique 7 =0 and with the restoration investments.
Ultimately the gross profit determined by the solution to eq. (25) must be
consistent with the income formation in the national multisectoral model. In
particular, one may introduce a consistency criterion for regional profits,
formulated in a similar way as the additivity condition in eq. (18).

From eq. (25) we may specify the following Lagrange function for distinct

(7, v)-pairs

L=¥L5—ZA,(E,(:)—Z;s;,(z)/l;)

- IA[S-EESH0| - EEN[s70- D - 53], (26) °

The optimum conditions may be described as follows

Sy=0or

. (27)
8L =p AT+ A, + A/ 4N,

Sy[aL/s,]=0= {

For this solution we may interpret A, as a regional policy parameter and A/}
a sectoral policy parameter specified with respect to technique class y, where
policy parameter means “subsidy” of *“tax”. Finally, A", represents the ad-
ditional profit that obtains if the capacity constraint is binding.

4.2. Structural change in one region

In section 5 the structural change analysis is illustrated by an application to
a single region. There we utilize two different “mini-versions” of the optimi-
zation model in eq. (25). In both versions we minimize the objective function
L§ in eq. (22). The first version utilizes constraints (i) and (i1) in eq. (25), which
means that it allows free allocation between sectors up to the limits set by the
constraints. This version should only be applied to a small region, since it has
no mechanism which relates it to the sector balance on the national level in eq.
(20). The Lagrangian becomes for (7, y)-pairs

Li=L5=\($,- L ESH| - ZIN[S:(- 1 -530)]. (28)

The second version differs from version I in only one respect. The target S’,

3 In this formulation S_ﬁ is denoted by Sjor(t—l), in order to simplify notation. Observe that

technique 7= 0 did not exist in period ¢ —1, by definition.
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is taken away and replaced by sector-specific targets, Sj,. Then the following
Lagrangian applies for distinct (7, y)-pairs

Ly=Lj- ZA,-,(sj-,~ ZS,-t(z)) R VANATES VERHE] (29)

Observe finally that the price-wage scenario affects L through /] and 8§
in eq. (22). For each such scenario, egs. (28) and (29) generate associated
structural change scenarios. In the following section we provide a comparison
between scenarios generated by egs. (28) and (29).

5. Illustration of structural change scenarios with single-region allocation

In this section we shall illustrate an application of the models associated
with egs. (28) and (29). We call them Programs 1 and II, respectively. The
programs have been applied to a Swedish region, Varmland, for the period
1978-1985. In table 1, the initial employment structure (1978) is described.
The techniques are aggregated to 5 technique classes, of which 7 = 0 represents
the new technique. The restoration profile for the period 1978-1985 is il-
lustrated by fig. 1, which shows that the period has been divided into 2 + 5
years.

Table 1
Initial employment structure and capacity constraints. Warmland (1978) (Source: ref. [5])

Paper Wood Summation
products products over re-
maining
16 industry
sectors
Employment target 6250 2911 24850
Capacity constraints
in terms of persons
employed in class:
=0 620 300 2520
1 2750 730 4580
2 2560 1490 11040
3 750 440 6410
4 190 260 2850

Total capacity
constraint 6870 3220 27400
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o(t)

|

]
Norm /‘: I
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|
1978 1980 1985

Fig. 1. The change of the wage share in a specific sector and profit share class with a restoration
program.

5.1. Two structural change scenarios

Table 2 summarizes two structural change scenarios with associated invest-
ment allocations. The two scenarios are based on the same price—wage
scenario. The scenarios utilize Programs I and II, respectively.

In table 2 we have not described the distribution of techniques. This is
illustrated in table 3. Program I generates the same total employment as

Table 2

Structural change scenarios with Programs 1 and II. Net surplus = Gross profits minus costs
associated with the investment (1.000 Swkr). Annual growth of economic age refers to the
difference a — B, where a, in per cent, is the annual growth of the wage level and B is the annual
growth of the value added price index, in per cent

Annual Wood Paper All 18
net surplus products products sectors
per person Annual growth 1,0 2,3 2,5
(Swkr) .
of economic age
Base 35400 Employment 1978 2911 6250 34011
alternative Investment 197278
per year (1.000
Swkr) 48500 197200 604100
Program 50554 Employment (%) 102 107 99
I Investment (%) 45 100 104
Program 49155 Employment (%) 100 100 99

11 Investment (%) 45 53 85
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Table 3
Illustration of Programs I and II for the forest industry

Index Capacity Gross Inv. Regional Wage
class utilization profit costs shadow share,
in per cent prices per
cent
T 8'77 plh;(Y AYl Al
Program 0 100 106.1 59.2 46.9 - 39
I 1 100 106.1 10.4 95.7 - 39
Wood 2 100 47.1 28 443 - 59
products 2 100 16.9 0.5 16.4 - 80
4 0 -10.3 - - - 118
Program 0 100 106.1 59.2 30.5 16.4 39
11 1 100 106.1 10.4 79.3 16.4 39
Wood 2 100 471 2.8 279 16.4 59
products 3 89 16.9 0.5 0 16.4 80
4 0 -103 - - - 118
Program 0 100 1721 1721 0 - 30
1 1 100 149.8 0 149.8 - 33
Paper 2 100 51.3 179 334 - 59
products 3 100 18.4 6.0 124 - 80
4 0 -21.1 - - - 140
Program 0 31 1721 1721 0 0 30
11 1 100 149.8 0 149.8 0 33
Paper 2 100 513 179 334 0 59
products 3 100 18.4 6.0 12.4 0 80
4 0 =211 - - - 140

Program II. It does so by requiring a greater total investment effort. At the
same time it generates a higher net surplus which is the difference between the
annual gross profits and the annual costs associated with the investment
allocation. One should then observe that Program I, which refers to eq. (28),
allows free allocation between sectors, while Program II operates with one
employment target per sector. The outcome of the two programs is specified as
a percentage of a base alternative which is also presented in table 2.

In table 3 we illustrate Programs I and II in more detail for the two
subsectors of the forest industry. The similarity between the two outcomes
makes it easy to grasp the structure of the solutions. One should observe that
every class 7 includes at least three establishments, since this is a confidential-
ity criterion in the industrial statistics of Sweden. If we regard Program II and
focus on the wood products sector, the parameter value A; = 16.4 indicates the
taxation per employee on a marginal unit in class y = 3 that would force the
reduction of this class to 89% of full capacity utilization. For further details, we
may refer to Johansson and Stréomquist [4] and Johansson [5].
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THE USE OF ECONOMIC VALUE OF WOOD IN COMPARING
LONG-TERM STRATEGIES FOR FOREST INDUSTRIES

Matti KIRJASNIEMI
Jaakko Poyry Oy, Helsinki

This article describes the long-term planning problems of the forest industry. The mixed integer
mathematical model developed optimizes the structure of the forest industry under the limited
forest resources available. The model is a single-period model concentrating on the most important
structural factors in the industry: economies of scale and economies of integration. The strengths
and weaknesses of the major competitors, possible outcomes of future changes in markets, the
economic environment, and technical developments in the forest industry and in competing
industries are also assessed. The results of the optimization are intended to give a solid basis for
drawing conclusions about long-term development strategies, rather than to give solutions ready
for implementation.

1. Objectives of the long-term planning

The forest industry is highly capital intensive. Typical of this industry is the
relatively long economic life of production units, with consequent rather
modest profitability prospects for most new mill projects.

These basic characteristics of the forest industry call for comprehensive
in-depth long-term planning, with more emphasis on seeking consistent operat-
ing conditions than on occasional business opportunities. In addition, the long
payback times of forest industry projects and intensifying international compe-
tition mean that the structure of the industry (i.e. mill sizes, degree of
integration, productivity etc.) has a major effect on profitability.

2. Planning criteria
2.1. Principle

From the standpoint of the national economy, the forest industry is the
instrument for obtaining economic benefit from a nation’s forest resources.
This benefit can be measured in many different ways. The traditional measure
of performance is profitability, calculated by dividing net return by capital
investment. According to this assessment, the alternative with the highest
return on capital investment is the most beneficial. This thinking is based on
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the assumption that capital is the limiting factor for which each alternative
must compete; it is assumed that other factors such as raw materials and
labour are available at a known price and in abundance. But for the forest
industry these conditions no longer apply in most major production regions.

In many instances the procurement of wood raw material is the bottleneck
which limits the development prospects in the long term. In these cir-
cumstances evaluation based on the traditional profitability calculations is not
sensible. It is more realistic to evaluate each alternative in terms of its net
return per unit of the factor which most limits the scale of the operation, and
that is the availability of wood raw material. The most favourable alternative is
then that with the highest net return per unit of raw material used. This
thinking is based on the assumption that other factors, such as capital, are
available at a known price and in quantities sufficiently large for them not to
impose critical limitations on the scale of operation.

In accordance with this principle, the best measure of the value of a
forest-based industrial enterprise from the national economy viewpoint is the
economic value of wood, which is defined as the maximum theoretical raw
material price which a company could pay, given a known sales price for its
product, and still cover all manufacturing costs, including capital charges. The
following formula is used for calculating the economic value of wood denoted
by v, for a certain product i:

v;=p/r, (1)

where p, is the sales price less non-wood manufacturing costs, and r, is the
consumption of wood raw material.

For a forest industry business unit, the economic value of wood is a very
useful measure of long-term profitability prospects. When forest resources are
limited and there is competition for wood between different companies, wood
prices tend to increase. The company which has the highest economic value of
wood has the highest wood-paying capacity and the best growth prospects;
competing companies may have to withdraw.

2.2. Maximization of the economic value of wood

The principle of the economic value of wood 1s applied to determine which
products and production methods should be chosen to process a known,
limited annual harvest of wood to give the highest possible financial result. The
principle of the calculation can be expressed in the formula (2) for the
economic value of the total quantity of wood harvestable, denoted by V.

V=P-C, (2)

where P is the total sales revenue from forest products and C is the total
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manufacturing cost excluding wood but including capital charges. Subject to
the limitations set by the wood supply, the desired production programme is
that which gives the highest economic value for the total amount of wood raw
material available. This is the optimum programme for a forest-based industry
with a limited supply of wood raw material. The problem can be solved by
well-known linear programming methods (e.g. Wolfe and Bates 1968) or mixed
integer programming methods (e.g. Bender et al. 1981).

Goal programming methods, in which both the economic value of wood and
return on investment are simultaneously taken into account, are not applied to
the problem. Instead it is useful to see how the optimum programme is
sensitive to the changing cost of capital.

3. Mill models
3.1. Basic principles

Mill models have been developed to represent the modern process and mill
design practices of the forest industry. Certain specific mill site conditions
which affect mill designs and costs are not taken into account. The mill models
are thus hypothetical aimed at representing average conditions of the region.

In the forest industries, economic efficiency depends on two main factors:
economies of scale and economies of integration. Mill models have been devel-
oped so that these factors are properly taken into account.

3.2. Economies of scale

For bulk products such as newsprint, linerboard and market pulp, labour
costs, other fixed costs and investment requirements per ton markedly decrease
with increasing mill size. If there were no limitations on wood consumption,
the optimum mill size for bulk products would be the maximum mill size
technically feasible. For products with more specialized and heterogeneous
markets, the optimum mill size also depends on specific market conditions.

The investment requirements / as a function of mill size T (expressed by
annual production) can be estimated with the following equation:

1/1,=(T/T,)". (3)

where I, and T, are given fixed values for investment required and annual
production, respectively, and d is the degression factor.

In general cases the degression factor varies between 0.4 and 0.9. The lowest
degression factors are for continuous kraft cooking plants in one-line oper-
ation; groundwood mills have high degression factors.
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However, this generalized formula is not very suitable for mathematical
programming, and the number of parallel production lines required at different
capacities brings stepwise increases in the investment required. Mixed integer
programming methods are therefore used. The investments required are then
approximated as follows:

I=aT+b, (4)

where a and b are constants specific to each type of production unit. The
constants a and b are chosen so that the estimates of the investments required
are most accurate at most realistic mill sizes from the techno-economic and
marketing points of view. Similarly, labour costs, maintenance costs and other
fixed costs are estimated as functions of mill size.

In a few cases the feasible mill size range must be divided into 2—4 smaller
ranges, and calculate separately the above-mentioned approximations for each
smaller range. This is required in cases where the process design, number of
production lines, labour input etc. depend strongly on mill size.

3.3. Economies of integration

The economies in technically integrating several production lines vertically
or horizontally together in a multiproduct forest industry complex decrease
production costs for many reasons. First, certain auxiliary functions such as
steam and power generation may in a one-product mill be small, and econo-
mies of scale can be achieved only by integrated operations. Second, certain
intermediate operations can be eliminated in integrated mills. For example,
chemical pulp for papermaking is not dried, baled, stored, transported and
repulped in an integrated pulp and paper mill complex.

Additionally, certain wood species and grades are normally best suited for
certain end products, and their use for second-best end products is normally
economically feasible only if economies of scale are achieved. In most regions
forests contain several different wood species with a wide age distribution of
trees. One-product mills in these circumstances have difficulties in achieving
rationalized forestry operations or the optimum wood mix for the process. In
an integrated forest industry complex, the forestry operations and the produc-
tion processes can be balanced so that wood costs at mill are minimized and
the benefits from the specific quality characteristics of different wood species
maximized.

Alternative ways of using wood and integrating forest industry operations
are illustrated in fig. 1. The integration alternatives can be analysed and the
optimum forest industry complex found by dividing the production processes
into different mill departments or blocks. When these blocks are logically put
together, all required process functions and auxiliary departments are taken
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into account at the required sizes. Block definition is to a large extent based on
physical mill departments, with allowance for connections between process
blocks and certain indirect and service functions. In the mill model the
auxiliary departments, or common blocks, which may be common to several
production blocks, are:

- woodhandling at mill site,

- regeneration of pulping chemicals,

— process steam generation,

— back-pressure power generation,

— power distribution,

— raw water intake and mechanical treatment,

- chemical treatment of process raw water,

— effluent treatment.

The process design of these blocks depends to some extent on the configura-
tion and sizes of the production departments. The mill models represent
normal design principles for large, modern operations. For instance, hog fuel
from wood barking is burnt in high-pressure steam boilers, and effluent
treatment includes both primary and secondary treatment. The costs of com-
mon functions such as the central maintenance shop and head office are not
expresssed in the model as separate blocks, but are included in the cost
estimates of other blocks.

Table 1

Mill model: structure of block data. The blocks are grouped in four categories for calculating
maintenance and general overhead costs, and determining differences in productivity between
major production regions

Data entities Remarks

Block number 1-110

Block indicator 1-4

Number of block sizes 1-4

Consumption of fibre raw materials wood, purchased pulp, waste paper

Net consumption of fuel

Consumption of power

Costs of other raw materials chemicals, additives etc.

Costs of operating materials

Costs of packaging materials

Loading of other production blocks steam and power generation,

Loading of common blocks chemical recovery, water
handling, etc.

Block data as a function of block size:

Fixed capital required

Number of operating personnel

Number of maintenance personnel

Number of administration personnel




M. Kirjasniemi, Economic value of wood in comparing long-term strategies 165

The production lines are broken down into different blocks so that alterna-
tives for vertical integration can be analysed. The connections between the
blocks are determined by defining the fibre furnishes in papermaking, the
bleaching losses, the pulping yields, the steam and power consumptions, the
water usages and other similar process parameters. For each of the production
or common blocks, the operating costs and capital expenditure required are
estimated as functions of mill size, and put into the mixed integer program-
ming model. The data contents of each block are indicated in table 1.

The mill models have been used in various corporate planning and regional
studies by Jaakko Poyry Companies since late 1960s (Eklund and Kirjasniemi
1969).

4. Optimum industrial structure
4.1. Optimization model

The mill model described is the essential part of the optimization model
illustrating the structural characteristics of the forest industry. When we
additionally include in the model the marketing possibilities and sales prices,
fibrous raw material and other resource limitations, as well as the costs of
other raw materials, energy, labour and capital, then all necessary aspects for
strategic considerations are included in the model (see fig. 2).

This model can describe fairly satisfactorily only the industry and its
resources, present economic and market situation, and technological state. It is
a single-period model, in which future changes are studied in a sensitivity
analysis.

4.1.1. Objective function

The objective function is the economic value of wood as defined in section
2. The economic value of wood for an individual product is composed of:
~ the direct charges of the production blocks,
— the indirect charges of auxiliary blocks,
— the direct compensation from sales.
In the model, the economic value of wood is, however, not calculated for each
product but in terms of a total value. The economic values of wood corre-
sponding to a given block size is the sales revenue less the following: cost of
fuel, cost of other raw material costs, packaging material costs, operating
supply costs, personnel costs, maintenance material costs, general overheads,
interest on capital, and investment annuity. For the production and auxiliary
blocks the sales prices are equal to zero. For the sales variables, the sales prices
are positive but cost terms are zero.

For a block size within given limits, the economic value of wood can be
calculated by linear approximation in the following way. Let the block size
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alternatives be 77, 7, and T3, and let the corresponding economic value of
wood per product unit be C;, C, and C;. Then the total economic values of
wood at the points mentioned are C,T;, C,T, and C;T;. If the desired block
size is for example in the range (73, T,), the corresponding total economic
value of wood Y is

Y=xC,T, +(1 - x)C,T, = ax + b, (5)

where x > 0. From this equation, the coefficients of the objective function are
taken for each variable.

4.1.2. Furnish balances

The furnish constraints or raw material balances are divided into two
groups: balances for individual raw materials and compound balances for
several raw materials. The latter are used to determine furnishes, i.e. the ratios
between different raw materials to be fed into the production process. The
general form of furnisb constraints is

Yax— 2 b;x; >0, (6)

iel jeJ

where I is the set of indexes of raw material producing activities, J is the set of
indexes of raw material consuming activities, x; is the activity level and
coefficients a; and b; the corresponding furnish coefficients, which are non-
negative.

4.1.3. Production balances

Production constraints and material balances are divided into three types:
(i) quantity constraints, (ii) linkage of the existence and (production) quantity
variables of a certain block size, and (iii) linkage of existence variables of
different block sizes.

The first type restricts the output at least to the level of consumption. The
second type allows the quantity variable to be nonzero only if at the same time
the corresponding existence variable equals one. The third type ties the various
block sizes so that at most one size gets chosen.

The general form of the first type for a given product is

k
Yox;— 2 bx,—x>0, 7N

i=1 jeJ

where k is the number of block sizes, x; the corresponding quantity variables,
J an index set of the block sizes using the product as raw material, x; the
corresponding quantity variables, b; the input coefficient and x the amount of
the product to be sold.
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The general form of the second type for a given block size is
al —y<x—yI<0, (8)

where a is the lower limit of the block size, y is the upper limit, x is a
production variable (between a and y), and I the corresponding existence
variable equal to zero or one.

The general form of the third type for a given mill block is

<1, (%)

where k is the number of mill block sizes and /, is the ith existence variable.

4.1.4. Operation balances of auxiliary blocks

The operating balances of the auxiliary blocks are, in general, formed in the
same way as production balances. They may also be divided into three types.
The only exception is the primary boiler for which the material balance has the
form

k
Sox,+ Y aux,— Y bx, >0, (10)

i=1 heH jeJ

where k, x;, b,, J have the same meanings as above, and H is the index set of
block sizes corresponding to the block that increases the available primary
boiler capacity.

4.2. Markets

4.2.1. Marketing potential

Product prospects (i.e. the volumes, growths, and regional supply and
demand balances) provide very important basic information for considering
the long-term development of a forest industry company or secter. However, it
is difficult to provide the market data to the optimization model.

The present market positions of the domestic industry and competing
foreign suppliers in each market are the result of a long historic development.
In many cases, a comparison of the present market share and competitiveness
of each producer suggest that the market shares will considerably change in
favour of the most powerful producers.

On the other hand, there are regions like Finland and Sweden where the
forest industry is an essential part of the entire national economy. The
economic policy in these countries must remain such that the forest industry as
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a whole can keep its market position in its major markets. Naturally, the
product mix of the industry could be changed in these countries towards more
competitive products.

An evaluation of marketing potential must therefore be based on an
analysis of the strengths and weaknesses of potential competitors, as well as
product prospects. With regard to bulk products, this analysis must be based
on cost competitiveness. For more specialized products, more emphasis should
be placed on marketing capabilities, distribution efficiency and similar factors.

Marketing potential, expressed as upper bounds or right-hand-side limita-
tions, is therefore not a very sensible starting point in the optimization model.
Instead, it is found more useful to run the model first without any market
limitations; if the results are clearly unrealistic from the marketing point of
view, the limitations can be added one by one. The gradual increase of market
limitations makes it easier to illustrate their influence on the optimization
results as well.

4.2.2. Sales prices

The straightforward method of using present market prices as such in the
long-term considerations, which was still a general practice in late 1960s and
early 1970s, is often now considered misleading.

As in many other sectors, market disruptions in the mid 1970s broke down
the earlier relatively steady price trends and showed how the prices of different
forest products react very differently to any severe economic recession. For
instance, a cheaper substitute to advertising on TV was found to be news-
papers and magazines, and consequently the demand and price of certain
printing paper grades were firm during the recession. On the other hand,
packaging papers and paperboards, various office papers and products with
demand directly related to industrial production and general economic activity,
were hard hit in the mid 1970s.

Present prices may not be suitable for long-term considerations, as different
forest products may be in the different phases of market cycles, there may be
some medium-term imbalances in supply and demand, etc. These short-term or
medium-term fluctuations should be eliminated, and long-term trends in the
price relations between the different forest products found. One way of doing
this is to calculate longer-term average prices. This would give good results if
all forest products had market cycles of about the same frequency, but this is
not necessarily true. Another problem is that prices and price relations before
the first oi! crisis in 1974 probably have rather limited relevance for estimating
future prices, and the years after 1974 are quite few for calculating averages.

Another perhaps more relevant approach is to assume that the long-term
trends in future prices and price relations are increasingly being determined by
the market or price leaders. This is the expected result of the future keener
competition between producers as the growth in demand in major markets
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becomes slower than in the past. Exposure to international competition will
also be greater in the future (Leone and Meyer 1980). The total manufacturing
costs, capital charges and distribution costs — in other words the required sales
prices — of the major producers or production regions are estimated as part of
the analysis of competitiveness. The lowest-cost producers or production
regions are thus found, and their potential for increasing market shares
assessed.

In bulk products this approach should result in a good basis for estimating
long-term prices, whereas in estimating prices for semi-bulk or specialty grades
certain other factors should also be taken into consideration. A comparison of
actual market prices and the required sales prices of the identified price leaders
could give indications of the pricing policies in the more specific market
sectors.

The mill models previously described are also used in analysing cost
competitiveness. Economic indicators are estimated for each competitor or
competing region, the representative industrial structure, labour productivity,
etc. defined and the total manufacturing and distribution costs (i.e. sales prices
required) calculated using the mill models.

4.3. Industry

The optimization problem may concern either a single company or a whole
forest industry sector in a certain region. In both cases there may already be an
extensive industry with relatively little expansion potential left. Optimization
could begin with mill models representing new mills with modern technology.
The results may indicate vast differences between the present situation and the
optimum, if the industry could be built from scratch. In these cases the needed
shutdowns and rebuilds must be studied in more detail.

In the next phase the short-term viability of the present industry is analysed
by calculating the economic value of wood by excluding capital charges on
fixed investments at the industry’s present capacity. If the industry is then
different from the optimum calculated results, some old capacity should be
shut down and replaced by more profitable units.

It may be necessary to study in more detail the units of the present industry
that, according to the optimization results, seem viable in the short term, but
could not bear the full capital charges considered necessary for long-term
viability. The actual operating costs of these mills or production lines, and the
need for major rebuilds in the near future are then analysed, and the corre-
sponding actual total costs, plus capital charges covering future major rebuilds,
are put into the optimization model. The optimization results should then give
more reliable indications of the viability of these plants.

The optimum number of mill sites within a certain region of given forest
resources can normally be determined reliably enough by simple case studies.
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The inclusion of this problem in the optimization model would dramatically
increase the size of the model, and might make the costs of running the model
unacceptable.

For example, the optimum size of a full-scale integrated forest industry
complex in southern Finland using all wood species in proportion to their
allowable cuts can be calculated simply so that the production line for which
economies of scale are greatest, the chemical pulp line, is given its optimum
size, about 300000 t/a. When the most suitable wood species (pine and birch),
together with the corresponding wood residues from the mechanical wood
mills, are used for chemical pulp manufacture in southern Finnish conditions,
the result is that the optimum annual roundwood consumption of one forest
industry mill site is about 3 million m’, solid underbark measure.

Optimization at considerably lower wood consumption levels may result in
rather weak production units. As shown in fig. 3, optimization at 1 million
m?/a wood consumption suggests that in order to achieve an economic enough
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Fig. 4. Economic value of wood as a function of product mix and size of operations. Product Mix
1: as described in fig. 3. Product Mix 2: as in fig. 3 plus mechanical printing paper less market
pulp. Product Mix 3: unintegrated market pulp mill.
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big kraft pulp mill, all softwood pulpwood species and lower-value sawlogs
would have to be kraft pulped. This results in an imbalance between the
softwood and hardwood pulp production and the paper mill requirements of
softwood / hardwood pulp, so some of the softwood pulp must be sold as a
relative low-value-added product. On the other hand, some of the softwood
pulpwood species may be more suitable for mechanical than kraft pulping, but
at this low level of wood procurement mechanical pulping and production of
mechanical printing papers or paperboards would not be economically feasi-
ble.

In fig. 4 some examples of the effect of the size of operations and product
mix are given. When the wood consumption exceeds 2 million m®/a, the
production mix with mechanical pulps becomes better than the mix shown in
fig. 3.

Aside from these full-scale integrated complexes with chemical pulp manu-
facture, it is found that certain small-scale sawmills, converting plants etc.,
where the economies of scale and economies of integration may be less
important than flexibility of operations, can also be viable in separate small
units.

In principle basic bulk products should be produced near raw material
sources, and converted products near markets. The best way of dividing the
production chain between these two alternative locations depends on the
product. This problem is therefore normally analysed separately through case
studies, and not included in the optimization models.

4.4. Resources

4.4.1. Forests

Forest resources, divided between species, log diameter classes and grades,
and into wood residues or roundwood are expressed in the model as right-
hand-side limitations.

As a basic principle, the annual allowable cut equals the annual forest
growth rate. By improving less productive forest areas, fertilizing, reforesting
etc., intensified forestry will increase the allowable cut. By comparing the
increase in the economic value of wood and the costs of the intensified forestry
it can be seen how far it would be practical to intensify the forestry operations.
The optimum results could also give indications of the relative values of
different wood species and log diameter classes for different strategies of
intensified forestry.

Normally it is not necessary to include wood transport in the optimization
model. The consumption of different wood species and grades in the same
proportions as the forests produce them has proved to be so clearly optimum
that this principle needs to be reconsidered only in very unusual forestry
conditions; and increases in wood transport costs as the total consumption of
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wood increases are normally quite marginal compared with the economies of
scale and economies of integration of the industry.

In areas where the forest industry is based on fast-growing plantations,
long-term development problems are essentially simpler in terms of the num-
ber of different feasible products, fibre furnish alternatives and different forest
resource categories. In these cases it is not useful to use the comprehensive
optimization models; conventional profitability analyses are better.

4.4.2. Energy

Products based on chemical pulp have high wood consumptions, but their
production is almost energy self-sufficient; products based on mechanical pulp
have low wood consumption, but most of the energy for their production is
purchased.

If the price of purchased energy is high, burning wood for energy generation
may be feasible, especially for forest harvesting residues, bark and some
lower-value wood residues from the mechanical wood industry. The optimiza-
tion model should therefore include as one alternative the burning of different
wood grades for energy generation.

Optimization at different energy prices indicates sensitivity of the product
mix, especially the relation between chemical and mechanical pulping, to
changes in real energy prices, and to what extent wood should be used for
energy generation.

4.5. Economic indicators

The optimization model has to be build so that the sensitivity of the results
to the most critical economic indicators can be analysed. Such indicators
include: costs of labour, capital (interest rates) and energy, as well as exchange
rates. Manpower and capital requirements, and energy balances are thus
included in the model as separate lines.

Certain future changes in the economic indicators alter costs for all compe-
titors. If, for instance, for a certain product one company has an energy cost
structure similar to the market/price leader’s, international energy price
increases can be expected to be passed on as product price increases, so the
competitive situation should not change.

The economic indicators are interdependent. For instance, as wood can be
used as fuel, the price of wood cannot for long be less than its value as fuel.
One aspect of the sensitivity analysis can be optimization assuming that energy
prices are so high that all the required energy is generated from wood. The
sales prices should be adjusted accordingly to correspond to the prices required
by the market leaders in this situation.

Changes, which would critically affect competitiveness, such as exchange
rates, should be identified and their probable outcomes in the long term
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assessed. Changes in exchange rates directly affect export sales prices, im-
ported fuel oil prices etc., whereas their effects on mill capital requirements
depend on the international markets for the mill equipment, and have to be
analysed in more detail when analysing the whole effect of the exchange rates
on competitiveness.

4.6. Technological changes

Technological developments have widened the range of raw materials suita-
ble for chemical pulping, increased the sizes of production lines and cheapened
fibre furnishes. Real manufacturing costs and real sales prices have thus
decreased in the long term. It seems probable that future technical develop-
ments will affect the cost structure of the forest industry similarly, but at an
unknown rate.

Some technical innovations and developments would affect all producers in
about the same way, and thus be less critical from the planning point of view.
More interesting are developments which would essentially change the compe-
titive situation. For instance, recent and likely developments in mechanical and
chemi-mechanical pulping will improve the competitiveness of high-wood-cost
regions. The economic potential of these technical developments can be
assessed through sensitivity analyses in the optimization process.

Technical development of competing materials and systems, such as plastic
packaging and electronic media, will affect both the demand for forest prod-
ucts and the quality required of these products. In assessing future risks and
potential one should be aware of the probable outcomes of these likely
long-term development trends.

5. Concluding remarks

Although the optimization model describes structural factors of the forest
industry fairly accurately, it is relatively simple and compact in relation to the
rather complex and comprehensive long-term problems to be analysed. The
simple model, however, enables us to make a large variety of different
sensitivity analyses to illustrate the effects of probable or potential changes on
the optimum allocation of limited resources. On the other hand, the results of
the simple models are not directly applicable; they are merely intended to form
a more solid basis for drawing conclusions about the most favourable long-term
development strategies for a forest industry company or sector (Naylor and
Schauland 1976).

Market fluctuations and the consequent severe financial problems of many
forest industry companies in the 1970s have made it more important to achieve
a production structure less sensitive to market disruptions. Analysis of the
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strengths and weaknesses of the major competitors has therefore become a
more and more important part of long-term planning studies, and the results
of the competitiveness analysis is an essential part in considering the optimum
allocation of limited forest resources.
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A NOTE ON THE OPTIMAL ALLOCATION OF LABOR IN THE
FOREST INDUSTRY

Alexander G. SCHMIDT *
USSR Academy of Sciences

In this paper the problem of the optimal allocation of labor resources in the forest industry
among works on current production output and the construction of new forest industrial
complexes is investigated. Subject to several assumptions this problem is reduced to a mathemati-
cal problem of optimal control with nonfixed time, and is solved completely for the case when the
production function is of the Cobb-Douglass type. The solution is obtained in the form of simple
formulas permitting natural economic interpretation.

1. Introduction

One of the most important problems in forest industry management, subject
to the condition of full employment, is the problem of the optimal allocation of
labor resources among existing enterprises and the construction of new forest
industrial complexes. The latter require massive investments but promise to
give substantial gains in the form of rapid increases in output. It is assumed
here that there is no influx of labor from other sectors of the economy, and
that all technical problems related to complex construction have been solved,
since the relevant planning bodies have all the necessary resources at their
disposal. The forest stocks in the given simplified version are assumed to be
unlimited.

The time at which such forest industrial complexes could commence pro-
duction is apparently determined by the supply of labor that can be used for
construction. Slow construction work will thus lead to small reductions in the
current output, but they defer the moment of completion of construction and
the related increase in general production. There then arises the question as to
which labor use strategy is in some sense the best and most feasible?

The purpose of this paper is not to generate optimal policies for the
solutions of practical problems of this kind but is more modest, namely, to
study the simple but useful mathematical model of the allocation of labor in
the forest sector at the initial stage of so-called pre-institutional analysis. This
simple model, retaining the major causes of the system’s behavior, helps to

* Present address: 40 Vavilov St., Moscow B-333, USSR 117333.
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crystallize our understanding of the important features of the process under
control. The solution is obtained in closed analytical form permitting an
almost self-evident economic interpretation for some range of the parameters
involved.

Our perception determines the methods we use and the solution we see.
Originally this model was elaborated for the study of allocation of labor in the
forest industry but the results proved to be more general and can be applied in
those sectors of the economy where our assumptions hold. We hope that these
results can be used as the starting point for further research in the field.
Previous studies of economic models of renewable resources which are struct-
urally similar to a number of two-sector models of economic growth and in
which detailed analysis was done when the production function was of the
Cobb-Douglas type and the ecological equation was of the “logistic” form
have been published by different authors (see, for example, Beddington et al.
1975 and Clark et al. 1979). The allocation of labor in these studies was
ignored. The joint consideration of the problem of the long-term allocation of
labor in the forest industry and of the appropriate model of forest growth
seems to be a natural and interesting step for further research in the not so
distant future.

In order to make this consideration possible many things must be clarified,
since from the mathematical point of view, the problem of forest modeling for
any suitable long-term goals is an extremely difficult one. Some useful ap-
proaches to this problem were discussed by Holling (1978). More advanced
mathematical models for forest growth and management were recently pro-
posed and investigated by Hellman (1979, 1980).

2. Statement of the mathematical problem

Let the construction of a forest industrial complex be started at time ¢t =0
and finished at +=T. Let also the current output in the forest industry be
described by the production function

Y=F(K0’LC)Eq)(LC)’ LCSLO

where Y is the output per unit of time, constant K, is the capital of the forest
industry up to the end of construction, L, is the labor used in production, and
L, is the total amount of labor in forestry. We assume that the function is
concave of L.

After completion of the forest industrial complex the capital will increase by
K,. The production function F(K,, L.) is repaced at =T by some other
function G, while the following relation holds:

G(K,+K,, Ly)=kF(K,, L),
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where k > 1. In other words, the forest industry output after construction of
the complex will increase k times. Note that in this case a knowledge of G is
not necessary; one needs only to know the parameter k. It is further proposed
that after construction all labor resources will be used only for production
purposes.

It is natural to consider the following function as a criterion of control:

I =f000u(Y)e“”dt =/OTu(Y)e-P'dz +{u[Y*(T)]/p}e ",

where p is the discount factor, Y*(T) is the output after the end of construc-
tion, and u(Y') is a social preference function. We will limit ourselves here to a
consideration of one particular case when u(Y)=Y, since it is the most
interesting from a practical point of view. The following inequality holds

L(t)+L,(t)<L,,

where L,(7) is the labor employed in construction in the interval [0, T]. Let us
consider L. and L, as control variables, and denote by L, an amount of labor
(for example, measured in man-hours) that is needed for the entire construc-
tion process. It is evident that

T
L, =f0 L,(t)dr.

Let us introduce a new variable x(¢) by the relations
x(t)=L,(1), x(0)=0, x(T)=L,.

Now we are able to formulate the following problem of optimal control:

max(j(;rq>(Lc)e_p’dt+(k/p)q;(L0)e—pT’ <P(L0)/p) O
subject to

x=1L,(1), @
x(0)=0, x(T)=L,, )
L+ L.<Ly, Ly, L,>0, @
Y=o(L). 5)

The second term in expression (1) ¢(L,)/p, corresponds to the case when
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there is no construction work at all, and all the labor is used only for
production purposes. This case should not be excluded since, subject to some
relations among parameters, this case could be optimal. Note also that T is
unknown and remains to be found.

3. Solution to the problem

The problem formulated above is one of optimal control with non-fixed
time and fixed initial and terminal conditions(3). In its solution it is convenient
to apply Pontryagin’s Maximum Principle (see Pontryagin et al. 1969, Moiseev

1975, Schmidt, 1979). In this case the Hamilton function H(x, p, L., L) and
the Lagrange function L(x, p, q, L., L,) have the following forms:

H(x, p, L, L?)=¢(L)e " +pL,,

L(x, p. g, Le, L) = H(x, p, L, Ly) +q(Lo = L, = L),

where p is a dual variable and ¢ is a Lagrange factor such that
qg(Ly—L,—L)=0,q>0.

For p we have

p=—-(0L/3x)=01ie. p=p,=0. (6)
The values of p is unknown and must be found from the solution of the

corresponding boundary problem.
The transversality condition is as follows (see Moiseev 1975):

H[x(T), p(T), L.(T), L(T)] = ko(L)e™*". (7)

The necessary conditions of the maximum Hamilton function, subject to
conditions (4) will bring us to the following relations

0<g(L)e *=q=p, (8)
L,=L,—L.. (9)
Let us denote the solution of eq. (8) by L.( py, t). We obtain

x=Lo~Lc(po, 1) (10)

Let the solution of eq. (10) be x =y (A, py, t), where A4 is an arbitrary
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constant that has to be chosen in such a way as to satisfy the initial condition
x(0) = 0. The condition on the right hand size is as follows

Y(A4, po, T)=L,. (11)

Using eqs. (7) and (9) we obtain

‘P[Lc(Po’ T)]e—pT‘*‘Po[Lo_Lc(Po’ T)] =k‘7P(Lo)e_pT- (12)

Thus the original problem in eqgs. (1)-(5) is reduced to the solution of two
transcendental equations (11) and (12) for the determination of p, and T.

Let us consider now a case when the production function is a Cobb-Doug-
las function:

F(Ky, L.)=CK} “L:,0<a<].

Then @(L.)=vyL% where y=CK; * It is easy to show that the optimal
control L. is as follows:

(1/1-a)
L.(po,1)= (a_y_e_p,)
Po

Thus L.(p,, t) is a continuous, monotonically decreasing function of .
Further, we have

x(t)= Lot + B(e P /0 —1),

where

B=1_a(ﬂ

1/(1 -a)
P p ) '

We are able now to write equations for the determination of p, and T:

LT+ B(e P70 _1y=L_ (13)
1/(01 —a) 1
po[ePT/“‘“)(%) (a—y— 1) +L0]=kyL8e"T. (14)

It should be noted that only the positive roots of eqs. (13) and (14) that are
feasible do not violate the condition

LC(t)
Ly

0< <1
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Let p,=ze *T. Then from eq. (14) we obtain for z:

Z(L0+i)=kng, (15)
B

where

(1 vi-a , 1

b_(ay 1)(ay) ,B—l_a>1.

Let us now consider two different cases:

(1) 3 <ay<1. Then b> 0 and, due to the value of k, eq. (15) could have
not more than two roots. When k is sufficiently large both roots exist and it is
easy to obtain the asymptotic expressions:

1/(B-1)
7= b +0(k‘1/(ﬂ-1))
b\ kyL§ ’

z,=kyLg™ " +0(1).

The first root is not suitable because

a 1/a
L(t) (5)1/ -l 117 o
a ay

For the second root we have

<1 ifk>ae?T 0,

)1/(1 —aep(T—1)/(1-a)

Thus the second root z, is suitable.
(2) ay = 1. In this case we have b < 0 and eq. (15) has only one root which,
in the first approximation, coincides with z,. So in both cases we have

%
po=kyLg e T = (T e 7.

L,
It is not difficult to note that p, has a clear economic interpretation: this is the
productivity of labor at time 7, which is reduced to an initial time by the
discount factor. In other words, this is the estimate of possible wages at the
initial time. On the importance of discounting see also Koopmans (1974). (It
should be mentioned here that the case of a relatively underdeveloped econ-



A.G. Schmidt, Optimal allocation of labor in the forest industry 183
omy (where 0 < ay < }) is of special interest, but is not considered in this

paper.)
Substituting p, in eq. (13) we obtain for the determination of T

T+

]—a(a
k

1/0~a) L
) (1-erme @)= 7t (16)

This equation can have no more than two roots. It is not difficult to show that
for eq. (16), with at least one root, the following inequality must hold:

R (R

In the case when eq. (17) is an equality, eq. (16) has only one root, and when
the sign in eq. (17) is opposite, €q. (16) has no roots at all: this means that the
optimal solution consists of the utilization of all labor resources in current
production.

Let eq. (16) have two different roots. Taking into consideration

1/(0—a)
L¥= (%) eT-n/a-ay
we obtain the following expression for I*(T'):

I%(T) = KIS o

)1/(1 a)

+ La( earT/( va)/Te—pT/(]—a) dr.

k

Using this formula and eq. (16) we obtain finally for I*(T'):

I*(T)=YTES[ke_”T+p(§)e’”T(T—II:—;)]. (18)

Only in the case when the expression in square brackets is greater than unity,
will the construction of a forest industrial complex provide a real economic
gain. This will not occur for all parameter combinations. For example, when
eq. (16) has two equal or almost coinciding roots, it is easy to show that the
expression in square brackets is less than unity; the construction of a forest
industrial complex is not profitable in this case.

It is interesting to note that I*(T") (see eq. (18)) has a maximum in the point

L] 1—a
T = — + ,
ma LO p

which is situated between the two roots of eq. (16). Thus we need an additional



184 A.G. Schmidt, Optimal allocation of labor in the forest industry

check on for which of the two points T, or T, the value of I*(T) is the greater.
However, for parameters with economic sense, in most cases I*(T;) > I*(T).
T, can be calculated approximately using an iterative method. In the first
approximation we have

L, l-afay/0®
T = — + (_) CP(Ll/Lo)/(l—lx)_l .
1 LO P k ( )

which shows that the optimal time for the construction of a forest industrial
complex in the sense of the accepted criteria is only a little longer than the
minimal time for construction, which is equal to L,/L,. Thus our asymptotic
solution is obtained for sufficiently large k, which is the most interesting case.
In other cases one should apply numerical methods.
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The purpose of this study is to investigate long term equilibrium prices for wood (and thereby
total round wood costs) under various conditions of the world market for wood products for the
Finnish forest sector. First a (discrete time) dynamic linear model for the forest sector is discussed.
The steady state version is then analyzed in more detail. An application of the steady state forestry
model is carried out and alternative sustained yield solutions for Finnish forests are obtained.
Then, a steady state sectorial model is adopted and elaborated to carry out a Stackelberg
equilibrium analysis for the round wood market.

1. Introduction

During the last few years a growing research effort has been directed
towards (renewable) natural resources. Since the prosperity of many nations is
dependent on a sensible exploitation of these resources the significance of
studies dealing with such problems becomes great. For the Finnish economy
forests represent the most important national resource. Not only as such but
because an entire line of production ranging from pulp and sawn goods to
paper, furniture and prefabricated houses, is based on wood, not to mention
the associated industry producing machinery for forestry and wood processing.
This also emphasizes the importance of the forest sector, which includes both
forestry and forest based industries, for employment and foreign trade.

In the past the total cost of round wood for the Finnish forest industry has
been of the order of US$1.5 billion annually. The share of stumpage price
represents roughly one half whereas harvesting, transportation, etc. account for
the rest. The purpose of this study is to investigate long range equilibrium
prices for wood (and thereby total round wood cost) under various conditions
for world market of wood products.
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In section 2 we will present a dynamic linear model for the entire forest
sector. In section 3 we take forestry separately and determine the optimal
harvesting policies in a steady state. Section 4 deals with a steady state model
for the forest industries. In section 5 we combine these two parts and formulate
a steady state model for the forest sector. In section 6 we supplement the
model of section 5 to make it applicable for solving the long range equilibrium
wood prices as a solution to a Stackelberg game. In section 7 we present
numerical results from experiments with Finnish data. Finally, in section § we
present a summary and conclusions.

2. A dynamic linear model for the forestry and wood processing industry

We shall consider first the integrated and dynamic system of wood supply
and wood processing; i.e. forestry and forest industry. The model has been
adopted from Kallio et al. (1980). The discussion begins with the forestry part
describing the growth of the forest given harvesting and planting activities, as
well as land availability over time. The wood processing part consists of an
input—output model describing the production process as well as production
capacity and financial resource considerations. Each part is a discrete time
linear model describing its object over a chosen time interval.

2.1. Forestry

Let w(z) be a vector determining the number of various tree species (say
pine, spruce and birch) in different age categories at the beginning of time
period t. We define a square transition (growth) matrix Q so that Qw(¢) is the
number of trees at the beginning of period ¢ + 1 given that nothing is harvested
or planted. Thus, matrix Q describes the aging and natural death of the trees.
Let p(z) and h(t) be vectors for levels of different kinds of planting and
harvesting activities, respectively (e.g. planting of different species, terminal
harvesting, thinning, etc), and let the matrices P and H be defined so that
Pp(t) and — Hh(t) are the incremental increase in the tree quantity caused by
the planting and harvesting activities. Then, for the state vector w(:) of the
number of trees in different age categories we have the following equation:

w(t+1)=0w(t)+Pp(t)— Hh(t). (1)

Planting is restricted through land availability. We may formulate the land
constraint so that the total stem volume of trees in forest cannot exceed a given
volume L(t) during ¢. Thus, if W is a vector of stem volume per tree for
different species in various age groups, then the land availability restriction
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may be stated as
Ww(t) < L(¢). (2)

Given the level of harvesting activity A(¢), there is a minimum requirement
for the planting activity p(¢) (required by the law, for instance) as follows:

p(t)= Nh(1), (3)

where N is the matrix transforming the level of harvesting activities to planting
requirements.

In this simple formulation we shall leave out other restrictions such as
harvesting labor and capacity. Finally, the wood supply y(¢), given the level of
harvesting activities h(¢), is given for period ¢ as

y(t) = SHh(1). (4)

Here the matrix S =(S;;) transforms a tree of a certain species and age
combination j into a volume of type i of timber assortment (e.g. pine log,
spruce pulpwood, etc).

2.2. Wood processing industry

For the industrial side, let x(z) be the vector of production activities for
period ¢ (such as the production of sawn goods, panels, pulp, paper, and
converted wood products), and let U’ be the matrix of wood usage per unit of
production activity. The wood demand for period ¢ is then given by U'x(¢). It
cannot exceed wood supply y(¢):

y(8) 2 Ux(t). (5)

Note that the matrix U’ may also have negative elements. For instance, sawmill
activity consumes logs but produces pulpwood as a residual.

Let A be an input—output matrix so that (I — A)x(z) is the vector of net
production. If D(z) is the corresponding (maximum) external demand, we
require

(I—A4)x(t)< D(1). (6)
Production is restricted by the capacity c(¢) available:

x(t) <c(r). (7)
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The vector ¢(¢) in turn has to satisfy the state equation

c(t+1)=(1—-g)c(t)+ov(r), (8)

where g is a diagonal matrix accounting for (physical) depreciation and v(¢) is
the increment from investments during period ¢. The vector v(¢) of investment
activities is restricted through financial considerations. To specify this, let m(¢)
be the state variable for cash at the beginning of period ¢. Let G(¢) be the
vector of sales revenue less direct production costs per unit of production
including, for instance, wood, energy, and direct labor costs. Let F(¢) be the
vector of monetary fixed costs per unit of capacity, let /(z) be the amount of
external financing employed by the industry at the beginning of period ¢, let s
be the interest rate for external financing per period, let /*(¢) be new loans
taken during period ¢, let /=(t) be loan repayments during ¢, and let E(¢) be
the vector of cash expenditure per unit of increase in the production capacity.
Then, the state equation for cash may be written as

m(t+1)=m(t)+G(t)x(t)—F(t)c(t)

—sl(e) =17 (1) + 1 (1) — E(1) v(1). (9)

Finally, for the industrial model, we may write the state equation for
external financing as follows:

I(e+1)=1(e)— 1" () + 1" (2). (10)

3. Sustained yield in forestry

In the previous section we presented a dynamic linear programming model
encompassing both forestry and forest based industries. In this section we
focus our attention solely on forestry. We present forestry in a steady state by
assuming that one period follows another without changes. We shall investigate
alternative sustained and efficient timber yields in various timber assortments.
We also present an application to Finnish forestry.

3.1. The steady state formulation

In section 2.1 we presented a general dynamic formulation for forestry. In
this section we deal with a steady state case of this model.

We consider a forest land with a single tree species and with uniform soil,
climate, etc. conditions. We assign the trees to age groups a, for a=1,
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2,..., N. Let d be a time interval; e.g. 5 years. A tree belongs to age group a if
its age is in the interval [(a — 1)d, ad] for all a < N. Trees which have an age
of at least (N — 1)d belong to age group N. We consider a discrete time steady
state formulation of the forest, where each time period is also an interval of d.
Let p be the number of trees entering the first age group during each period
(e.g. through planting or natural regeneration), and let w(a) be the number of
trees in age group a at the beginning of each time period, for 1 <a < N (cf. eq.
(1)). Let h(a) be the number of trees harvested during each period from age
group a. In this case, we assume that the harvesting activities equal the number
of trees harvested from each age group during each period. We denote by Q,
the ratio of trees proceeding from age group a to group a + 1 in one period
given that no harvesting occurs. Without loss of generality we assume 0 < Q,,
<1, for all a. Factors (1 — Q,) account for the natural death of trees, forest
fires, etc., as well as for thinning of forests in age group a. The state equations
for forestry in a steady state may then be written as follows (cf. eq. (1)):

w(l)=p, (11)
w(a+1)=Qw(a)—h(a), 1<a<N, (12)

where we define w(N +1)=0.

The land constraint prevents excessive planting (cf. eq. (2)). Let W, be the
amount of land consumed by each tree in age group @, 1 <a <N, and let L be
the total amount of land available in the forests. Alternatively, the space
limitations may be taken into account denoting by W, the volume of wood per
tree in age group a and L the total possible volume of wood in the forests. In
either case the land constraint is given as

; Ww(a)< L. (13)

As a performance index for forestry we consider the physical wood supply.
(Experience shows that when we maximize the physical wood supply we
usually get a policy which also meets other important requirements, such as
preserving the watershed.) The timber assortments vary in value (e.g. log,
pulpwood, fuel wood). Let j (=1, 2,...) refer to different timber assortments.
Accordingly, let e,; be the yield (in m’ /tree) of timber assortment ; when a
tree in age group a is harvested, and let g,; be the yield per tree in age group a
resulting from thinning activities. As stated earlier, our objective is to find an
efficient timber yield using the yields of timber assortments as criteria. Let e,
and g, be convex combinations (weighted sums) of the coefficients e,; and
8., respectively. The objective is to maximize the weighted sum of the yields of
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various timber assortments and it is given as

gl [e.n(a) +gw(a)]. (14)

The weights to be used may be proportional to the market prices of the
timber assortments. Also other weights may be considered for studying effi-
cient yields (see section 3.2 below). The forestry problem, denoted by (F), is to
find nonnegative scalars h#(a) and w(a), for each a, which maximize eq. (14)
subject to eqs. (11)-(13). The following result is used to derive an optimal
solution to this linear program.

Proposition. For an optimal solution of the forestry problem (F) there is an age
group A such that h(a)=0, for all a # A, and w(a) =0, for all a > 4.

Thus in the optimal harvesting schedule, all trees are harvested, clearcut
(besides thinning activities) if and only if they reach age group A. Therefore,
there are no trees in age groups higher than A. Problem (F) may then be
solved, for instance, by checking all alternative harvesting policies of this type.
For a proof of the Proposition, see Appendix 1.

We consider now a particular policy @ = A where trees are harvested in an
age group A. Then, according to eq. (12),

(15)

(a) = {an fora<A
w(a
0 fora>A.

For the corresponding level of planting p, the land constraint (13) yields:

pa=L/

= i<a

p an,). (16)

The number of trees harvested, when policy A is applied, is given as
h(A4)=Qw(A). (17)

The efficient yield of timber assortment j from clearcutting when policy 4
is applied is given as

e h(4). (18)

As for cutting and thinning, the efficient yield of timber assortment j under
policy 4 is

; g.w(a) (19)
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3.2. Application to Finnish forestry

We will now apply this approach to forestry in Finland. Let the age group
interval d be 5 years and N =21 (so that the oldest group includes trees at
least 100 years old). We consider two timber assortments: pulpwood (j=1)
and log (j = 2).

Table 1 gives estimates for the transition probabilities Q,, the average
volume of pulpwood and log per tree in age group a, e, and e,,, respectively,
as well as the total volume W,. We assume that all losses indicated by the Q,
coefficients for age groups less than 20 are due to thinning. Based on this, the
yield coefficients g,; can be given as

gajz(l_Qa)eaj’ (20)

for 4 <a <20. We assume g,; =0 for each j, for a > 20. The land constraint
(13) requires that the total volume of log and pulpwood cannot exceed an
amount L =1700 million m’, which is around 10% above the actual current
level in Finland. According to the transition coefficients, 5.6 trees have to be

Table 1
Transition coefficients Q,, volume W,, pulpwood yield e,; and g,,, and log yield e,,. Yield g,,
equals 0.0 for all age groups except for a =13 for which g,, = 0.003 (Volumes in m’/tree)

a Q. W, €. €42 8al

1 0.68 0.0 0.0 0.0 0.0

2 0.93 0.0 0.0 0.0 0.0

3 0.90 0.001 0.001 0.0 0.0

4 0.80 0.006 0.006 0.0 0.001

5 0.80 0.014 0.014 0.0 0.003

6 0.82 0.026 0.026 0.0 0.005

7 0.90 0.041 0.041 0.0 0.004

8 0.93 0.061 0.061 0.0 0.004

9 0.93 0.085 0.085 0.0 0.006
10 0.93 0.114 0.114 0.0 0.008
11 0.97 0.146 0.146 0.0 0.004
12 0.97 0.182 0.182 0.0 0.005
13 0.97 0222 0.138 0.084 0.004
14 1.0 0.263 0.113 0.150 0.0
15 1.0 0.308 0.102 0.206 0.0
16 1.0 0.353 0.081 0.272 0.0
17 1.0 0.399 0.076 0.323 0.0
18 1.0 0.446 0.071 0.375 0.0
19 1.0 0.494 0.064 0.430 0.0
20 0.99 0.543 0.060 0.483 0.0

N
—_

0.95 0.600 0.060 0.540 0.0
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Yield of pulpwood
{mill. m3/year)

1002 A=12
751
A
50T
N 14
N\
N\ A=15
N\
2514 \ A=16
\ A=17
A=18
N A=19
A =20
2
0 t —+
0 25 50

Fig. 1. Alternative yield of log and pulpwood.

Table 2

Yield by timber assortments, trees harvested and trees planted for harvesting policies 4 =12, ..

Yield of log (mill. m3/year)

.16

Harvesting policy A
Log yield, mill. m*/a
Harvesting
Thinning
Total
Pulpwood yield, mill. m*/a
Harvesting
Thinning
Total
Total yield, mill. m*/a
Harvesting, mill. trees /a
Planting, mill. trees/a

12

0
0
0

76.2
227
98.9
98.9
420
2060

13

241
37
27.8

395
24.0
63.5
91.3

290
1620

14

35.0
27
377

26.5
19.7
46.2
839

230
1320

15

39.8
2.3
421

19.7
16.3
36.0
78.1

190
1090

16

439
2.0
459

13.0
13.6
26.0
725

160
910
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planted for each grown tree harvested when policies 4 =14, 15,..., 21 are
applied. This number is roughly what is enforced by the Finnish law today.

Fig. 1 shows the annual yield of log and pulpwood when harvesting policies
A=12,13,...,21 are applied. We may note that alternatives 4 =17, 18,...,21
are dominated by other alternatives; i.e. there is another alternative whose
yield is better for both of the two timber assortments. The optimal alternative
depends on the weighting of log and pulpwood. If the weight for log is at least
150% larger than that for pulpwood, then 4 =16 is optimal; i.e. a tree gets
harvested when it grows 75 to 80 years old. If this percentage is 100 (which
roughly corresponds to the current price levels of log and pulpwood in
Finland) then the alternatives 4 =14 and 4 =15 are about equally good; i.e.
trees in the age interval 65 to 75 should be harvested. When the weight for log
drops to only 75% above that for pulpwood, the harvesting age falls to 60 to 65
years.

The yield along the line segment between the corner points in fig. 1 may be
obtained when two policies are combined. Logs may also be used as pulpwood.

Trees in age group
(bill. trees)

3.0+

2571

201

101

057

00 t + + —t T
0 20 40 60 80 100 Age (years)

Fig. 2. Age distribution of trees for policies 4 =13,..., and comparison with the situation in 1976.
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This has been illustrated for 4 =21 by points along the broken line of fig. 1.
Note that each such point is inferior to the efficient frontier, and the same is
true for any other policy alternative 4. Thus, in the stationary state logs should
not be used as pulpwood regardless of the price ratio of log and pulpwood. (In
a transition period this of course may not hold.)

Table 2 summarizes the alternatives 4 =12, 13,...,16. It shows, for each
policy alternative A, the yields of log and pulpwood separately from the
harvesting and the thinning activities when the total volume L of forests is
assumed to be 1700 mill. m*. Also the number of trees to be harvested and
planted annually is shown in table 2.

Trees in age group
{mill. m3)

350 1

300t

250 1+

2001

1501

100 T

0 + + —t —

0 20 40 60 80 100  Age {years)

Fig. 3. The volume distribution of trees in age groups for policies 4 =13, 14, 15 and 16 as
compared to the situation of 1976.
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The age distribution of trees resulting from policy alternatives 4 = 13,...,16
has been illustrated in fig. 2. For comparison, the estimated age distribution in
1976 adjusted to the same total volume of forests has been shown in fig. 2. In
fig. 3 we have presented the distribution of the volume of trees in different age
groups for policies 4 =13, 14, 15 and 16. The estimated distribution of the
volume for the year 1976 has also been presented.

4. A steady state model of the forest industries

In this section we shall consider the wood processing part of the model of
section 2 in a steady state.

Suppressing the time index ¢ in the industrial part of the model, eq. (5)
yields

Ux<y, (21)

i.e. industrial usage of wood U’x cannot exceed wood supply y.
Eq. (6) requires that net production (I — A)x supplied to the external
market cannot exceed demand D:

(I-A)x<D. i (22)
As in the dynamic version (7), gross production is limited by capacity ¢
x<ec. (23)

The state equation (8) for capacity yields
gc=uv, (24)

i.e. investments v equal (physical) depreciation gc. The state equation (10) for
external financing is rewritten as

=1, (25)

in other words, the level of external financing remains constant in the steady
state formulation.

Taking into account egs. (24) and (25) the modification of eq. (9) results in
the following formulation

Gx —(F+ Eg)c—sl=0. (26)

Eq. (26) states that the net income from sales equals the expenditures caused
by capacity (fixed costs and depreciation) plus external financing (interest
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payments). Alternatively we may replace the equality in eq. (26) by an
inequality. The slack can then be interpreted as a constant flow out from the
forest sector.

It is obvious that in the optimal solution eq. (23) holds as an equality:

x=c. (27)

We define a vector d for the external demand which equals net production.
Solving x from this, yields

U(I-4) 'd<y. (28)

In summary, for the steady state solution we have to find d which satisfies
eq. (28),

(G- F—Eg)(I—4)"'d>0 (29)
and
0<d<D. (30)

5. A steady state model of the forest sector

Above we have presented two steady state models, one for forestry and
another for wood processing industries. In this section we shall merge these
two parts to obtain a steady state model for the entire forest sector.

Efficient yields of pulpwood and log are shown in fig. 1, in which the
feasible region of yields can be defined by a set of linear inequalities:

Ry <y,

where y is a vector of m components signifying the different timber assort-
ments, R is a matrix and s a vector. For the two-dimensional case of fig. 1, the
components of R and s can be obtained immediately.

Thus, for U’x, the industrial use of wood, we require

RUx <y,
or
RU(I—-A) ld<s. (31)

The steady state solution d for the entire sector is then one which satisfies
eqs. (29), (30) and (31).
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So far we have not included into the model any objective functions. For
forestry we might choose to maximize stumpage earnings; i.e. the income from
selling wood to industry less the production costs for that wood (e.g. harvesting
and transportation costs). As for industry, industrial profit, the left-hand side
of eq. (29) offers one possible objective function to be maximized. The sum of
these two could constitute a joint objective function (the joint profit) for the
entire forest sector. We shall discuss this subject further in section 6.1.

6. A Stackelberg game

In this section we shall discuss a specification of the steady state model to
be applied for timber market analysis. The model will be augmented with
objective functions both for forestry and the wood processing industry. Fur-
thermore, the demand for final products is represented by a demand function
of constant price elasticity. The round wood market is viewed as a Stackelberg
game.

It is apparent that the game situation in the forest sector involves two
parties: forestry and forest industry. So far this bipartition has been revealed
by separate models for each party. These models are interconnected through
the amount of round wood supplied by forestry to the industry and through
the prices of round wood.

The market mechanism which determines (round) wood prices may be
described as follows: given the prices and the availability of different timber
assortments (at these prices) the industry chooses the quantity it will buy by
maximizing its profit; the problem for forestry is to choose prices to maximize
its profit (given the resulting wood demand for that price).

The decision process described above was first described in Stackelberg
(1952) and it is, therefore, called a Stackelberg game. The party making the
first decision (on prices) is called the leader of the game and the other party the
follower. In our application, forestry acts as the leader and the industry as the
follower. We assume that both the leader and the follower are profit maxi-
mizers and that they both have perfect information about the game (e.g. on
profit functions, supply and demand).

The complexity of the game arises from the fact that the profits of both
parties depend on raw wood prices. The revenues of forestry are determined by
the price of wood and the quantity sold. In addition, the production cost for
wood (e.g. harvesting and transportation costs) influence the profit of forestry.
For the industry, the price of wood influences the cost of production. The sales
price of an industrial product influences its demand.

At the solution of the game, i.e. at the Stackelberg equilibrium, prices for
timber assortments are at a level which maximizes forestry’s profit taking into
account the effect of this price level on wood demand.



200 M. Kallio and M. Soismaa, Steady state analysis of the Finnish forest sector

6.1. The profit functions

In order to solve the (Stackelberg) equilibrium prices we shall append to the
steady state model of section 5 profit functions for both parties.

Let p=(p,) be the vector of unit prices for industrial products i on the
international market, let vector ¢ = (¢;) stand for the costs of one unit of
production including labor, energy and fixed costs, depreciation, and real
interest on total invested capital but excluding wood cost. Let z be the vector
of wood prices for the different timber assortments. Denote

U=U(I—4)"" (32)

as the vector of timber assortments required for one unit of (industrial)
production. Industrial profit, denoted by P, is given by

Pi=(p—c—zU)d, (33)
where vector 4 stands for the volume of export.

As for forestry, denote by e the unit production cost for wood. Forestry
profit, denoted by Py, is given by

Pe=(z-e)y, (34)
where y is the quantity of wood sold to the industry.
6.2. Demand functions and optimal prices for wood products

In section 5, we assumed that the external demand for wood products is
limited by an (exogenous) upper bound. However, for the Stackelberg analysis
it is convenient to use a demand function with constant price elasticity

di=kipi_h" (35)

(for each wood product i) where p; is the price, &, is a constant, and —b; is
the price elasticity of demand. We may assume that b, is greater than 1.

Denote by p, the world market price which results in the (reference level) of
demand d,. For example, if d, is the current (external) demand, then p, shall
refer to the current price. Using p, and d, we solve for k,. Substituting into eq.
(35) yields

dyd=(p/p) " (36)
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Inserting d=(d,) from eq. (36) into eq. (33), we can solve the (profit
maximizing) optimal price p¥ for wood products. As a result we have

pr=[b/(b;—=1)](c;+2U). (37)

6.3. The profit maximization problem for forestry

In eq. (37) we obtain the optimal price p} as a function of wood price z; in
other words, p* =pX*(z). Thus, external (optimal) demand 4, is actually a
function of wood price z. We shall denote the vector of optimal demand
quantities as a function of z by d(z). The wood usage y = y(z) corresponding
to the optimal wood product prices is then given as a function of wood price:

y(z)=U(I—-4) 'd(z). (38)

According to eq. (31), the wood availability from forests restricts wood
consumption as follows:

RU(I—-A4)"'d(z) <s. (39)

We have combined the two models, one for forestry and another one for
industry, to yield the following optimization problem for forestry:

max Pr(z) = (2 = ) »(2) (40)
subject to
Ry(z)<s. (41)

The forestry profit maximizing wood price vector, denoted by z*, is the
(Stackelberg) equilibrium price.

7. Equilibrium solutions for Finland

In this section we shall present numerical results for the Stackelberg game
with Finnish data. We will carry out the numerical tests using a model dealing
with two timber assortments (log and pulpwood) and with seven wood prod-
ucts: sawn goods, panels, other mechanical wood products, mechanical pulp,
chemical pulp, paper, and converted paper products.

For the forestry sector we employ the alternative sustained yield solutions
derived in section 3. The set of sustained yield solutions of fig. 1 is used to
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define the constraints (41) defining the convex polyhedral set of feasible round
wood yield.

For the industrial model, we assume demand functions with price elasticity
coefficients b, = b being equal for each product. According to the representa-
tives of the Finnish forest industry, a reasonable assumption concerning the
value of b is the range between 10 and 30. However, sensitivity analysis shall
be presented for the whole range of 1 < b < o0.

Another highly sensitive and uncertain figure in the analysis is the reference
level p, of the world market price. For sensitivity analysis, three price scenarios
based on the study of Jaakko Poyry (1979) were constructed for each forest
product. Scenario 1: an optimistic world market price is defined as total
production cost in Finland (including wood cost at present prices and a 10%
real interest on total invested capital). Scenario 3: a pessimistic price is defined
reflecting such production costs for the major future suppliers (such as North
American and Latin American producers) in the world market. Scenario 2: a
more likely scenario, is the average of the two above. According to our data,
the price in Scenario 1 is higher than in Scenario 3 for each wood product
separately.

7.1. The single product-single timber assortment case

For qualitative analysis of the model we shall first study the case of a single
timber assortment and a single product. In this case, the equilibrium can
actually be solved analytically.

Depending on the value of b the results shall be studied in two cases. We
consider first the case when b is small and when forest land is not fully
exploited. To solve the equilibrium wood price z* we maximize forestry profit
as defined in section 6.3. Taking into account eqgs. (36) and (37) and omitting
constants we have

Pe=(z=e)dp"(b/(b—1)) "(c+2)7",
—(z—e)(c+z2)"". (42)
The equilibrium wood price z* from eq. (42) is

z*=(c+be)/(b—1). (43)

Notice that z* is independent of the world market reference price p. It is a
decreasing function of b, which asymptotically approaches wood production
cost e (harvesting, transportation, etc.) as b increases.
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Inserting z* into eq. (42) the maximum forestry profit is

-b_
Pe=[(c+e)/(b=D]{[6/(b-D]*[(c+e)/p]} d. (44)
As for industrial profit given by eq. (33), the following formula results
Pi=(p—c—z*)d=[b/(b—1)] P. (45)

Along with b, forest utilization increases until the total forest land area is
exploited. In this second case, when forest land is fully exploited, we solve the
equilibrium wood price z* assuming that the demand for round wood equals
the maximum supply. The maximum production is denoted by d*. From eqgs.
(36) and (37) we get

d*=d[b/(b—1)]"[(c+2)/p] " (46)

Solving the equilibrium wood price z* from eq. (46) results in

2= (d/d*)"[(b-1)/b] p—c. (47)

In this case, the equilibrium price z* is a concave function of b which
asymptotically approaches ( p — ¢) (the unit profit when wood cost is omitted)
as b increases.

Inserting eq. (47) into eq. (37) yields the optimal product price

_ 3 1/b

p* =p(d/d*) (48)
which asymptotically approaches p (the world market price) as b approaches
infinity.

Using egs. (45), (47) and (48) the industrial profit is defined as

— 77\ 05 1%
Py =(1/b)(d/d*) " pd*. (49)

As b increases the equilibrium price z* asymptotically approaches a level
absorbing all profit of the forest sector into wood price.

As for forestry profit, eq. (34) gives us
Pe=(z*—e)d*, (50)
which asymptotically approaches (p — ¢ — e)d* (the maximum profit of the

entire forest sector) as b approaches infinity.
In fig. 4a we present the equilibrium price z* of raw wood as a function of
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Fig. 4. Equilibrium prices and profits as function of the price elasticity coefficient b for the single

product-single timber assortment case.

b. Figs. 4b and 4c show the behavior of forestry profit Py and industrial profit
P, as functions of b, respectively.

7.2. The seven products—two timber assortments case

For each wood price vector z, the profit maximizing solution for industry,
and thereby wood demand y(z), can be expressed analytically. Thus the
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problem of determining the equilibrium price z* can be stated as an explicit
nonlinear programming problem, egs. (40)—(41), with nonlinearities both in the
objective and in the constraints.

We shall redefine the variables so that the resulting problem has nonlineari-
ties only in the objective. Let the inverse function of y(z) be defined as

z=g(y). (51)

Substituting this into eqs. (40) and (41) yields the following problem with
linear constraints

max Pr () = (8(7) =¢)» (52
subject to
Ry <s. (53)

For moderate values of b we can solve this problem using standard
nonlinear programming codes. The MINOS code discussed in Murtagh and
Saunders (1978) was employed in this study.

Since we only know g(y) through its inverse function, the following
procedure was implemented for evaluating the gradient: (1) Employing iterative
methods, solve for the price vector z corresponding to the current value for y;
(ii) determine the Jacobian matrix E(z)=(dy,(z)/dz;) for current y and z,
and finally, (iii) calculate the gradient as v, Pp(y) = V,Pp(2)E “(2).

For large values of b, the problem is ill-behaved and thereby nonsolvable.
However, for b = oo we obtain the equilibrium price z* from the dual solution
of the following linear program maximizing joint profit for industry and
forestry as follows:

I}llax(p—c—eU)d. (54)
Y

subject to

Ud—y=0, (55)
Ry <s, (56)
d, y>0. (57)

Propesition. Assume the problem, egs. (54)-(57), to be nondegenerate. If p* is
the dual optimal solution corresponding to constraint (55), then z* = ¢ 4+ p* is
the Stackelberg equilibrium price for b = co.
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Fig. 5. Equilibrium round wood prices as functions of the price elasticity coefficient b for world
market price Scenarios 1-3.



M. Kallio and M. Soismaa, Steady state analysis of the Finnish forest sector 207

When forestry sets the stumpage price at p* and y < y* (the optimal wood
consumption) it will maximize its earnings, which, in this case, are equal to the
total profit for the entire forest sector. For a proof of the Proposition, see
Appendix 2.

In figs. 5a and 5b we have the equilibrium wood prices as functions of the
clasticity parameter b for the three world market price scenarios.

Forestry profit
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Fig. 6. Equilibrium profit for the forestry and the industry as a function of the price elasticity
coefficient b for world market price Scenarios 1-3.
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Table 3
Equilibrium prices for pulpwood and log as compared to current prices when 4 equals 10, 20, 30
and oo

(a) The case of b =10

b=10 Current Equilibrium price (3,/m?)
price R Sce 1 Sce 2 Sce 3
(3/m’)
Wood log 48 34 28 23
price pulpwood 38 28 28 26
Stumpage log 30 17 11 5
price pulpwood 15 6 6 3

(b) The case of b =20

b=120 Current Equilibrium price ($,/m’)
price R Sce 1 Sce 2 Sce 3
($/m’)
Wood log 48 41 32 24
price pulpwood 38 33 28 25
Stumpage log 30 23 14 7
price pulpwood 15 11 5 2
(c) The case of b =30
b=130 Current Equilibrium price ($,/m?)
price R Sce 1 Sce 2 Sce 3
(3/m’)
Wood log 48 43 34 25
price pulpwood 38 34 29 24
Stumpage log 30 26 16 8
price pulpwood 15 12 7 2
(d) The case of b =00
b =00 Current Equilibrium price ($,/m?)
price R Sce 1 Sce 2 Sce 3
($/m’)
Wood log 48 48 39 31
price pulpwood 38 38 33 28
Stumpage log 30 30 21 14

price pulpwood 15 15 10 5
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Figs. 6a and 6b show the profits for forestry and for industry at equilibrium.
For large values of b (i.e. b= o0), forestry, absorbs the total profit of the
sector. (Note that the necessary return on capital has been taken into account
as a cost factor for the forest industry. Zero profit for industry means,
therefore, that return on capital equals this minimum.)

For =10, 20, 30 and oo, the numerical results have been given in table 3.

Generally, we conclude that the current price levels for pulpwood and log
are much higher than the equilibrium prices resulting from our analysis. On the
other hand, there are substantial differences between prices resulting from the
different price scenarios.

8. Summary and conclusions

In the first part of this paper a (discrete time) dynamic linear model for the
forest sector was discussed. The steady state version of it was analyzed in more
detail. An application of the steady state forestry model was carried out for the
Finnish forests. As a result, alternative sustained yield solutions for the Finnish
forestry were obtained.

In the second part of the paper, a steady state sectorial model was adopted
to carry out a Stackelberg equilibrium analysis for the round wood market of
Finland. Further elaboration was needed for the steady state model until it
became suitable for this game theoretic analysis. This elaboration involved
definitions of objective functions for the forestry and for the industry.

For the industrial model, a demand function with a constant price elasticity
coefficient b was chosen for each product. A reasonable assumption concern-
ing the value of b is in the range between 10 and 30. If & is greater than 30 we
price ourselves out of the market with a 10% increase in price. On the other
hand, when b is under 10 the demand is very rigid; in other words, changes in
price do not affect demand, which does not correspond to the present market
situation. However, sensitivity analysis was carried out on the whole range of
1 < b < oo. The other highly uncertain and sensitive figure in the analysis is the
world market price (defined as sales price when b approaches infinity). For
sensitivity analysis, three price scenarios were constructed for each forest
product as follows: (1) An optimistic world market price is defined as total
production cost in Finland (including wood cost at present prices and a ten per
cent real interest on total invested capital), (2) a pessimistic world market price
is defined as being roughly equal to the production cost of our major future
competitors in the world market, and (3) a likely scenario which is the average
of the two above.

As the numerical results presented in section 7 show the current price levels
for pulpwood and log are much higher than the equilibrium prices resulting
from our analysis. On the other hand, there are substantial differences between
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prices resulting from the three price scenarios for the world market prices of
wood products.

Appendix 1

Proposition. For an optimal solution of the forestry problem (F) defined in
section 3.1 there is an age group A such that h(a)=0, for all a # A, and
w(a)=0, for all a > A.

Proof. Clearly, for an optimal solution w(1)=p > 0. Let a = 4 be the smallest
age group for which w(A4 + 1)=0. Then h(A4)> 0 and w(a) = h(a) =0 for all
a > A. To show that h(a)=0 for a < A, we consider the optimal basis B for
(F) partitioned as follows:

B B
B= [ 11 2]
By By

where B;; and B,, are square matrices and B,, = 0, and where the columns of
B, correspond to basic variables p, w(l),...,w(A) and h(A), and the rows of
B, correspond to constraints (11)—(13) for all a # A. Because B,; =0, By, is
nonsingular and therefore, #(a) is nonbasic for a < A4. |l

Appendix 2
Proposition. Assume problem, egs. (54)—(57), to be nondegenerate. If p* is the
dual optimal solution corresponding to constraint (55), the z* = e + p* is the

Stackelberg equilibrium price for b = oo.

Proof. Consider the problem (G) of maximizing the profit for the entire forest
sector:

(dr’nya)éo(p—c—eU)d (G.1)
subject to

Ud—y=0, (G.2)
Ky <s. (G.3)

Let (d*, y*) be the optimal primal solution for (G), and (p*, A*) the optimal
dual multipliers (for constraints (G.2) and (G.3), respectively). Let ¢ > 0 and
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define a wood price vector z(e) = e + (1 — ¢)p*. For this wood price the profit
maximization problem (I) of industry is the following:

(d{rly%io[p—c—Z(f)U]d (1.1)
subject to

Ud—y=0, (1.2)
Ry <. (1.3)

Optimal primal and dual solutions for (I) are denoted by (d’, y’) and
(1, A7), respectively.

To prove the proposition, we shall show that an optimal solution (d’, y") for
(D) is optimal for (G) as well, and that the profit thereby obtained by forestry
can be made arbitrarily close to the optimal profit for (G), the profit for the
entire sector. The latter is achieved when ¢ approaches zero corresponding to
the limiting wood price z(0)= e + p*.

One can readily check the optimality conditions for (I) and observe that the
primal and dual solutions (d*, y*) and (ep*, eA*), respectively, are optimal for
(). Because of the primal nondegeneracy assumption for (G), and thereby for
(I), the dual optimal solution for (I) is unique. Therefore (', N') = (ep*, eA*).
This together with the optimality condition for (I) applied to the primal
solution (d’, y’) and the dual solution (p’, A’), imply the optimality conditions
of (G) for (d’, y’) and (p*, A*), i.e. an optimal solution (d’, ") for (I) is
optimal for (G) as well. From the optimal profit (p — ¢ — eU)d* of (G), an
amount of eA*y* belongs to the industry, and this share approaches zero with
€. O
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THE OPTIMAL EQUILIBRIUM OF THE SWEDISH WOOD
MARKETS ON THE SHORT AND MEDIUM RUN

Lars HULTKRANTZ

The School of Economics, School of Administration and Social Work in Ostersund

Evaluation of different harvesting programs, short-run supply curves and subsidies to single
industry-plants are made with one and three-period, as well as short and medium-run linear
programming models.

1. Introduction

The supply and demand of wood and timber in Sweden is regulated by the
government in many ways. Certain obligations and constraints are imposed by
law upon the use of forest land. Besides the general economic and tax policies,
which have a strong impact on forestry, special taxes and subsidies are directed
towards this sector. The state also plays an important role as an active agent of
the markets for wood and timber. One fourth of the forest land, as well as
some companies in the forest-based industry, are publicly owned.

The government’s exercised and potential power on the wood market is in
some respects stronger than its knowledge of how to direct the power. The
costs and benefits of different measures are often not very well identified.
There is therefore a need for empirical models which will enable economic
welfare theory to be applied to wood market problems.

In this article, I will present a collection of LP-models which are devoted to
this purpose. The models have been used to analyze problems discussed in the
political debate. Some results from these applications will also be reported.

Although the forest sector produces a significant share of Sweden’s exports,
the Swedish industry is a rather small agent on the world market for forest
products. Hence, world market prices can be regarded as the ultimate de-
termining factor for the level of activity in forestry. This relationship works in
two ways. The price level determines to what extent the resources are economi-
cally available. High prices make it profitable to harvest stands with high
exploitation costs and to utilize trees and components of trees with low quality
or thin dimension. Secondly, the expected development of future prices as
compared to the current level affects the decision concerning the time to
harvest, now or later.

The long-run planning problem of forestry (for an introduction to this
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problem, see Lofgren and Johansson 1982) is quite complex. One obvious
reason is the high degree of uncertainty involved due to the long production
period. Another reason is the complicated mathematics necessary when the
planning level extends from the micro level of a single tree or even-aged stand
to the macro level of the forests of a nation.

However, the world will not stop spinning just because the theoreticians are
stumbling on their way. Historically, the Swedish forest policy has relied on
some rules of thumb such as the requirement of a certain balance between the
volume of fellings and forest growth of the same period. The current policy is
based on a principle of a sustained constant harvest volume from now till
kingdom come.

During the seventies refined model techniques have been developed to make
long-term predictions of the effects on the future state of the forests using
different programmes for harvesting, aforestation, etc. Combined with methods
to assess the differences in economic value between such long run management
plans, this certainly boosts the possibility to increase the economic rationality
of the forest policy.

The models presented in this study calculate the value of the near future
forest production. The economic availability of the forest resources in the short
run can be illustrated by a supply and demand schedule. The maximal
harvestable volume is set by the long-run production plan. Given the intertem-
poral programme, the short-run supply curve shows the marginal costs of
felling and transporting the accessible stands. The demand curve shows the
industry’s ability to pay for the raw materials. This reflects current world
market prices and the distribution of the capital world market prices and the
distribution of the capital stock over plants with different output and effi-
ciency levels.

The intersection A between the two curves in fig. 1 is the market equi-
librium. If the demand and supply curves correctly take account of all relevant
costs and benefits, this is the optimal short-run solution.

Note that, since the main capital stock in forestry cannot be changed as fast
as the capital stock in the industry, the expression “short-run” has different
meanings to the demand and supply curve. A period of five to ten years is
short-run in forestry but medium-run in industry.

In the medium-run, when some new investments can be made, the demand
curve shifts to, e.g., the dotted line in the figure, reflecting the need for
maintenance investments and the possibilities to invest in new equipment. The
equilibrium consequently moves to point B.

The net value of the optimal market solution is defined in the supply/
demand schedule by the area between the two curves to the left of the
intersection point. The part of this area above the equilibrium price is the
contribution profit of the industry, i.e. the quasi-rents to industrial capacity,
while the area below represents the quasi-rents to forest land.
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Quantity

Fig. 1. Timber supply and demand curves.

Fig. 2 shows a case with two short-run supply curves, S and S +, corre-
sponding to two alternative long-run forest production programmes. The
short-run (industry short or medium-run) difference in net value between the
programmes is expressed by the area OAB.

There is much room for market, as well as planning, failures in the wood
market. The dotted lines in fig. 2 shows an actual short-run supply curve above
the social marginal cost curve. The cost to society of the corresponding
inoptimal equilibrium C is equal to the area DAC (if the unharvested stands
remain unused; otherwise, if the momentary loss is compensated later — before

Price

Quantity

Fig. 2. Effect of alternative forest production programmes.
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it becomes irreversible — by an increase in harvests, the cost will be reduced to
a loss of interest income).

2. The models

The optimal wood market solutions have been calculated with linear pro-
gramming. The models used are designed to be both detailed in certain
respects and small, making it possible to simulate many alternative cases.
Therefore, three separate models with different richness of detail have been
constructed: a genuine short run model, called the “1979-model”; an industry
medium run static model, the “1984-model”; and an industry medium run
three-period model, called the “1979-1993-model”.

The models maximize the quasi-rents to industrial capacity (gross profits net
of the capital costs of new investments) and quasi-rents to forest-owners (price
of stumpage), subject to the constraints set by industrial capacity, investment
possibilities and available volumes of wood in different cost classes. World
market prices on the forest-industrial products and domestic prices of various
inputs (except the wood resources) are exogenous. A model solution is, in
principle, equivalent to the (partial equilibrium) outcome of a perfect competi-
tion market for wood resources.

The general structure of these models is described below.

List of variables
Indices

Periods (in the three-period model) =1, 2, 3

Production activities Jj=12,...,J

Provision activities

(a) wood supply activities r=1,2,...,R,

(b) other r=R;+1;, Ry+2,....R
Commodities i=1,2,....1

Production capacities s=1,2...,8

Endogenous variables

X;(t) = activity level of production activity j period ¢
M, (t) =activity level of provision activity r period ¢
Y, (1) =activity level of provision activity s period ¢

Exogenous variables

K = initial production capacity s

5

E.(t) =-capacity of wood supply activity r period ¢
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Y.(t) =feasible expansion of capacity s period ¢

P.(t) =unit value of the finished commodity produced by production activ-
ity j in period ¢

W,.(t) =cost in period ¢t when provision activity r is used at the unity level

C, =annuity cost when investment activity s is used at the unit level

U.(t) =investment cost when investment activity s in period ¢ is used at the
unity level

a,;(t) =production requirement of commodity i period ¢ when production
activity j is used at the unity level (positive elements represent
outputs, negative elements inputs)

m,,(t) =provision of commodity i when provision activity r in period ¢ is
used at the unity level

g,;(¢) =utilization of capacity s when production activity j in period ¢ is
used at the unity level

o =rate of interest

6 =expected life length of investments

One period model

Objective function
J R s
max 7= Y, PX,~ ¥ W,M,— ¥. CY,,
=1 r=1 s=1
where

vl 5)

The maximand is a profit function. Prices on finished goods are specific for
each production activity which makes it possible to take into account price
differences of similar products. The costs include cutting and transporting
costs for wood materials, other costs of operations and capital (annuity) costs
for new investments. Thus, the value of the profit function is equal to the sum
of the quasi-rents to forest land and to industrial capacity.

Commodity balances
J R
- Y a,X-) m,M <O0forall i.
Jj=1 r=1

The consumption of a commodity (negative a,;) is required not to exceed the
production (positive a,;) and/ or external purchases.
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Unit cost

Quantity

Fig. 3. Piecewise constant approximation of the marginal cost function of timber supply.

Capacity and investment constraints

J

Y 8,X—K,—Y,<0 foralls,
=1
Y, <Y, for all s.

The production activities are constrained by the initial capacity endowments
and/ or the feasible expansion volume.

Wood-supply constraints
M <E, forr=1,2,...,R,.

Unlike demand on finished products and the supply of other raw materials,
wood supply is not assumed to be perfectly elastic. The wood-supply curve is
built up with a number of capacity constrained delivery activities as illustrated
by fig. 3.

Non-negativity constraints

X;20 forall j,
M >0 forallr,
Y, >0 foralls,
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Three-period model

Objective function

3 J R
Max 7(3)= T ¢(0)| T () X,() = X W,()M,(1)

t=1

3 N
- Z4(0) LU0,

where

5

()=1+p) VY 1+¢) "7,

V(@) =01+p)"",

(1+p) " .
(1+p) " +(1+p)7"

v@3)=(1+p) "

The maximand is now a discounted profit function. Each of the three periods
is five years long. Investments are assumed to be made in the beginning of the
second and third period and to have a maximal life length of ten years. The
discount factor of period 3 is adjusted to compensate for the shorter life length
of the investments in this period.

Commodity balances

J R
- Y a,; ()X (1))=Y m,(1)M,(1)<0 foralliand .
=1

J r=1
Capacity and investment constraints

é g, ()X (1) - > g, (t=1)X(t+—=1)-Y,(1)<0 forall sand 1,

J
=1

Jj=1 J

where

J
g:j(o) Xj(o) = K:’
=1

J

Y,(1)=0 for all s,
Y. (1)< Y,(t) fort=2,3and forall s.
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Wood supply constraints

M (t)<E/(t) forr=1,2,..., R, and for all .
Non-negativity constraints

X, (t)=0 forall jand ¢,

M. (t)=0 forall rand:¢,
Y,(t)=0 forall s and t.

The “1979-model” has been applied separately to the three forest regions into
which Sweden can be divided (see the map, fig. 4), whereas the medium run

models have been run for the Northern region only.

A major part of the data material has been collected from the companies’
returns to the official Swedish statistics for the manufacturing industry 1979.
Input—output data have been calculated for separate production lines within
the plants. For example, in a plant which produces both pulp and paper, there
are different activities for the production of semi-finished pulp, market pulp
and paper etc. In most cases there are several options to the composition of

different kinds of pulp in a specific paper product.

J

Fig. 4. The three forest regions under study in Sweden.
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The models comprehend the pulp, paper and board industry and wood-based
large-scale heating stations (blue-print technology). The sawmill industry’s net
demand for wood material (timer, less waste-products used by the pulp or
board industry) is exogenous to the model. '

Wood (conifer wood and leafwood) is supplied by five (one large
intramarginal and four marginal or near-marginal) capacity-constrained supply
activities; in this way, the short-run exploitation-cost distribution of the
allowable cut ? is represented in the models. The main data source is found in
the cost accounts for the government owned forests.

A possibility of a minor “import” of softwood from the southern part of
Sweden is also given.

The first model, the “1984-model”, includes the investment alternatives that
were actually considered in the autumn of 1980 by the companies in the region.
The data on the projects have been supplied by the corporations. The wood
market some years ahead (for instance 1984) is described as a relevant to the
investment-decision maker of 1980. Thus, capital costs (annuities) are only
regarded for investments.

The “1984-model”, is a static model, although investment activities are
included. The second model, the “1979-1993-model”, is three-periodical. The
first five-year period is constrained by the 1979 capacities. The second period
capacities can be expanded. More investments can be made for utilization in
the last period. * The costs of the latter are modified to compensate the shorter
life-time of these. A solution is chosen which maximizes the sum of the
discounted quasi-rents of the three periods.

In the three-periodical model, unlike the case in the “1984-model”, there is
only one production line corresponding to each final or semi-finished product,
and the whole industry is described as if this consisted of only one multiprod-
uct plant. The size of the model is kept down at the expense of the scope for
substitution.

! To make the allocation of timber to sawmills endogenous, it is necessary to introduce into the
model the quality and dimension distribution of the wood /timber supply as well as the substitu-
tion possibilities in the sawmills between different kinds of timber. This would greatly increase the
size of the model and the requirements of detailed data. Moreover, since one half of the timber
input becomes chips and sawdust used as input to the pulp and board industry, the sawmill’s net
demand for wood material is fairly inelastic with regard to the price of pulpwood. Thus, the
solution of the wood market can be reasonably well calculated given a solution of the timber
market.

2 The forest owners are supposed to have only a static problem of whether to cut or not cut a
permissible volume of trees. The dynamic problem of when to harvest the growing resources is
solved by government regulation.

3 The shadow prices of the volume constraints on investment possibilities can be interpreted as
quasi-rents imputed to the scarce business organizational, ground, and other resources which are
necessary for an investment. The interpretation is valid for the second period. but more ambiguous
in the third period. since the constraints for this period are more arbitrary.
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The simulations have been made for a full and a 90% degree of maximal
capacity utilization. Labour and investments costs have been considered as
fixed.

3. Some results

The supply of wood and timber was sufficient for a full utilization of the
industry’s capacity during the 1979-80 boom years. The opinions concerning
the nature of this problem are divergent. Some have claimed that supply is too
small while others have stated that industry’s capacity is too great. The policy
implications of these opinions are equally divergent. The results of the “1979-
models” give some light on this controversy.

The “1979-models” calculate the optimal allocation of wood resources to
the capacity existing in 1979. Table 1 shows the total volume of wood and
timber in the solutions of three cases, together with some actual data.

An average rate of 90% throughout the business-cycle can be regarded as a
rather high capacity utilization level. Wood and timber requirements for this
average rate, given the current capacity of industry, is 57 mill. m®>, which is
approximately equal to the maximum harvestable volume ( 4), according to the
long run management plan which governs the forest policy.

The optimal volume (A4), as calculated by the “1979-model”, is however,
3—4 mill. m’ less. The actual supplied volume is still less, viz. 51 mill. m®. The
actual market equilibrium corresponds to a supply curve (the “actual supply
curve”) approximately 30 Sw. Cr./m’ above social marginal costs.

Thus, the results so far suggest a compromise judgement. Supply is too
small and industry is too big. This is, however, not the end of the story.

The age distribution of Swedish forests is uneven, with a high proportion of
old slow-growing trees. This suggests that a long-run programme which maxi-
mizes the present value of forest income will allow an increase of harvests in

Table 1
Supply of and demand for wood and timber at a 90% capacity utilization rate

Mill. m?
(net volume)
Wood and timber consumption capacity 1980 57
Harvestable volume (A) 56
Harvestable volume (B) 61
Optimal volume (A) 53
Optimal volume (B) 56
Actual supply 1976-1980 51

Optimal volume (A) with actual supply curve 51
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the near-distant future, followed by a reduction later on. In another study,
using a linear age-class forest model, 1 have demonstrated that this is likely to
be true even if the rate of interest is low and there are some adjustment costs
(proportional to increases or decreases in harvested volume from one period to
another).

Regardless of his, the ruling long-run harvest-programme is in any case
technically inefficient. Model simulations made by the Swedish National Board
of Forestry have shown the existence of a long-run programme which is
indisputably better (although not in conformity with the principle of a con-
stant harvesting level through time) than the one on which the forest policy is
based. Harvests can be increased during the 1980s without incurring, in
comparison with the even-flow programme, smaller harvests later. This is due
to the increase in average growth which follows when old trees are replaced by
seedling. (John Keane has given a similar example from the U.S. See Hyde
(1980), p. 28).

The short and medium-run effects of such an increase in the allowable cut
(the “potential supply curve”) have been evaluated with the industry models.
The higher harvestable volume (B) and the corresponding optimal volume (B),
according to the “1979-model”, are also shown in table 1. The new solution, as
is seen when compared with the capacity figure on the first line of the table,
omits only a small fraction of the industrial capacity.

This result is further modified slightly when the investment opportunities in
the “1984-model” are introduced. The simulations for the Northern region
show that the optimal harvested volume is increased even more. These invest-
ments also cause a close down of some plants and production lines, which
moderates the effect on total wood consumption.

The calculated shadow prices on wood are higher than actual market prices
1979. For example, the equilibrium price on conifer wood corresponding to the
“actual” supply curve is estimated by the “1984-model” to be 25% above the
1979 price. With the “potential” supply curve the price difference is 6%. This
result could have been expected, since there obviously was an excess demand
on the wood market 1979.

If the “actual” supply curve could be replaced by the “potential” supply
curve, the annual net income to the Swedish forest sector is estimated to
increase by 214 mill. Sw. Cr. The relatively low figures is due to the assumption
of an optimal allocation of resources within the sector. The difference can be
greater, if a too low supply is accompanied by frictions in the structural
adjustments, so that the most efficient plants of the industry are forced to
reduce their production. This difference is the net result of an increase in
industry’s profits and a reduction of forest-owner’s rent income. The size of the
redistribution is estimated to be about 1.400 mill. Sw. Cr. Thus, one would not
expect forest owners to be the first to demand government measures to
increase wood supply!
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The difference in employment in the forest sector is estimated to be 5500
persons, of which 3300 are in industry and the rest in forestry.

One mill excluded from the solutions is the state-owned sulphate mill
Kopmanholmen (which was shut down 1982). If some reconstruction invest-
ments had been subsidised, it would have been possible to continue the
operation of the plant. This would, the model shows, have had two effects. The
equilibrium volume of wood would have been increased and some other plants
would have been forced out of the solution. The net in employment is less than
the number employed in the subsidized factory. The cost (loss of net income)
per net extra employed is estimated to be 9.000 Sw. Cr. per year (which may be
regarded as a moderate cost in comparison with other regional policy mea-
sures). If two additional plants outside the optimal solution also had been
subsidized the cost increases to 21.000 Sw. Cr. per year and net employed.

The three-period model has been applied to mainly two different scenarios
for the relative prices of finished goods. The first one is based on “informed
persons’ guesses” and the other on historical average price relations. The first
one favours, in comparison with the latter, various types of bleached paper but
disfavours, “brown” paper, leaf-wood pulps and sulphite pulp. In both cases
the model expands the capacity of printing paper, but the investments in new
capacity for newsprint paper in the “informated guesses” scenario are sub-
stituted by a more favourable development of unbleached sulphate paper
production in the “average” scenario. The net effect on wood consumption,
through various adjustments of the pulp production, is however nearly the
same. Wood consumption is successively raised, which indicates that the long
run (from industry’s point of view) equilibrium lies above the level estimated
by the “1979”- and “1984-models”.

The difference in discounted net value in 1979-1993 between a solution
with the actual supply curve and the potential one is, according to this model,
330 mill. Sw. Cr. (at a 10% rate of discount). The difference in employment in
the industry of the region is 200 persons in the first period, 600 in the second
period and 1100 in the last period.

The sensitivity of the results to various input prices and other parameters
has been studied. For instance, a 25% reduction or increase in investment costs
turns out to have a significant impact on investment activities in the three-period
model, but does not considerably change total wood consumption. In the last
period wood consumption is 4% lower when investment costs are increased and
less than 1% higher when costs are decreased.) Also, the sensitivity to changes
in sawmills’ net demand for wood material has been studied. The sum of
timber and wood consumption is shown to be unaffected, except in the short
run and if the more favourable supply curve is used. A special study on energy
price elasticities and the impact of the oil price on wood fuel use and on total
wood consumption is reported elsewhere (Hultkrantz 1983).
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THE SUPPLY OF ROUNDWOOD AND TAXATION *

Karl Gustaf LOFGREN, Gunnel BANGMAN and Anders WIBERG
The Swedish University of Agricultural Sciences

Two ways of modeling the supply of roundwood are introduced: the present value maximizing
forestry firm and the self-active forest farmer. These models are investigated with respect to the
properties of the supply function. Results with particular interest for the effects of changed tax
rates are derived. The theoretical results are used to discuss the effects of a changed system of
forest taxation in Sweden.

1. Introduction

The purpose of this paper is to introduce two ways of modeling the supply
of roundwood, the present value maximizing forestry firm (PVFF-model) and
the self-active forestry farmer (SAFF-model), and analyse how the supply of
roundwood is affected by parameter changes such as changes in prices, changes
in tax rates, and a switch from one system of taxation to another. The
theoretical results are e.g. relevant for the recent discussion in Sweden concern-
ing the effects of a switch from a proportional or progressive tax on the income
from forestry to a lump sum taxation, where the magnitude of the lump sum is
determined by the site qualification of the forest land. !

The paper is structured as follows: in section 2 we introduce the PVFF-
model, and we derive some relevant properties of the supply function. These
properties are then used to analyse how changed tax rates, and a switch from
one system of taxation to another affects the supply of roundwood. A similar
strategy is followed in section 3, where the SAFF-model is analysed. The
results are summed up and commented on in section 4.

* The authors acknowledge comments on an earlier version of this paper from two anonymous
referees.

! The supply of roundwood in Sweden has for several of the recent years been “too low”, and
it has been claimed that a switch from the present system of taxation to a system of lump sum
taxation would increase the supply of roundwood.
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2. The present value maximizing forestry firm

In this section, we will introduce a simple model of the supply of roundwood
from a particular forestry firm - the PVFF-model. To begin with no explicit
taxes are introduced.

We will make a couple of simplifying assumptions, which will generate the
linear programming problem of maximizing the present value of the income
stream from cutting subject to the constraints of a linear technology. *

The first simplifying assumption that we make is to assume that the
planning horizon is finite. This assumption is, however, not quite satisfactory.
At any given future point of time the age distribution of the forest will have
implications for the future. If one stops the analysis after a finite number of
periods, say T, it would in principle be necessary to include some “scrap
value” of the forest stand. The only logical way of doing so is to determine the
maximum present value attainable in the further future, starting with any given
age distribution of the forest.

On the other hand, if one assumes that prices are bounded, it is easy to
show that the loss in land value from stopping after a finite time can be made
arbitrarily small by making 7 large enough.

It is also appropriate to say a few words about our target function. The
maximization of the present value can be shown to be an objective investment
criterion — in the sense that an investment which has a positive present value
can be recommended independently of the preferences of the investor —
provided that the capital market is perfect. If the capital market is imperfect a
variation of the present value method can under certain conditions be used as
an objective investment criterion, but there are unfortunately no general
methods which can deal with investment decision in an imperfect capital
market.

The technology of the forestry firm can be introduced by defining x,, = the
number of acres of land occupied at time ¢ by trees of age i. As an initial
condition one has

M=Xy+Xg1»..., +Xg,- (1)

i.e. trees of different age classes and seeded land (x,) cover the initial amount

2 This formulation has been borrowed from Berck [1]. A similar formulation of the finite
planning horizon, discrete time case is due to Karl G. Jungenfelt, and can be found in ref. [4].
Many of the results which are presented in this paper can also be derived if the problem is cast in
the usual capital theoretic terms due to Faustmann [3], but the supply function would in such an
approach be a “long run supply curve” as Faustmann’s formula presupposes the same price in
every period.

3 Compare Puu [8,9].
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of land (M). Clearly it holds for all ¢ that

x,=M alli. (2)
0

It is also convenient to define the harvest as a joint product consisting of
timber and seeded land and to assume that there is a highest age class (n), and
that the lowest age class is seeded bare land (0). Hence, bare land at the end of
the period 1 is

Xyg=Cp +Cp+es...+ey,, (3)

where ¢,, = the number of acres with trees of age i, which is cut in period one.
i.e. equal to the sum of the cut in all age classes during period 1. The area of
land occupied by trees of age i < n at time ¢t < T will be equal to

x,=—c¢,+x,_,,., allt i=1,...,n—1. (4)
i.e. equal to what was left from the previous period minus what was cut during
the period. For i = n, we will assume, to end the recursion, that what was left

from the previous period of trees belonging to age class n will remain in this
age class for ever. In other words

X

= —c,,,+x,,1‘,,,]+x,_]‘,,. (5)
Combined with the growth function we will apply below, this can be interpre-
ted as if the growth of the biomass of an even-aged stand ended after n periods
at which time any extra growth is balanced by mortality. For all practical
purposes the assumption behind eq. (5) is no large violation of reality. It can
be viewed upon as a pragmatic method of keeping the dimensions of the
problem finite.

The growth function is specified as a vector G’ = (0,g,,..., g,), and the net
price vector is defined as p, =( p,,..., pr), where p, > 0 is the present value of
the constant profit/m’ in period z. g, > 0 is the number of m®/acres in a stand
of age i. The maximization problem can now be specified as

I\/l(gx gp(t)c’(t)G (6)

subject to the restriction specified by egs. (1)-(5) where

(1)G=c, 8+ ....+¢,,8 =c,.
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If we define ¢ = (cy,...,cy) the “profit function” or the present value “func-
tion” is defined as

7(p, f)=m3X{pC/c,xEC}=pC(p,f), (7)

where X = (X, ..., X,,) are the initial endowments of forest land occupied by
trees of different ages, and p is the net price vector. C is the feasible choice set
determined from the convex technology defined by egs. (1)-(5). Further
restrictions could however, be added without any substantial changes in the
qualitative properties of the model (e.g. a nonlinear cost function).

2.1. The properties of the supply function

The present value function in eq. (7) embodies all relevant properties of the
technology. We will now introduce a few properties of the solution of the
forest management problem, some of which are relevant for the effect of
taxation. We start with the following claim. *

Claim 1. Convexity (C)
7(p, %)= max{ pc/p, x€C} =pe(p, %)

is a convex function in p, i.e.

)]
7(p*)=(1=N)7(p) +An(p"),
where p*=(1—-A)p’+Ap”,0<A< 1.

For the proof of this claim the reader is referred to a modern textbook in
microeconomic theory, e.g. ref. [10]. The present value function is formulated
in such a manner that it shares its properties with the profit function of the
profit maximizing firm in neoclassical microeconomic theory.

As we will show below, convexity and differentiability of the present value
function with respect to p imply some neat results with respect to the
properties of the supply function. We will, however, start off with a few results,
which hold irrespectively of whether the function is differentiable or not.

Let us assume that the felling program c¢* solves the maximization problem
(7), when the net price system is p*; by definition it then holds that

p*c* =p*c allceC, (8)

4 Note, that convexity implies continuity at any interior point. Compare, e.g. Nikaido [7] p. 45.
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where C denotes the feasible choice set, i.e. the compact set > defined by the
restrictions (1)-(5). Eq. (8) simply says that c* gives a present value at least as
large as any other feasible felling program. Now, multiply the net price system
by a scalar A > 0. Since, the restrictions are not changed by the change of the
price system and since eq. (8) holds, it must also hold that

Ap*c* 2 Ap*c allceC (9)
and we have shown.

Claim 2. Homogeneity of degree zero (H). If ¢* is “profit” maximizing for the
net price system p*, then c¢* is “profit” maximizing for the net price system
Ap*, A>0.

It obviously also holds that we can add a constant cost (7, ), independent of
the felling program, to the problem without any change in the present value
maximizing cutting program c*, i.e.

pre* =T zp*c—T

x

allce C (10)

and hence

Claim 3. Independence of addition of constant (I). If ¢* is present value
maximizing for the price system p*, it will be present value maximizing if a
constant is added to the “profit function”.

Let ¢’ be the present value maximizing choice when the net price system is p’,
and let ¢” be the corresponding optimal cutting program when the net price
system is p”. By using a simple revealed preference argument it is now easy to
show

Claim 4. Supply is neoclassical (N) (p” — p') (¢ —¢") = 0.

Let us now introduce the following definition

Definition 1. A feasible supply program c is efficient if and only if there is no
other feasible supply program ¢’ such that ¢, > ¢, all ¢ and ¢] > ¢, for at least

one f.

The definition says simply that a cutting program is efficient if it is impossible
to increase the supply of roundwood in one period without at the same time

5 A set is compact if it is closed and bounded.
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decreasing it in another period. It should, however, be pointed out that the
definition presupposes a given (biological) production technology and not
necessarily the best technology. It could, however, be argued that it is in the
interest of the present value maximizing forest owner to use the best known
“production function”, as a more efficient technology would increase net
revenues from forestry.

It is easy to show that a present value maximizing program according to eq.
(7) is efficient provided that p* > 0.

If ¢* is present value maximizing, but not efficient, then there exists a ¢
such that ¢ > c* for all ¢ and ¢” > ¢* for at least one ¢. From the assumption
that ¢° is efficient and c* is inefficient it follows that p*c®— p*c* > 0. This
statement contradicts the assumption that ¢* is profit maximizing relative to
p*, which means that p*c* — p*c® > 0. Thus, if ¢* is profit maximizing relative
to p*, it is also efficient.

0

Claim 5. Efficiency (E). The present value maximizing cutting program c* is
efficient, provided that p, > 0, all +.

For the two period cast (T = 2) this could be illustrated by the following
diagram. The feasible cutting possibilities are given by the shaded area in fig.
1. The efficient programs are on the boundary AB. All interior points, such as
Y, are inefficient.

Assume now that the present value function is differentiable. ® We can then
prove the following well-known result often referred to as Hotelling’s lemma. ’

CZA?

»
>

0 B C

Fig. 1.The feasible cutting possibilities and the efficient points.

© The fact that the profit function is convex means that it is continuously differentiable for
p > 0 except possibly for a set of measure zero. Compare Katzner [5] p. 199.
7 For a proof compare e.g. Varian [10] p. 31.
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Claim 6. Hotelling’s lemma (HL).

%—(—al;’—ﬂ=wp(p, x)=c(p, x)if ¢,>0all 1.
The result means that the present value maximizing cutting program is
obtained by differentiation of the present value function with respect to p. In
other words, the knowledge of the first order derivative of the present value
function embodies all the knowledge of the supply of roundwood over the
planning horizon. Note also that the differentiability of the present value
function with respect to the net price system vector means that the supply
functions are single valued.

If we assume that the present value function is twice differentiable with
respect to p it follows from the convexity of the function in p and (HL) that
the first order derivatives of the supply functions are related in the following
way

Claim 7. Positive semidefinite quadratic form (PD)

dc, dc,
8_1)1 e 8_1)’
: clz0 i=1,....T
dc, dc;
apl e a_pl

The proof is omitted. ®* The result means that the supply function is a
non-decreasing function of the net price — supply is not backward bending.
This has, however, nothing to do with differentiability, as it follows directly
from Claim 4. By assuming that the only net prices that differ between p’ and
p” are the prices in period i, (N) reduces to

(p; —p)c =) =0, (11)

i.e. an increased net price in a period will never mean a lower supply of
roundwood.

The remaining implications of the proposition relate the partial derivatives
of the supply function to each other in an empirical meaningful, but fairly
complicated manner.

8 The result is well known from calculus. Convexity implies a positive semidefinite quadratic
form and this is in this case equivalent to Claim 7.
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Fig 2.The effects of a lump sum tax.

As the effects of X on the present value function have a limited relevance for
tax consequences we will not examine this problem here. °

2.2. The effects of taxes

It is now time to use the claims established in section 2.1 above in order to
derive the theoretical effects of taxation on the supply of roundwood.

A proportional tax on the present value of the harvest in each period is
equivalent to a scalar multiplication of the price system p* by the scalar
A=1-1>0, where 0 <t <1 is the proportional tax rate. Hence, the optimal
cutting program c* is not changed by the imposition of a proportional tax.
This follows directly from the (H) homogeneity property of ¢* (Claim 2).

A lump sum tax, the magnitude of which is determined by the site quality
classification of the forest land, means that the firm has to pay the same
amount each period independently of the cutting program. Over the whole
planning period a constant sum independent of the cutting has to be paid (T,),
and Claim 3 shows that the optimal cutting program is independent of the size
of the lump sum.

The principles which are involved can be illuminated by the following
diagrams. Fig. 2 above shows that the lump sum tax does not change the
cutting program that gives maximum present value, it just shifts the present
value function #(¢) downwards. The proportional profit tax does not affect the
determination of the optimal cutting program, since it does not influence the
relative sizes of costs and revenues. This is displayed in fig. 3.

It should also be obvious that a switch from a proportional tax to a lump
sum tax does not change anything, and that both tax systems induce efficient
(in the sense of definition 1) cutting programs.

There is, however, an important difference between a proportional tax
system and a lump sum tax system. Consider a case where the tax rate and the
lump sum are allowed to vary between periods. As

% One can probably prove that =( p, X) is concave in X.
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c >c

Fig. 3. The effects of a proportional profit tax.

it does not matter if the size of the lump sum varies between periods. Another
way to express this is to say that the optimal cutting program cannot be
affected by differentiating the level of the lump sum between different periods.

If the proportional tax rate is raised in one period, the only thing that
differs between the net price vectors before and after the change is the net
price in that particular period. From Claim 4 it then follows that the supply of
roundwood will remain unchanged or decrease. Compare eq. (11) above. It is,
hence, in principle possible to affect the supply of roundwood by differentiat-
ing the proportional tax rate between periods. '°

Although the Swedish corporate tax is a proportional tax, we will discuss
what happens if profits are taxed by a progressive tax rate. When the rate of
taxation is variable and dependent on net revenues the maximization problem
becomes

T
Max7(p, %, ¢)= 1 [1—1(pre,)] pre,

=1

subject to restrictions (1)—(5) where

tx(Pt*C/)z lx(yl) alx/a)’, 20

is the progressive tax rate. When we consider the whole planning period
t=1,...,T, the tax rate has different values in different periods depending on
the total income during each particular period. As the tax rate is variable, it is
not a scalar multiplication of the net price vector this time, and the profit
maximizing felling program (c¢’) will in general differ from c*. If, however,

1 If the profit function is twice differentiable, 3¢ /dp, = I,
points.

», > 0. except possibly at single
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p¥>0all r and 0 <1t(y,)<1 all y, it can be proved that ¢’ is an efficient
solution relative to the net price system

p=1pt1—0,(y)].....p3[1 = . ()]

The solution will in the two period case, be situated on the border of the
feasible region OAB in fig. 1.

3. The self-active forest farmer

In this section we will turn to an analysis of the self-active forest farmer,
who has the choice between work on his forest farm, work on his agricultural
farm, or work in the industry.

To deal with his management problem we will assume that he possesses the
utility function

U=U(y, L=, —1,—13), (12)

which is assumed to be quasi-concave, twice continuously differentiable, and
increasing in each argument (U/dy >0, —dU/d/; > 0). Moreover,

L = the total available number of hours,

1, = the total amount of labor supplied for work in forestry,

1, = the total amount of labor supplied for work in industry,

{; = the total amount of labor supplied for work in agriculture,
y = the consumption of consumer goods,

L—1,—1,— [, =leisure time.

The fact that L —/, —/,—1; is included as an argument in the utility
function means that the disutility of one hours work is independent of where
the self-active farmer works. In other words, he has no preference for any
particular working place. This might seem a bit unrealistic, but is no large
violation of reality, and it simplifies the analysis considerably.

The utility function is maximized subject to a budget constraint.

m (1) +wly+ 7, (1) —py 20, (13)
where

m;(/,) = the imputed income ' from /, hours of work in forestry,

w = the wage rate (w/, = the wage income).

7, (13) the imputed income from /; hours of work in agriculture,

J4 = the price of consumer goods.

7(1,) and 7, (/;) could be apprehended as the yearly interest on the capital
stocks of agricultural and forest farm respectively. We will assume that

77((0) g 0’
7,(0) 20,
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and

am; a, 8%, 0%,

— >0, =—>0, ——<0and = < 0. 14a
a/, aly al} ol2 (142)

3

This means that the incomes from forestry and agriculture are non-negative
and that they are differentiable, and increasing functions of the input of labor

dm/l, = m{(1,)>0,d7,/3l, =7, (l;) > 0. (14b)
Moreover, there are diminshing returns to the inputs of labor.
0%m /3l =7"(1,) <0, and 8°x, /813 =7/ (1) <O. (14c¢)

A possible shape of the ;(/,) function is depicted in fig. 4.

The budget restriction simply says that the value of consumption cannot
exceed the “income” of the self-active forest farmer.

Let us now introduce taxation. We assume that the income from forestry
and agriculture are taxed by the proportional tax rate 1 —a, 0 <a <1, while
wage income is taxed by the proportional tax rate 1 — 8, 0 < 8 < 1. (Nothing
essential is changed if the tax rates are assumed to be progressive.) Moreover,
we introduce a lump-sum tax 7. The budget constraint can now be written

as 12

a[”r([1)+7ra([3)]+:BW[2_P)’—T‘=O' (15)
The self-active forest farmer’s choice theoretical problem is now to maxi-

"' From the Faustmann-Ohlin theorem. we know that the land value of a forest stand (the
value of the capital) is given by

(T B(T) _

Max =
T 1-e 7 eT-1
T = time of harvest,
p = the price of roundwood,
r = the interest rate,
K = the value of the capital.
If T* solves the problem, we have from the fact that income equals interest on the capital, that

imputed income from forestry equals

-
m— k= 2T

e —1

12 As the utility function is increasing in each argument the budget constraint will hold with
equality.
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(1)
r mn)

v

Fig. 4. The capital income from forestry.

mize the utility function (12) subject to the budget constraint (13). The first
order conditions for an interior solution can be written.

(a) U -Ap=0,

(b) —Up+Aam{(l)=0,

(¢) —Up+ABw=0, (16)
(d) —Up+ram/(l;)=0,

(e) a[m (1) +m,(15)] +Bwl,—py — T, =0,

where

dU/dy = U, = the marginal utility of consumer goods,
—9oU/dl = U; = the marginal utility of leisure,

"1 the increase in income of the last hour spent in
ma(l3) ~ | agriculture and forestry respectively,
A = a Lagrange multiplier.

These are five equations in five variables (y, {;, [,, /; and X), and it is
particularly easy to solve for the degree of self-activity in forestry, and
agriculture (/, and ;). By combining eqs. (16b) and (16c) one obtains

an’(1,) = Bw, 17

which can be interpreted as an equality between the net return from the last
hours of work in industry and forestry respectively. As eq. (17) only contains
one unknown, one can solve to obtain

L= (Bw/a). (17a)

Two things should be noted. The number of hours worked as a self-active
forest farmer is independent of the lump-sum tax, and if income from work in
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Fig. 5. The optimal self-activity in forestry.

forestry and income from work in industry are taxed in the same manner
(B = a), then the degree of self-activity will depend on the wage rate (w).
If we put Bw/a = Z we can rewrite eq. (17) as

m(l)=2 (17b)

and the solution is found diagrammatically, where the slope of the income
function coincides with the number Z. Compare fig. 5 above.

The optimal self-activity in forestry given Z is equal to /f. If we eliminate
the tax on income from forestry (a — 1), e.g. by introducing a lump-sum tax
on the possession of the forest land, Z decreases to Z’ and self-activity in
forestry increases.

Claim 8. (i) The degree of self-activity in forestry is independent of the
magnitude of the lump sum. (ii) The degree of self-activity in forestry is an
increasing function of the proportional tax levied on the income from work in
industry, and a decreasing function of the proportional tax levied on the
income from forestry. (iii)) A switch from a proportional (or progressive)
taxation of income from forestry to a lump sum taxation increases the number
of hours worked in forestry.

If one assumes that an increased number of hours worked in forestry also
increases the supply of roundwood Claim 8 could be rewritten in an obvious
way. This assumption does not seem unreasonable as a changed taxation does
not favour any particular activity; it does not e.g. make thinning more
attractive than final cutting,.

3.1. The self-active forest farmer with income constraints

It is very often argued that the self-active farmer, for one reason or another,
has an income target. '* A logical way to model this is to allow income from all
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sources to add up to the income target. We will now carry out an analysis
analogous to the one above. The only difference is that we now introduce a
binding income constraint on the sum of the net incomes from forestry, and
work in the industry i.e.

am (L) +Bwl,—T. =7, (18)

where 7 is the net income target.

When the self-active forest farmer maximizes the utility function (12)
subject to the budget constraint (13) and the income constraint (18), the first
order conditions for an interior solution can be written

(a)  U,—Ap=0,

(b) -Uir+(A+p)am/ =0,

() —Ur+(A+p)Bw=0,

(d) —-Up+Am =0,

(e) "‘["Tf(ll)+"7'a(l3)]+BW12_P)’_TX=0,
(f) am (1)) + Bwl,— T, =7.

(19)

The tax rates on incomes from forestry is (1 —a) and on incomes from
industry (1 —8), and p is the Lagrange multiplier corresponding to the
constraint introduced in eq. (18).

By combining eqs. (19b) and (19¢) one obtains

‘”Tf’(ll)zﬂw (20)

which implies that

L=a' 7 (Bw/a). (20a)

In other words, all the statements of Claim § are valid for this “augmented”
problem. The intuitive reason is simple. The utility maximizing self-active
forest farmer will strive to satisfy the income target with minimum loss of
leisure time, and this implies the equality between the marginal net income
from forestry and work in the industry. If the marginal net income from
forestry increases, he will, under restriction (18), increase his working time in
forestry and decrease his working time in the industry in order to re-establish
the mentioned equality.

This is quite contrary to the common contention that an income target
results in a backward bending supply curve of roundwood. In this context a

13 He might e.g. want to buy a new Volvo.
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backward bending supply curve would be equivalent to the statement that an
increased taxation of income from forestry would result in an increased
number of hours worked in forestry, and indirectly in an increased supply of
roundwood.

To derive a backward bending supply curve in the present context one has
to assume that it is impossible to vary the work intensity in the industry, i.e.

am (1) +Bwl,— T, =7, (21)

where /, = the constant supply of labor directed towards industry.
Eqg. (21) can now be solved directly for /,. We have that

Wr(ll)=a‘1(ﬁ+TX—Bwi2) (22)
and
]1=7,-r*‘ %(ﬁ"‘Tx_,BWiz)):Wr_‘(g)a (23)

where the sign under the argument denotes the sign of the partial derivate.

4. Summary and concluding comments

The optimal cutting programs within the PVFF-model, which solve the
maximization problems when the firm faces a lump sum tax, a proportional tax
rate constant over periods, or no taxation at all are identical. The optimal
cutting program can, however, very easily be induced to deviate from the
program, which is optimal when no taxation is presented by e.g. using different
proportional tax rates in different periods. Another method would be to use a
progressive tax system.

The optimal cutting program can, provided that certain differentiability
conditions are fulfilled, be obtained as the first derivative of the present value
function. The supply of roundwood is a nondecreasing function of the net
discounted price of roundwood.

Self-activity in forestry and the supply of roundwood in the SAFF-model is
independent of a lump sum tax. It is a decreasing function of the wage rate in
the industry, an increasing function of the tax rate on income from work in the
industry, and a decreasing function of the tax rate on income from forestry.

This is also true if the self-active forest farmer has an income target
amounting to a sum of income from different income generating activities. On
the other hand, if forestry is the sole income source from which income easily
can be varied, this results, together with an income target, in a backward
bending supply curve of roundwood.
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Translated into Swedish conditions the results indicate that the cutting
programs of present value maximizing forest firms, like the Swedish Domain
Group, will be unaffected by a switch from the present tax system to a lump
sum tax system similar to the system which dominates the taxation of forestry
in Finland, where the site quality classification determines the magnitude of
the lump sum. '

If we consider the behaviour of the self-active forest farmer under the above
mentioned switch from one tax system to another the number of hours spent in
forestry should increase. It would be strange if this did not result in an
increased supply of roundwood. As a considerable share of the Swedish forest
land is managed by self-active forest farmers this might mean an important
contribution to supply in the Swedish roundwood market.

We must, however, remember that the models analyzed in this paper are two
of many, and that the differences in cutting policy between the tax systems
might turn out to be considerable, if e.g. forests and forest land are analyzed as
a part of an investor’s portfolio problem.

Let us for a moment leave the world of models, and ask us a little
tentatively what will happen to the cutting activities among those who have
small forest areas, which they manage “inoptimally”, due to the small losses
involved, '° and perhaps also due to a speculation on future price increases.
The willingness to avoid the inoptimality losses are not to any considerably
extent affected by a proportional tax or a progressive tax on the income from
forestry. A lump sum tax would, however, make it more expensive to manage a
forest inoptimally, and make it most expensive on the land with the highest site
qualifications. A switch to a lump sum tax may therefore in the long run
improve on the distribution between active and inactive forest owner for two
reasons. Former inactive forest owners may turn active, or choose to sell their
land to active forest farmers.

Finally, it should be mentioned that we have in this paper analyzed very
limited aspects of the tax system. In a perfect market economy all kind of
taxes, except lump sum taxes, can deteriorate the over all efficiency of the
market economy.

14 It should also be emphasized that the Finnish tax system has some complicated provisions
about the improvements of the quality or growth potential of the forest land, so that taking it to be
a pure lump sum tax is a simplification. These provisions make the Finnish system non-neutral in a
subtle manner.

> The high marginal tax rates in Sweden can make net revenue from forestry very small, if
gross revenue is added to a normal income, even if there are certain provisions available to spread
the net revenues from forestry over many periods.
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COST ALLOCATION IN COOPERATIVE WOOD
PROCUREMENT: A GAME THEORETIC APPROACH *

Markku SAAKSJARVI

Helsinki School of Economics

The problem of allocating the joint costs of timber procurement among the cooperating
companies is formulated as a cooperative game. Some known methods are compared. and an
application is presented to share the costs among a group of major Finnish pulp and paper
companies.

1. Introduction

Timber is a central natural resource in Finland: nearly a half of the annual
exports is based on wood products. As the demand for timber intensifies, the
cost of material also rises rapidly, due partly to higher purchasing prices, and
partly to the extra costs incurred by the overlapping purchasing areas of the
companies. The overlap tends to increase due to the hardening competition for
timber caused by the trend of the woodworking industries to guarantee their
supplies by widening their geographical areas. Thus, through cooperative
purchasing and by optimal transportation methods it is possible to achieve
remarkable savings.

The current trend has been towards the formulation of large coalitions of
companies to minimize their total costs using large-scale optimization models.
But, in order to obtain acceptance all companies must be assured of a fair cost.
The companies must pay compensation to each other because optimal solu-
tions are often unfair. Depending on the factory locations, some companies
may face even higher costs than they would if they operated individually. We
need methods with which to determine a fair cost allocation.

This paper is based on an actual case in which a coalition of woodworking
industries is considered. Cost allocation is formulated as a cooperative game in
which the factories are the players. We compare the numerical results of some

* This research was supported by Puulaaki Oy, a major organization supplying timber to several
forest industrial companies in Finland. The numerical examples and the case material are
derived from this organization. The author would like to thank Matti Ylinen and Arja Winter
for inspiring cooperation.
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known methods and discuss the practical difficulties in applying these meth-
ods.

2. The general problem of procurement costs

The problem of cost sharing in cooperative wood procurement can be
illustrated as follows: there are N companies purchasing timber and trying to
minimize their procurement costs. Since the locations of the factories often
lead to an overlapping of optimal purchasing areas, there will be competition
for timber, especially close to the factories. Uncoordinated, competitive
purchasing will result in high cost timber, due to the many cross transports.
Through cooperation, however, both fixed organizational costs and the varia-
ble transportation costs can be greatly reduced. But the problem is how to get
the acceptance of all partners, since some factories in good locations tend to
lose when optimizing total costs.

This problem can be solved using a cooperative game theory in which the
players may form coalitions and gain by doing so; some coalitions may gain
more than others. The question is thus how to divide the benefits among the
players. Depending on the criteria that we want the solution to satisfy, there
are different cost allocations, which will result in different compensations (side
payments).

3. Joint cost functions

Let us consider three factories that compete for timber supplies. In fig. 1 we
can see the purchasing area of the companies, the volumes of wood trans-
ported, and the costs of each factory. Apparently, there are considerable
savings if the proposed optimal division of the area will be acceptable. If
factories cooperate they may achieve savings by minimizing costs (by sharing
the wood supplies so that cross transports are eliminated). Fig. 1 shows the
optimal division of the area and the costs of each factory as a result of a linear
programming (LP) model. There will be a total saving of 0.945 million FIM as
compared with the competitive solution. But the savings in the optimal
solution seem to be unfair: for example factory C reduces its costs by 2.3%
while B’s savings are only 1.4%.

More generally, let {1,2,..., N}= N represent a group of cooperating
factories. The costs of each subgroup S, denoted by c¢(S), are defined by
solving the least-cost procurement program for all factories of S. To determine
the least-cost alternative, the sharing of wood must be known at each source in
a fixed geographical area. Thus, we must know the amount of wood shared
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N

The area under

this study
Optimal geographical
allocation of wood
between three factories
TIMBER COST (mill.FIM) TIMBER VOLUME
CONFLICT  OPTIMAL (m)
Factory A 30.970 30.483 279 000
Factory B 21.211 20.914 184 000
Factory C 6.887 6.726 63 000
TOTAL 59.068 58.123 526 000

Fig. 1. Profiles of companies: locations, wood procurement regions, and annual timber costs and
volumes.
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between S and N — S. The joint cost function ¢(S) has property
c(S)+c(T)zc(SUT) (1)

for any two separate groups S and 7 C N, because there will be no more cross
transportation for S and T together if they minimize their total costs by LP.

Typically the optimal costs of a large group are about 1-2% lower than in
the alternative case:

Y c(i)y>c(N). (2)

The costs of group S depend not only on the number of members of S, but
also on their locations and their total timber demand. The justification of a fair
allocation of costs is not only a matter of solving the minimal cost of the main
coalition; the contribution of each of the subgroups of factories should also be
taken into account. Minimum requirements must at least be satisfied to obtain
the acceptance of all partners.

4. Some basic conditions and the core

A fundamental minimum requirement of a fair cost allocation is that no
factory should pay more in a cooperative venture than it would pay on its own.
This is the individual rationality principle of game theory. In our case (fig. 1)
the costs allocated to factories A, B, and C must satisfy the conditions

x4 < 30970,
xg < 21211, (3)
Xc < 6887.

where x; is the cost allocated to factory i. Similar conditions can be applied to
all relevant subgroups of factories. We must consider, for example, all factories
belonging to the same company as one subgroup. The condition that no group
of factories should pay more than its alternative cost is the group rationality
principle.

In general, there are n factories, and the individual and group rationality
conditions can be expressed in the form of the well known core of the game:

Y x, <c(S). ScN,
ies

Y x,=c(N).

ieEN

(4)
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The function ¢(S) represents the characteristic function of the cooperative
game (¢, N).
In our case (fig. 1) the core of the game is
Xo +txpt+xc = 58123;
Xa tXp < 51814,

Xa+xe <37633,

Xg+Xc < 27958, (5)
XA <30970,
Xp <21211,
¢ < 6887.

It is easy to see that in this case the optimal solution is a point of the core —
but not a very central one.

This approach, as clear as it is, may involve practical difficulties. The core
may be nonexistent; for convex games such as our case, the core always exists,
but, it may be very wide. To determine a fair cost allocation we need a unique
point of the core. Thus, we look for methods narrowing down the core of the
game.

5. Least core

The idea behind the least core (Shapley 1971) is to narrow the core down to
a single point by determining the largest decrement e for all subcoalitions so
that the core still exists. This can be solved by LP as follows:

max e
Y x;<c(S)—€, SCN,
€S

Y x;=c(N).

ieEN

(6)

In our case the least core will be formulated as follows:

max €
Xptxpt+xc = 58123,
X\ tXp <51814 —¢,

XatXxc <37633 -k,

Xg +X¢ <27958 —¢, (7)
Xa < 30970 ~ ¢,
Xg < 21211 —,

X <6887 —¢.
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The solution to this problem is ¢ =289, with x, = 30681, x, = 20844, and
xc = 6598. If we accept this as the fair allocation, the side payments (com-
pensation) will be as follows (in million FIM):

8, = —0.198 (pays more),
8g= 0.070 (receives from A), (8)
8- = 0.128 (receives from A),

where 8, is the compensation received by factory i from other factories in
order to make the cost allocation a fair one.

The percentage savings — and also the savings in the factory unit cost of
timber — are highly nonhomogeneous. It seems that the absolute decrement e
does not offer a good way to determine a single point of the core in our case,
since the smallest factories will benefit at the expense of others.

6. Proportional least core

The above method of narrowing the core presents a maximum principle: we
determine an allocation that maximizes the smallest reduction in the total cost
of coalition S. But, instead of uniformly reducing the costs of coalitions we
must control the unit cost of timber. Thus, the maximum subsidy should be
combined with the total volume or cost of timber of each coalition. For this
purpose, we apply the proportional least core (Young et al. 1979) as follows:

max p

Y x,<(1-p)c(S)., Scn,

i€S
Y x,=c(N). ®)

iIEN

This solution maximizes the smallest relative decrease in the coalition costs
when compared with the alternative cost. This seems to be an attractive
method that is easy to justify, and was originally proposed by Young et al.
(1979) who also developed an application. They also presented the idea of
applying the proportional relaxation of the constraints to the cost-saving game
(not to the cost function itself) in order to avoid difficulties in the case of a
nonexistent core. Our case always has a-core (Saiaksjarvi 1976), and we can
avoid the risk of nonrational solutions.
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The proportional least core can be found by solving the following program:

max p
Xatxg+xe = 58123,
Xp+xg <(1-p) 51814,
Xa+xc <(1—p) 37633,
xg+xc <(1-p) 27958, (10)
XA <(1-p) 30970,
Xp <(1-p) 21211,

Xc <(1—-p) 6887.

The solution to this problem is p = 0.00985 with x, = 30443, x5 = 20861, and
xc = 6819. This allocation is much smoother than the allocation of the least
core (eq. (7)) and leads to the following compensation:

= 0.040,
85 =0.053, (11)
8. = —0.093.

7. Unique relative savings

If we do not allow any coalitions other than individuals the proportional
least core will be

max p

X +xg5+xc-=58123,
X\ <(1-p) 30970,
Xp <(1-p)21211,
xc<(1—p) 6887.

(12)

This gives about the same percentage reduction in unit costs to all factories.
The solution. which can also be solved without LP, gives p=0.0160 with
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x,=230474, xy=20872, and x.=6777. In this case the compensations
needed are

8, = —0.009,
8y = —0.042, (13)
8= 0.051.

8. Comparison of results

The various cost allocations of the previous methods are given in fig. 2,
where the resultant unit factory cost of timber is shown for each factory. Note
that the methods show quite large differences in unit costs. It is evident that
only the proportional cost allocations can be accepted in our case.

It is of great interest to look at the compensation that results from fair cost
allocation when compared with optimal costs. Remember that the optimal
solution was accepted as the basis for the operation of the main coalition.
Remember also that the decision makers of the cooperating companies have
strong subjective beliefs in levels of fair compensation. For that reason, we
collected a summary of the compensations and compared their signs with the

e LEGEND:
VAN Conflict
114 v S Least Core

Praportional LC

Unique savings
112

110

fe8

106 =

104
C B A

Fig. 2. Comparison of unit costs for timber for companies A, B, and C when alternative cost
allocation schemes are applied.
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Fig. 3. Comparison of compensation received by companies A, B, and C when alternative cost
allocation schemes are applied.

subjective estimates of a selected specialist group. Fig. 3 shows that no two
methods give identical sign profiles. But, after looking at the results, the
specialists were willing to accept the proportional least core.

The difference between the equal share and the proportional least core can
be explained by the varying savings of pairs of factories. As factory C seems to
have fewer cross transports with A and B, it will benefit less from cooperation.
The proportional least core seems to be quite sensitive to conflict costs.

9. A key question: conflict costs

The above examples show that the proportional methods of narrowing
down the core of the game seem to give acceptable cost allocations. It seems
also that at least in symmetric cases, where the savings of the subcoalitions of
factories are of about the same magnitude, the proportional core gives a cost
allocation that is easy to accept. But, since fair division depends very strongly
on conflict costs it is important to justify them properly. How can one estimate
the sharing of timber if factories do compete? The key question is not only the
rule of fairness, but also the premises upon which it will be based on. In order
to justify and accept cost allocations the method of defining the alternative
costs is urgently needed.

We estimated the conflict costs by simulating wood sharing between the
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Fig. 4. Unit costs of timber resulting from two simulations (Methods A and B) of the conflict
situation. Optimal timber cost is plotted for comparison. Method A: Factory j’s share of source i
is s, =p,(a, /L, p,) where a, is the total amount of timber in / and where p,, = C,Z/(C,2 + ’13')~
with r,, being the distance between factory j and the source i. and C; is constant. Method B: The
same as Method A with p, =exp(— C/-z/r,-_zl).

factories by several methods, again evaluated by a group of specialists. Two
methods of sharing each source of wood between the competing factories are
illustrated in fig. 4.

The timber from each source was shared between competing factories in
relation to their “purchasing force”, calculated as a function of the distance of
the source from the factory (see fig. 4). The costs of factories and coalitions of
factories were determined by LPs, minimizing transportation costs. If the
competitive areas of factories overlapped, the coalition could benefit by
cooperation. In our case there was no significant variance between different
methods of estimating the conflict costs of factories. Despite small differences
in the distribution of wood the overall costs of each factory were not sensitive
to these differences.

References

Shapley L.S. (1971) “Cores of convex games” International Journal of Game Theory. 1: 11-26.

Saaksjarvi M. (1976) “A cooperative model of wood procurement: Profit allocation as a game
theoretic problem” (in Finnish), Lappeenranta University of Technology, Research Paper
2,/76.

Young H.P., N. Okada and T. Hashimoto (1979) “Cost Allocation in Water Resources Develop-
ment: A Case Study of Sweden”, Working Paper WP-79-77, Laxenburg, Austria: International
Institute for Applied Systems Analysis.



Part IV

LONG-TERM FORESTRY PLANNING






TIMS Studies in the Management Sciences 21 (1986) 257-267 257
© Elsevier Science Publishers B.V. (North-Holland)

A MODEL FOR LAND USE PLANNING

Kenneth S. FOWLER and Jagdish C. NAUTIYAL

Weyerhaeuser Company, Washington and University of Toronto, Ontario

This paper describes a reformulation of a mixed integer programming land use planning model
which maximizes net social welfare and incorporates area, price, cost, and product distribution
constraints. An example developed for about 2850 square kilometers in Ontario is described. This
example was solved in about 1/200th of the previous time. Potential uses of the model are
considered.

0. Introduction

Nautiyal et al. (1975) described a pilot study of a “land use model for
planning (LUMP)” developed for the Ontario Ministry of Natural Resources.
The model used mixed integer programming to allocate 635 land units, each of
about 450 hectares, to agricultural, timber, mining, urban, or recreational uses
for an area including and surrounding Sault St. Marie and some of the
shoreline of Lake Superior. This article describes a restructured version of the
problem which eliminated many of the integer variables and substantially
reduced its size. The consequence of these revisions was that a solution can
now be obtained in fewer minutes than the number of hours previously
required. This reduced solution time makes such a model a feasible planning
tool for almost any organization. Alternatively, those with the resources to use
the previous model will now have the ability to work with much larger
problems or a base for developing even more sophisticated models by incorpo-
rating additional parameters and constraints.

1. Model formulation

The planning model maximizes the net benefit for the five land uses
considered. Each use is assumed to yield a variety of products in constant
proportion to the area devoted to that use. To understand the formulation,
consider one use and assume it produces a single uniform product. Fig. 1
illustrates the economics of the problem. In the figure the socially optimal
quantity, q,, occurs at the level of output indicated by the intersection of the
demand, D, and marginal cost, MC, curves. At this level, the total revenue



258 K.S. Fowler and J.C. Nautiyal, A model for land use planning

Price
MC
P,
b, \ - AC
Pa f D
I
i
0 q, [ Quantity

Fig. 1. Demand and cost curves which determine net benefit.

would be the rectangle p,q,. The lower third of this rectangle, p,q,, defined by
the intersection of the optimal quantity and the average cost curve, is the total
cost of producing ¢, units. The upper two-thirds represents the net revenue.
The area above p; and below the demand curve is the consumers’ surplus. The
net benefit is the net revenue plus consumers’ surplus, or the area above p,,
below D, and between 0 and ¢;.

The use of consumers’ surplus as a benefit measure has been criticized. But
as Willig (1976) pointed out, both the compensating income and equivalent
income variations (which are the correct theoretical measures of the welfare
impact of changes in price and income for an individual) can be well ap-
proximated by consumers’ surplus. We further assume that the extension of his
approach aggregating individual consumer’s surpluses into consumers’ surplus
produces a reliable approximation to society’s welfare.

In anticipation of our formulation below, it is useful to consider the
geometry of fig. 1 somewhat further before we proceed. We note first that the
total cost of producing ¢, units may be represented not only by the rectangle
P24, but also by the area under the marginal cost curve - the derivative of the
total cost curve - to ¢, units. Finally, observe that for any quantity g greater
than that to the right of the intersection of the marginal cost and average cost
the cost may be represented as the area p,q, plus the area under the marginal
cost curve beyond ¢;.

In summary, the objective function of the planning model is designed to
maximize net social welfare in the economic sense: i.e., the direct annual
benefit (revenue plus consumers’ surplus), from using each particular land unit
in its assigned way, less costs of producing the indicated outputs and transport-
ing them to market.
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Two of the constraints in the model are very easily incorporated. One allows
each land unit to be allocated once; i.e., it can be half used for timber and half
for agriculture, but not fully for agriculture and fully for timber. The other
ensures that a fixed proportion of each type of output can flow to the market
centers typical for that product. (The pilot study assumed a total of five market
centers.) The revenue and cost constraints of the model are separately dis-
cussed because they are more complex and because their reformulation led to
the increased efficiency of the new model.

2. Revenue

The unit revenue for each product should be represented as a decreasing
function of quantity. This is achieved by piecewise constant approximation of
the usual demand curve of economics into a step function and constraining the
quantity that can be sold at each price. Revenue constraints of the following
from might be used:

ZqinijmnSij' (1)

In this inequality X represents the unknown area of land which should be
devoted to a particular use (denoted by j), and g is the output per hectare land
unit / when it is devoted to use j. The summation over all land units and
destinations (represented by n) to which products are shipped, yields the total
output for a given land use j and price condition m. The constraint is thus, of
course, actually a set: one for each use j and condition m. For a particular use
Jj =J, say timber production, with demand schedule D shown in fig. 2 (and its
approximated) form D’), the first constraint with m =1 says that at most R,
units of timber may be produced at the high sale value implied by pricing
assumption 1. The second constraint says that at most R, units of timber may

Price

Fig. 2. Demand schedule for use J.
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be produced at the next highest sale value indicated by pricing assumption 2.
Since the problem objective is to maximize net benefit, the model elects high
sale values to the maximum extent possible. Thus, these constraints ensure that
some set of X;;;, variables will have positive values sufficient to produce a
timber output of R, before any X;,,,,,, m > 1, assumes a positive value. It is
the priority for high prices of the objective function and the monotonic nature
of the demand curve that makes this formulation valid.

An alternative formulation, using X;,,, reduces the dimensionality of the
grid assignment activities by shifting the price condition to the aggregate
output variables. We replace eq. (1) by egs. (2) and (3)

qu'injn_ZY}m:O’ (2)
Y;m =< ij' (3)
Here Y, is the output of land use j that can be sold at each price level m.

Set (3) restricts this amount to some upper bound. The set (2) ensures that the
total output of use j that is to be sold must have been produced and shipped
to the market centers.

If 1, J, M and N represent the maximum limits on the corresponding
subscripts, this alternative formulation adds one constraint for each land use
but significantly reduces the land allocation activities from JIMN to J(IN +
M).

3. Costs

Unlike revenues, our cost functions are not monotonic throughout the range
of interest. The treatment of costs is thus more complex. Several approaches
are possible. One is a series of integer variables to select appropriate cost
levels. Another is to utilize an iterative solution procedure where costs are
adjusted from iteration to iteration. We have combined these strategies to
provide a heuristic procedure that appears very satisfactory for this sort of
problem.

Before describing this procedure, the “cost zones” should be explained. For
each land use one would expect the cost curve appropriate to a grid unit to
depend on locational factors such as soil type, microclimate, availability of
labor, etc. On the cost side, the land uses are thus sub-divided into zones. In
the Ontario model, the five land uses led to 17 cost zones — four for
agriculture, two for timber, etc. Each grid unit capable of producing timber
had associated with it an indicator of the zone which would dictate the cost
level for using the area for timber production. The actual cost assigned in the
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Fig. 3. Development of the linearized cost curves for the planning problem.

zone was a function of the total area devoted to that use within the zone. The
total cost for timber production would be obtained by summing the costs for
the two timber zones.

For each zone a piecewise constant cost curve like that in fig. 3 is obtained.
The curve is based on the marginal cost to the right of the minimum average
cost and on a temporary linearization of the average cost curve to the left. If
the area allocated in this zone, J, is greater than B,;, we use the monotonically
increasing portion of the cost function to determine the total cost in exactly the
way of marginal revenue curve was used above.

Next, an integer variable is introduced to force use of the cost level k=1 if
the area allocated is less than B,,. This formulation results in one integer
variable for each cost zone. More could be introduced to better represent the
average cost region. However, given sufficient land, one would expect the
optimal level of use to be either to the right of the minimum average cost, or
zero. Further, the earlier model makes clear the solution cost effects of any
extra integer variables. Hence, an iterative procedure was adopted using the
single integer for each zone.

First, the continuous problem is solved and examined for cases where the
area allocated in a zone is so much less than B,; that the cost at level k=1 is
inappropriate. Using the solution area, a new cost for level £ =1 is calculated
and B,; reduced. After these revisions, the optimal basis from the previous
solutions is inserted and a new continuous solution obtained. (Some of the
integer variables may be tentatively set during this process.) In our problem,
one would expect this procedure to converge rapidly because, ceteris paribus,
higher costs lead to the allocation of less land, and most of the rest of the
problem remains constant. Once the costs for the & = 1 levels have been set for
all zones, the integer solution is sought. By specifying the integer values
associated with the total area allocated in the continuous solution, one should
find a very good initial integer solution and thus eliminate many branches of
the MIP problem. In many cases the integer portion of the problem will simply
become a solution confirmation process.
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Certainly this iterative process is less satisfactory than the use of several
integer variables for the declining average cost region from the theoretical
perspective. While we believe it was useful in the Ontario case, we recognize
that the simplicity of the single iteration approach with more integers may be
preferable for others. The remainder of our approach is independent of the
number of integer variables used in each zone.

4. The model

The model may be mathematically expressed as

Ztl_/n ijsn +ijm);m _ZX
Jm

ijsn Jsk
subject to:
(1) Z Xv/_/n < A
jsn

(11) Zqi_/ Xvi_/.rn - d_/nz jm ’
i m

(lll) Zqij‘xvij.\n Z Y_'/m ’
in m

(iv) Y,<R,,
(V) Z tjsn Z jsk =0,

k
(vi) Ujsk >1 < B,

(vii) - % Us + BjnZ;, <0,

(Vlll) Z L{/’Jk - Mst = Bjs] >

k
(IX) U/sl Z_/s <B Jsl»
(X) Z L{/sk_MstSO’
k>1

where the decision variables U, X and Y must be greater than or equal to zero,

and Z equal to zero or one. Each variable is defined as follows:

A; is the land area of grid unit .

B, is the maximum area in cost zone s that can be devoted to use j at cost
level k (before another cost at level & + 1 must be incurred).

¢, 1is the cost/hectare at level k in cost zone s for use j. (For k =1, these

s
values are adjusted for each iteration as described above.)
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is the proportion of output j which must be delivered to destination .
is a large number such that its use as an upper bound does not restrict
the problem.

is the price/unit of output at level m for use j.

is the physical output /hectare resulting if grid / is devoted to land use
j.

is the maximum number of units of output j which may be sold at price
level m (before a lower price level m + 1 must be used).

is the transportation cost/hectare for shipping the output for use j
from grid unit i to destination n plus the cost/hectare of converting
grid unit / to that use if necessary.

is the total area utilized for use j in cost zone s for which the
cost/ hectare is established at level & on the linearized cost curve.

is the area of grid unit /i devoted to use j in cost zone s, having its
output shipped to destination .

is the total output from use j which is sold at price level m on the
linearized demand curve.

is a zero-one integer variable having the value one if the total area in a
zone s for use j is sufficient for the minimum average cost to apply.
Otherwise (i.e., when the area is less than B,;,), it has the value zero.

The terms of the objective function represent the gross social benefits from
producing certain quantities of each product less the cost of producing the
product and transporting it to its market destination. The constraints ensure

that:
®
(i)

(iii)
(iv)

v)
(vi)
(vil)

(viii)
(ix)

x)

each hectare is used only once;

appropriate proportions of the output of each land use are delivered to
appropriate market centers;

the output to be sold has been produced;

only a limited output can be sold at higher prices before the demand
curve forces a lower price to be realized;

costs are paid for each acre managed;

higher costs are incurred when larger areas used imply greater marginal
costs; i.e., that k> 1. When the area used implies that k& = 1, constraint
(1x) makes higher costs apply.

if the area in a zone devoted to a use makes the first cost level
appropriate, the integer variable for the use and zone will be forced to
zero;

if the area in a zone devoted to a use is too large for the first cost level to
be appropriate, the integer variable is forced to one,

if the integer variable for a use and zone is one, the first cost level cannot
be used:

if the integer variable for a use and zone is zero, only the first cost level
can be used.
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Perhaps we should point out that the ¢, , coefficients may be used to
incorporate more than production costs — (see Found 1971). In the present
study these numbers were generated from the distance from each grid unit to
all market destinations, the shipping cost per kilometre per unit of output for
each product, and the outputs per hectare for each use. The product of these
represents the transportation cost per hectare for a particular product. The raw
data also included the area currently in use j and the cost per hectare of
converting from any use to another. Thus a land conversion cost was added to
the transportation cost. Where grid units did not originally support a single
land use, this approach somewhat distorts actual conversion costs. Ap-
propriately defining grid units to ensure homogeneity of existing of use would
eliminate this difficulty. Homogeneity of product output within a grid unit is
also, of course, an implicit assumption of linear programming. Consequently,
care should be taken when defining grid units.

5. Results

The initial LUMP model used 71 integer variables to restrict the ranges of
land inputs and product outputs to which particular prices applied. It had
about 72000 variables and 819 constraints. Using UMPIRE and a UNIVAC
1108, about 30 min of CPU time was required to generate and input the
problem. The continuous solution was obtained 17 min later. The optimal
integer solution then required an additional 10.5 hours.

Two types of changes have been made to the earlier model. First, the
dimensionality of the grid assignment activities was reduced by shifting the
price and cost conditions so that they apply to aggregate levels of output and
input. This change was described above in relation to the revenue constraints.
Extending the same approach to the cost constraints resulted in a total
reduction of about 66000 variables.

The second change was to eliminate most of the integer variables. The
representation of the problem in marginal rather than average terms accounts
for much of this reduction. That is, instead of ranges of input or output each
having an appropriate price and made effective by an integer variable, we have
a certain benefit (or cost) for the first range of units, a second added benefit
increment for the next range of units, etc. Authors of the original model
recognized that their revenue constraints could have been structured in margi-
nal terms, but probably underestimated the significance of multiple integer
variables. Because of the investment in their input generating programs they
decided to continue with their original formulation. Adopting an iterative
solution strategy made it possible to represent the portion of the cost curve
where average costs are falling with even fewer cost zones and corresponding
integer variables.
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The reformulated LUMP model was run using the MPSX MIP code on an
IBM 3033 using CMS. The MPSX input was generated from the original data
using a FORTRAN program. This program generated the ¢,,,’s, defined the
appropriate X ’s, positioned the coefficients, etc., and also generated an initial
basis for the LP by assigning each grid unit to the use currently predominating
on it. The input generating program required 0.24 min of CPU time. The
revised model had 764 rows and 5122 variables (including 17 integers) with a
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Fig. 4. Map of the optimal solution.
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matrix density of 0.52. Approximately 0.14 min was required to load the input
and prepare for the optimization. Eleven hundred iterations and 0.73 min were
required to obtain the initial solution. For three of the seventeen cost zones the
area allocated was positive yet significantly below the quantity corresponding
to the k = 1 input costs. These parameters were revised three times in 0.18 min.
The zero/one levels for the integer variables were then specified and the first
corresponding integer solution was obtained in 39 iterations (0.15 min). A
second better integer solution was then obtained in 20 more iterations (0.11
min). This change again made the cost level for the area allocated in one of the
earlier revised zones inconsistent with the average cost curve. The cost and
maximal areas for the k =1 level of this zone were again revised. Forty-three
iterations (0.16 min) were required to obtain a new first integer solution. After
0.16 min and another 38 iterations it was confirmed that no better solution
existed.

An attempt was made to solve the problem before some data input errors
were discovered and before it was decided that current land use should
constitute a reasonable initial basis. This first solution required 1676 iterations.
We thus conclude that in such problems current land use practice may provide
a substantially better initial basis than one mechanistically obtained by the LP
algorithm.

The land use pattern indicated by the reformulated LUMP is shown in fig.
4. Results for the earlier model are quite similar but not identical to those
shown in the figure.

6. Future use of the model

Certainly no computerized model of planning will replace planners. There
are simply too many relevant factors to include ali of them in any model.
Models should abstract some features and thus vastly reduce the complexity of
the real problem. LUMP allocates land to various uses by considering the costs
of conversion to that use, transportation of its products to a market, and
economies of scale in production through better servicing, etc., as more or less
area is assigned in any particular category. It further recognizes that the
demand for any product is a function of price. The interaction of these
economic factors may be extremely complex. Freed from these details, a
planner may view a variety of other considerations which may suggest or
require alternatives to portions of this planning base. At the very least, LUMP
provides a means of estimating the opportunity costs of these alternatives.

The dual variables output by linear programming may be one of the most
useful features to this approach to land use planning. These variables represent
the marginal value of each particular grid unit and cost of deviating from the
solution. Thus the analyst who wishes to estimate the opportunity cost of
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perhaps withdrawing some area from a use has a basis for doing so. Alterna-
tively, if one wished to increase the output of some product he would scan the
dual variables to determine where the land use might be changed so as to
minimally affect economic objectives.

The revised LUMP is efficient enough that it may be re-solved to incorpo-
rate updated data or to indicate the sensitivity to changing economic assump-
tions about product demands or costs. As with other quantified models,
LUMP will make more explicit many of the assumptions upon which a plan is
ultimately based. By providing an economically efficient base, and focusing
attention on the economic assumptions and the effects of other criteria as the
solution plan is varied, LUMP should lead to a more efficient use of planners’
time and consequently to better land use decisions.
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The United States is expected to experience a shortage of timber early in the 21st century. In
response to this problem, the Tennessee Valley Authority (TVA) developed a forest management
program specifically for small landowners, who comprise what is known as the NIPF (nonin-
dustrial private forest) sector. These landowners were chosen as target users because they
collectively own the majority of forest lands in the United States but have made only limited use of
modern forestry practices. TVA’s forest management program, called WRAP, is a multiobjective
optimization program. 1t considers eight landowner objectives: (i) the net present value of timber
income, (it) a measure of recreation, and (iii—viii) the populations of six wildlife species (deer,
grouse, squirrel, quail, turkey and rabbit). These are handled with a nonlinear utility function that
is tailored individually to each landowner. The program has been used by more than 1300
landowners in the southeastern United States to date (April, 1983) with encouraging indications of
success.

1. Introduction: the need to increase timber production in nonindustrial private
forests

According to estimates of the United States Forest Service [21], the U.S. will
experience timber shortages and rapid increases in the real price of timber
early in the 21st century. It takes at least 20 years and often much longer to
grow a crop of merchantable trees, so this predicted shortage can be viewed as
a current problem.' Unfortunately, the United States cannot rely solely on
normal competitive economic forces to supply the necessary stimulation to
wood production because timber producers do not constitute a profit-maximiz-
ing market system. The majority of United States forest lands are owned in

! Forest economists do not unanimously agree that projected timber shortages are sufficient
justification for attempting to increase timber productivity [15.38]. However, they do agree that
increased productivity is a basic, defendable goal of forestry.



270 T.P. Harrison and R.E. Rosenthal, A multiobjective optimization approach

small lots by individuals who do not regard profits from timber harvests as
their only objective in owning land. As surveys have shown [25,29,41], these
small landowners tend to have a variety of objectives, including recreational
benefits, aesthetic appreciation, and long-term insurance, in addition to timber
sales.

These small landowners are known in the forestry literature as nonindustrial
private forest (NIPF) landowners. In the southern United States these individ-
uals own 72% of all commercial timberland (as compared with 19% owned by
corporations and 9% held by governments) [43]. Their landholdings are mostly
under 100 acres each [41], and they typically have professions unrelated to
forestry. As a group, they have made only limited application of modern
forestry practices that could substantially increase their timber yields.

Recognizing that intensification of forest management in the NIPF sector is
in the national interest, the Tennessee Valley Authority (TVA) developed a
program specifically for NIPF landowners. The program, called WRAP
(Woodland Resources Analysis Program), has been used by more than 1300
landowners in the southeastern United States to date (April 1983). There have
been earlier efforts to induce NIPF landowners to practice more intensive
forest management, but these generally met with limited success [S1]. An
important reason why some of the past programs failed to stimulate increased
forest management was that they concentrated solely on maximizing financial
return.

WRAP was designed from the point of view that a forest management tool
for the NIPF sector must accommodate the multiple objectives of the landowner
and it should do so on an individual basis. WRAP’s methodology is fairly
unsophisticated, but it is a multiobjective optimization program that has the
desired flexibility and meets other design criteria necessitated by the special
nature of the NIPF user. As reported in the evaluation (section 7), WRAP has
had success in improving NIPF acceptance of modern forest management and
in potentially stimulating production.

Numerous forestry applications of optimization, including linear
[18,30,40,47,48], dynamic [9,14], and nonlinear [28,46] programming, have been
reported for industrial [46,48] and governmental [18,30,36,40,49] timberlands.
But the literature is apparently void of approaches designed around the unique
requirements of NIPF landowners. This is surprising considering the control-
ling interest this group holds over commercial forests in the United States.

2. Design considerations
WRAP is administered to a NIPF user in the following manner. Upon

request of the service, a consulting, industrial, State, or Federal forester visits
the NIPF site. The forester partitions the property into timber stands, performs
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a timber inventory [23,24,42], makes technical recommendations, and conducts
an interview with the landowner concerning his or her landowning objectives.
The forester’s data are mailed to the TVA Division of Land and Forest
Resources, where they are coded and input to WRAP. TVA personnel check
the results, call for clarifications or resubmittal if necessary, and return the
output to the forester, typically in 2 weeks’ time. The forester then makes a
return visit to the landowner to carefully explain WRAP’s output, which
contains substantial amounts of textual information about forest management
in addition to the recommended harvest schedule.

Several aspects of this procedure affect the design of the multiobjective
optimization program. The most important aspects are: first, the landowner’s
contribution to WRAP’s input is limited to a single interview, second, this
interview is conducted by a forester, not a management scientist and third, no
computing equipment is present at the site of the interaction with the landowner.
None of these factors could be changed while WRAP was under development.
The number of forester /landowner contacts is limited by the sheer number of
NIPF users. The forestry expertise of the interviewer is absolutely essential for
providing the technical inputs to the program. Furthermore, an important side
benefit of WRAP is provision of a vehicle to introduce the NIPF landowners
to current research results and forest management practices.

The disadvantage of not having a management scientist conduct the inter-
view is that the landowner’s preferences for the multiple objectives may not be
assessed with as much sophistication as the system designers might like. Only a
very small portion of the forester’s time on the NIPF site was allowed for
assessment of the objectives. Computer terminals could not be present at the
interview for reasons of cost as well as for fear they might inhibit landowner
acceptance. *

The restriction to a single, brief, computer-free session for collecting infor-
mation on decisionmaker preferences ruled out the use of interactive optimiza-
tion approaches such as those reported in [5,10,18,19,26,27,36,52]. These
approaches have demonstrated their effectiveness on a range of interesting
problems and will be considered carefully for potential applicability in the
present context when TVA develops an interactive multiobjective optimization
procedure. *

In summary, the design criteria of WRAP are that: (i) it is a multiobjective
optimization program with sufficient flexibility for tailoring to the individual
landowner; (ii) it is very easy to use and understand in a setting where neither
the decisionmaker nor the administrator of the program has a quantitative
methods background; (iii) it is computationally feasible for use with a large

2 Added in proof: A successor program to WRAP, named FORMAN, does not have this
limitation.
3 Added in proof: The interactive approach taken is described in refs. [53] and [54].
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number of individual landowners; and (iv) the recommended solutions ade-
quately reflect the capabilities of the land and the desires of the landowner in
the views of all parties involved, i.e., the foresters, the management scientists,
and, most importantly, the NIPF users themselves.

3. Modeling and methodology of WRAP

The harvest schedules recommended by WRAP all have the following form.
The forester subdividies the NIPF property into tracts, drawing the boundaries
so as to obtain approximate homogeneity in tree speciation, geography, and
land use within each tract. WRAP handles the tracts independently. For each
one, the forester decides how many harvests to schedule on both the existing
(first) stand and the future (second) stand. The program determines the timings
of these harvests. It is assumed that the same pattern of harvests selected for
the future stand will be repeated indefinitely on a third, fourth, fifth, etc.,
stand. Consequently, the only decision variables in the WRAP optimization
model are the timings of harvests on the first and second stands. The number
of harvests per stand is never more than four, so the number of decision
variables for each tract is at most eight.

The constraints on timings are relatively simple: (i) the harvests must not
occur more frequently than the forester deems advisable and (ii) the first
harvest must fall within a time range dictated by technical concerns of the
forester or personal concerns of the landowner.

Because of the very small number of decision variables and the small
number of values they can take on, it is evident that choosing the optimization
methodology was not one of the critical issues in designing WRAP. The
methodology is, in fact, simply a cyclic coordinate search in which one decision
variable is modified, with all the other variables fixed, until no further
improvement can be achieved; then another variable is modified in this way,
then another, etc. [32]. The critical issue in designing WRAP was to define a
function for measuring the overall quality of a harvest schedule, i.e., the
function to which this optimization methodology should be applied.

WRAP considers eight landowner objectives: (i) the net present value of
timber income, (ii) a measure of recreation (nonhunting), and (iii-viii) the
populations of six wildlife species (deer, grouse, squirrel, quail, turkey and
rabbit). This set was chosen as representative of the most important timber and
nontimber benefits of the NIPF landowner. The eight objective functions are
denoted f,(x), i=1,....8, where x is the vector of harvest decision variables.
(We also employ the vector function notation F(x) where F(x)=
[f1(x),..., fz(x)].) Given a proposed value of x, the f;(x) are evaluated with a
growth and yield simulation program in the case of timber, and with tabular
functions in the cases of recreation and wildlife. (These evaluation methods
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were synthesized from the forestry literature and are described in greater detail
in section 6.) What WRAP seeks to maximize in the cyclic coordinate search is
U(F(x)), where U: R* > R is a utility function discussed in the next two
sections. The motivation for using a utility approach is given in section 4; the
specific form of utility function employed in WRAP and the method of its
assessment are presented in section 5.

4. Theoretical considerations in the use of a utility function

The forest management problem addressed by WRAP belongs to a class of
important but ill-defined problems known as multiobjective optimization
problems. There is no precise mathematical statement for this type of problem,
although a notation like “ maximize F(x) over all x belonging to the feasible
set X has been used to describe it in the past. Unfortunately, the phrase
“maximize F(x)” lacks meaning, because the set { F(x):x€ X} lacks a
natural ordering whenever F is vector-valued. This means that, given two
feasible alternatives y and z, there may be no definite answer as to whether
F(y) is “greater than,” “less than,” or “equal to” F(z). The inability to specify
which of two alternatives is greater implies the inability to specify which of
several is greatest.

A meaningful definition of multiobjective optimization requires the use of
some subjectivity, regardless of how rigorously F(x) and the feasible region X
may be defined. A reasonable statement of the problem is: find a feasible x so
that the most preferred vector of objective function values F(x) is attained.
Here the subjectivity is captured in the term “preferred,” which has no
universally applicable definition. The reason for this brief philosophical digres-
sion is that some of the multiobjective optimization literature treats the
problem as if it were amenable to cut-and-dried solutions, which it is not.
There is in fact no absolute meaning of “best decision” in the multiobjective
context.

A theoretically ideal approach to multiobjective optimization is to construct
a scalar-valued utility function U with the property that U( F(y)) > U(F(z)) if
and only if the vector of objective attainments F(y) is preferred to F(z).
Given this construction, the multiobjective problem reduces to a well-defined,
single-objective optimization problem. Unfortunately, the ideal is not generally
attainable in practice because of the difficulty of constructing a U with the
desired property. It may be seductive, therefore, to dismiss utility theory as
unworthy of practical consideration, but it turns out that many of the
techniques in current practice are founded on unwittingly specified utility
functions. For example, the common procedure of assigning “weights” w; and
maximizing > w; f;(x) is nothing more than constructing a linear utility func-
tion. (Another example is goal programming, whose underlying utility function
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is a very rigidly defined piece-wise linear function [16,35].)

There are some promising multiobjective techniques such as those men-
tioned in section 2 and others that do not require the specification of a utility
function, but in all cases these methods require a much larger information
burden on the decisionmaker than is feasible within WRAP.

In summary, WRAP is designed as a system for maximizing an explicitly
defined utility function for the following reason. The use of a utility function
of some form is unavoidably necessary in treating the subjective aspects of the
multiobjective decision problem. We should, therefore, choose our utility
function consciously and attempt to have it reflect the landowner’s preferences
very closely, even if it cannot reflect them perfectly.

5. Form and assessment of the utility function

In an earlier version of WRAP [22], the utility function was implicitly
assumed linear. A set of weights w;, i=1,...,8, was determined by the
Churchman-Ackoff procedure [11], and the function Xw,f,(x) was maxi-
mized. The current version of WRAP departs from this design for two reasons.
First, the foresters who administered the Churchman-Ackoff procedure to the
landowners complained about excessive time and paperwork requirements.
(The procedure is a highly structured sequence of questions involving compari-
sons between various combinations of benefits. The interviewer cannot preset
the questions; they must be formulated in a precise manner depending on
previous answers.)

The second reason for discarding the original WRAP objective function
design is more fundamental than the first. It is our disagreement with linear
utility as a reasonable model of a person’s preferences. Linear utility implies
that the marginal value of any benefit is constant, i.e., the utility gained from a
change of f,=a to f,=a+ 1 is independent of a. This conflicts with many
generations of economic thought (including Bernoulli’s 1730 St. Petersburg
Paradox) which established that these marginal values should not be constant
[2]. These values ordinarily vary as perceived “needs” vary. For instance. one
more unit of f, may seem more valuable to a landowner when f; is scarce than
when it is plentiful. An assumption of linear utility (whether implicit or
explicit) denies the possibility of this normal human perception.

A further implication of linear utility is that the rate at which a person
would be willing to trade off attainment of one benefit for another (i.e., the
marginal rate of substitution, [0U/9f,(x)]/[dU/df,(x)]) never varies. Again
this seems unreasonable, because the things a person has in short supply are
probably more difficult to trade off than the things that are in abundance.

For these reasons WRAP was redesigned with a nonlinear utility function.
The form of the utility function assumed is U(F(x))=X,u,( f,(x)), where the
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eight functions u,( f,) are derived by means of a 2-part questionnaire, repro-
duced in the Appendix. The first part of the questionnaire asks for compari-
sons among benefits, resulting in a set of weights, like the Churchman—Ackoff
procedure, but with much less work. These weights are obtained by simply
having the interviewee distribute 100 points among the eight benefits. *

The second part of the questionnaire allows for the nonlinearity. It asks for
comparisons within benefits, i.e., between different levels of the same benefit.
The landowner is asked to rate, on a 1-to-9 scale of value going from very
unsatisfactory to very satisfactory, each of four levels of benefit (none, low,
medium, high). A simple chart requiring one checkmark per column is the
device for obtaining these responses. The entire questionnaire is reproduced in
the appendix.

The results of Part I1 of the questionnaire yield a shape to the single-attri-
bute utility functions u,( f;), and the results of Part I yield a scale parameter.
By this process, the utility function U(F(x)) is well defined, nonlinear, and
easily obtained within the strict limitations on landowner and forester par-
ticipation described in section 2.

There is presently one unavoidable drawback to this process. WRAP’s
modeling of landowner preferences would be more accurate if it were permissi-
ble to use a nonseparable utility function. The advantage of nonseparability
(also known as nonadditivity) is that it allows for situations where the marginal
rate of substitution between two benefits, say / and j, depends on the amount
on hand of some other benefit, say k. For instance, a landowner may be more
willing to trade off deer ( f;) for increased timber income ( f;) when quail ( f,)
are plentiful than when quail are scarce. Unfortunately, incorporating nonsep-
arability in WRAP at present would add far too much complexity to the utility
assessment process. The limitation of nonseparability is shared by many other
approaches to multiobjective problems (sometimes unwittingly [16]). The test
suggested by Dyer [16] for assessing the validity of separability is not imple-
mentable in WRAP, but past performance indicates the effect of this drawback
is not significant.

6. Form and assessment of the benefit functions

The set of benefits that WRAP examines can be partitioned into two
categories: timber and nontimber. Timber benefit is measured as the present
value of monetary returns from timber sales. These returns depend on the
species, volume, and timing of the timber harvested. The nontimber benefits,
recreation and the six wildlife populations, are not translated into financial
measures.

4 Added in proof: This method was deemed the most appropriate among several alternative
weighting methods in a study conducted by Schoemaker and Waid [55].
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Table 1
Sources for WRAP timber growth and yield simulators

Species /type Publication(s) cited
Loblolly pine plantation Smalley and Bailey [39)
Pienaar [33]

Schumacher and Coile [37]
Williams and Hopkins [50)

Longleaf pine plantation Lohrey and Bailey [31]
Farrar [17]
Williams and Hopkins [50]
Slash pine plantation Bennett [7]

Clutter and Jones [12]
Schumacher and Coile [37)
Williams and Hopkins [50]

Natural loblolly pine Brender and Clutter 8]
Natural slash pine Bennett [6]
Natural shortleaf pine Schumacher and Coile [37]
Natural longleaf pine Farrar [17]

Anon. [1]

Williams and Hopkins [50]
Yellow-poplar Beck and Della-Bianca [3,4]
Upland oak types Dale [13]

Harvest volumes are computed through timber growth and yield simulation.
There are nine separate simulation models. They address the species and
species groups listed in table 1. These models were synthesized from the
forestry literature [34,42] as indicated in table 1. Timber growth and yield is
simulated as a function of tree species, stand age, and site quality. These
models were derived by: (i) establishing plots of trees that included a variety of
forest conditions, (ii) obtaining detailed measurements of these trees over time,
and (iii) fitting a series of regression equations to these data to determine
estimates of the major components of growth and yield — diameter growth,
mortality, and height growth. Since stand age is one of the independent
variables, these models are designed only for even-aged stands.

The wildlife benefit simulations use functional relationships that Giles et al.
[20] obtained through numerous interviews of wildlife biologists. The biologists
were asked to predict the forest’s potential carrying capacity for each species as
a function of timber stand age. These predictions (called “opinion curves” due
to their subjective derivation) were aggregated over all biologists to form
functions that relate habitat potential to stand age. The recreation benefit
function was similarly derived through aggregation of expert opinion.
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7. Evaluation of WRAP

It will take decades to determine how well WRAP stimulates increased
timber production and helps avert future shortages. Most of WRAP’s recom-
mendations are for timber harvests scheduled years into the future. There is, of
course, no certainty that all these recommendations will be followed. Nor is
there a guarantee of the accuracy in WRAP’s projection of the timber volume
these harvests would yield. However, several substantive indications that
WRAP has achieved a promising degree of success can be reported.

The most important result is a definite change in attitude among the NIPF
users. This was documented by the U.S. Forest Service [45] in a 1978 survey of
WRAP users in Alabama. At the time of the survey, WRAP was still undergo-
ing development so that some of its present features were not in place and
some long turnaround times were experienced. Nevertheless, the user group
was quite receptive to the program: 90% found the program sufficiently
understandable, 76% found it sufficiently personalized, and 97% felt that
WRAP was applicable to their situation. Two-thirds of the sample were
landowners who had never before made an effort to formulate a management
plan for their timberland. Of this group, 46% reported they had changed their
management technique or outlook as a result of WRAP. This figure should not
be taken lightly; it has been observed that only 20% of NIPF landowners own
timberland for the sale of forest products [41]. Among the 80% who hold
timberland for other reasons are people who refuse ever to cut a living tree,
regardless of what they are told about the increase in overall growth that can
result from thinning a stand. Consequently, the 46% rate of attitude change in
the Alabama pilot study is very encouraging. Moreover, the rate has probably
increased since 1978, because the program is past the developmental stage.

In terms of timber volumes, some promising results can be reported. These
results represent only order of magnitude estimates due to the absence of
control over landowners to ensure they perform WRAP’s recommendations.
Also, the stochastic nature of the timber growth and yield system (which only
shows potential growth and does not include the effect of catastrophic losses
due to fire, insects, etc.) adds a large degree of uncertainty. However, if all
recommendations are followed by the first 993 WRAP users, a predicted total
of 4.4 billion cubic feet of timber will be harvested in the next 50 years. (This
consists of 10.2 billion board feet of sawtimber and 23.6 million cords of
pulpwood.) A representative sample of this group found an average annual
growth rate of 115 cubic feet per acre per year. As a comparison, TVA [41]
estimated in 1969 that the long-term yield on NIPF lands in the Tennessee
Valley would be 30 cubic feet per acre per year. (This figure does include the
effect of catastrophic loss.) Improvement from 30 to 115 cubic feet per acre per
year is undoubtedly overoptimistic, but these figures certainly demonstrate the
potential for increased timber yields in the NIPF sector of the southeastern
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United States and that programs such as WRAP can help to achieve these
gains.

8. Summary and conclusion

TVA developed WRAP to stimulate production of forest benefits on NIPF
lands. Owners of these small properties collectively hold a controlling interest
in United States timberlands but have made only limited use of modern
forestry practices. Consequently, they experience smaller timber yields than
possible. The historical root of this problem is that NIPF landowners have
multiple landowning objectives, with timber sales possibly less important than
recreation, aesthetics, or other objectives.

To attract this particular group to more intensive forest management,
WRAP was designed as a multiobjective optimization program that considers
timber, recreation, and wildlife objectives. The program is administered onsite
by a forester, who has only a limited amount of time and resources available
for ascertaining the landowner’s individual preferences for these objectives.
The instrument the forester uses for assessing these preferences is a simple
questionnaire that is later used as the source of an individually tailored
nonlinear utility function. The utility function is maximized by a coordinate
ascent method, and the forester reports the recommended harvest schedule to
the landowner. The WRAP output also contains textual information to help
educate the landowner on the benefits and techniques of modern forest
management.

Although there have been indications of WRAP’s success, some aspects of
the current system require improvement. First, the age-dependent nature of the
growth and yield simulators restricts WRAP to use in even-aged stands. A
more general method for predicting growth and yield that is species and age
independent is desirable. Second, the restriction to a single, computer-free
interview is an obvious drawback in the assessment of the landowner’s objec-
tives. Preferably, an interactive, multiobjective optimization procedure would
remove the necessity of specifying an explicit utility function a priori. This
would permit the landowner to clarify his or her perception of management
objectives in a learning situation. The third potential area of improvement is in
the nontimber benefit functions, which provide only rough estimates because
they are difficult to quantify. It is hoped that present and future developments
will yield a new system that improves upon WRAP in all three of these areas. °
Until then, WRAP is probably better suited for making management guide-
lines rather than rigid harvest prescriptions.

5 Added in proof: These and other improvements are incorporated in the FORMAN system
described in refs. [53] and [54]).
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At present, the most important result of WRAP is that it has brought about
a definite change in attitude within the NIPF sector. It has been used by more
than 1300 landowners to date (April 1983) in the southeastern United States,
and many of these users are implementing intensive forest management
practices for the first time.
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Resource Objective Ronking Questionnoire for WRAP

Explonation

One purpose of WRAP is to schedule timber horvests to maximize woodlond benefits
for the |andowner. tn all, WRAP considers eight different resource objectives,
which are named below

we need to osk you some questions about your feelings toword these objectives
What we want fo determine from your answers are the reiative strengths of your
satisfaction with eoch objective.

There are two reasons why WRAP needs this information:
1) Different landowners probably hove different ideas obout the relative impor-
tonces of the eight objectives. WRAP does not presume to know whot you want
most from your Iland

2) The eight objectives compete with one another. Taking o high level of one
might force you to accept @ low level of onother. For example, {f you direct
WRAP to find the harvest schedule thot ottains the largest possible timber
yield, then you may have fto accept low levels of squirrel poputottian.

The questionnaire has two ports. Part | asks you to think obout the objectives

together. In Part |1 you consider them individually.

P

Port | Objectives
Timber Incame (periodic) Turkey
Recreotion [{undeveloped) Grouse
Squirrel Quail
Deer Rabbit

1. List the abjectives on the Ilines at the left below, with the most important
abjective on the first !ine, the second most important on the second |ine
etc. Any objectives of benefits which are af no importance to you should be
given D points and listed at the end

Objective Benefit Paints

Totaol = 100

2. Give point scores to eoch of the benefits on the !ines at the right obove
The paint scores should represent the strength of your desire to attain the
objective. The numbers yau put down should be positive and they must sum
to 100. Take your time. Feel free to cross aut and change answers as you
go along
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Port I

It Part || you must consider your interest in eoch objective that was not
crossed out in Part I,

For eoch objective, there ore four levels of ottoinment across the bottom
and nine levels of satisfaction along the side. For eoch level of ottainment
{ None, Low, Medium, or High) determine your degree of satisfaction and place
an X in the appropriate square.

After determining the plaocement of your four X's for each objective,
determine the numerical rating by transferring the number beside the degree
atf satisfaction to the numerical rating squares.

Resource Objectives Roting Charts
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LONG-TERM TIMBER PRODUCTION PLANNING VIA UTILITY
MAXIMISATION

Pekka KILKKI
University of Helsinki

Juha LAPPI and Markku SIITONEN

The Finnish Forest Research Institute

An approach to long-term timber production planning is presented. The forest and its growth
are described by individual trees which grow in homogeneous units, forest stands. The forest
stands are grouped into calculation units for which a number of management schedules is
simulated. The set of these management schedules constitutes the production function which
describes the timber production process.

The value of the timber production policy is determined by the utility it provides for the
decision maker. Utility is expressed as a function of the products and production factors of the
timber production process. A multiplicative, linearly homogeneous utility function is suggested and
the use of direct search methods in its maximisation is demonstrated.

1. Introduction

The task of timber production planning is to provide the decision maker
with a relevant set of feasible production policies. Each production policy
should yield the criteria needed in the decision making. Furthermore, there has
to be an operational and computationally feasible procedure in finding out the
timber production policy which is optimal with regard to these criteria.

The performance of the timber production policy has usually been measured
either by such general economic indicators as net present value of the future
income (e.g. ref. [7]) or by some criteria characteristic to forestry. Because of
the reproductive capacity of the trees such a requirement as sustainable yield,
unknown to many other industries, has frequently been set to forestry. A
commonly used criterion for the sustainable yield is the allowable cut which
indicates the level of the annual or periodical timber drains from the forestry
unit over the planning horizon (see e.g. ref. [8]).

Neither of these indicators satisfactorily describes the goals of all decision
makers. The maximisation of the net present value may lead to great variation
in timber drains over time. On the other hand, timber unlike food, for example,
can be substituted by other raw materials. Thus, the maximisation of the
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allowable cut cannot be accepted as the policy objective without analysing its
consequences.

It is evident that several decision criteria have to be taken into account in
forestry decision making. The long planning horizon in timber production still
increases the number of decision variables since physically similar production
factors and products have to be treated as different variables when they occur
at different points of time.

The employment of mathematical programming methods has made it possi-
ble to evaluate several decision variables at the same time. In the usual LP (and
NLP) formulation of the timber production optimisation problem (see e.g. ref.
[9]) one output (input) variable has been taken as the value of the objective
function and the other relevant variables have been employed as constraints.

This formulation is efficient only if the objective function and goals are not
substitutable or if the goals of the decision maker are expressed by the
objective function, i.e. the constraints are imposed by the environment. If the
constraints are set by the decision maker they clearly constitute part of his
goals. If the objective function and constraints are substitutable the previous
formulation of the problem may lead to a laborious search process before
optimal or acceptable values for the constraints are attained.

One way to tackle the problem of the multiple objective decision making is
to condense all goals into one variable which describes the utility of the
decision maker. A Dictionary of the Social Sciences (ref. [2] p. 740) states:
“Utility is now generally understood to mean the direct satisfaction that goods
and services yield to their possessors.”. Consequently, it is usually assumed
that decision makers want to maximise their utility: “The ultimate goal of
forest management is the maximization of the utility of the forest to the
owner” [9].We have suggested utility as a means to evaluate the constraints of a
LP timber production model [5]. If the objective function and the constraints
of the LP model constitute the determinants of a strictly monotone utility
function, the marginal rates of substitution derived from the utility function
are in the optimal solution equal to those derived from the shadow prices of
the LP model. However, we did not present any operational utility model.

Even though utility looks like an ideal decision criterion, strong doubts
about the applicability of the unidimensional utility models have been pre-
sented (see, for example, [3, p. 433]): “In particular, they fail to express
desirable minimum and maximum limits in either of the goal elements in-
volved, and / or they fail to propose a method by which to assign weights to the
goals, which people in the specific decision situation agree are appropriate.”.

The difficulties in the derivation of utility models must not be underesti-
mated. On the other hand opti