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Abstract

This chapter introduces the Global Forest Products Model (GFPM). The general model
structure and the mathematical formulation of the GFPM are provided and key differences
and similarities to the modeling approaches developed in the previous chapters are high-
lighted. The usefulness of the GFPM as a forest sector tool for policy analysis is illustrated by
summarizing its applications in a wide array of past and ongoing studies. These studies are
summarized under four representative groups: (i) forest sector outlook studies; (ii) studies
evaluating the consequences of tariff and non-tariff barriers on the international trade of
forest products; (iii) studies projecting the impact of climate change and forest-based climate
change mitigation strategies on forests and forest industries; and (iv) other studies dealing with
other important questions, such as the effects of the rise in global planted forest area, illegal
harvess, and invasive species. Some of the limitations of GFPM, ways to mitigate these limi-
tations, and its overall usefulness as a forest sector policy analysis tool are also examined.

The Global Forest Products Model (GFPM) offers an alternative approach to the
spatial price equilibrium (SPE) trade models described in the previous chap-
ters and the models reviewed by Latta et al. (2013). The GFPM is also an SPE
trade model and therefore shares fundamentally similar model constructs to the
Resource Economics and Policy Analysis (REPA) model. It also utilizes demand
and supply equations and data on production, consumption, prices, manufac-
turing costs, and transport costs to maximize the sum of the consumer and pro-
ducer surpluses for all products in all regions. However, the two models differ
in many respects (Table 6.1) including the following.

* GFPM is calibrated using historical goal programming as opposed to posi-
tive mathematical programming in the REPA model (see Chapter 4, section
4.2, this volume).
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Table 6.1. Major differences between the REPA trade model and GFPM. (Authors’ own table.)

REPA GFPM
Mathematical QCP/MCP solved QCP solved by BPMPD optimizer
optimization by GAMS
Time dependency Static model Recursive dynamic model
Geographic coverage Global, 20 regions Global, 180 countries
Model calibration Positive mathematical ~ Goal programming
programming
Sector coverage Eight forest products Fourteen principal categories of forest
products
International trade Bilateral trade flows at  Trade between country and the rest of the
detailed product level world®
Forest inventory NA Growth of forest inventory is a function
dynamics of stocking density. Forest inventory

Forest aread

Base year

evolves over time as previous year
inventory plus projected current year
growth minus harvest quantity
ynamics NA Rate of change of forest area in

each country is projected with an
environmental Kuznets curve

2016 2017 with a 3-year data average (2016,
2017, 2018)

® Further data are needed to model the bilateral trade flow. See Buongiomo and Zhu (2018a).

GFPM incorporates 180 countries, while the number of regions in the REPA
model is flexible and has included up to 20 regions (Chapter 4). Some regions
in the REPA model are at the sub-national level, and the number of regions in
the model can be expanded.

The REPA model determines bilateral trade flows between regions, whereas
individual countries trade with the aggregate world market in the standard
database of the GFPM. However, GFPM can also use data sets with bilateral
trade flows, as described in Buongiorno and Zhu (2018a) and as applied in
Turner et al. (2001). An R program for integrating several countries into
regions and then determining bilateral trade between the regions is provided
in Appendix 4.D of Chapter 4.

There is a difference in the number of wood products that are modeled,
with 14 products in GFPM versus up to eight products in the REPA model.
The temporal dimensions differ between the models; GFPM employs
dynamic recursive solutions versus static solutions in the REPA models.
Changes in forest resources, such as forest area and forest stock, are endogen-
ously determined in GFPM together with endogenously projected harvests;
in the REPA model, a supply function for logs is specified for each region.

Finally, the GFPM was originally developed at the University of Wisconsin-

Madison during the 1990s and has subsequently been maintained and enhanced.

The objective of this chapter, however, is not to compare and contrast the

GFPM with REPA models, but to describe the general model structure and the
mathematical formulation of the GFPM. The objective is to introduce some
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representative published studies illustrating its application, as a policy tool, in
evaluating different questions related to forests and the forest products sector
at the national, regional, and global level so that readers interested in forest
products modeling can build upon the materials, descriptions, examples, and
references provided here.

In this chapter, we first provide a brief history of GFPM, followed by an
overview of the GFPM's general structure. This is followed by a discussion of
the data and calibration, and the validation techniques used in the GFPM,
along with a detailed mathematical formulation of the model. We then high-
light selected past applications of GFPM in evaluating the consequences for
forest resources, forest products production, consumption, trade, and prices
of various scenarios of economic and demographic changes; climate change;
and changes in trade and environmental policies affecting the forest sector. We
conclude by noting some of the limitations of GFPM, ways to mitigate these
limitations, and its usefulness as a forest sector policy analysis tool.

6.1 A Brief History of the GFPM

The first complete version of the GFPM capable of producing long-term projec-
tions of production, consumption, imports, exports, and prices by country was
developed in 1996, and was applied to produce the provisional global forest
products market outlook study of the Food and Agricultural Organization (FAO,
1997). Yearly updates and improvements followed, ending with the GFPM
2017 version. The GFPM 2017 software and the latest database (3-year average
data for 2016, 2017, and 2018) are provided freely at http:/labs.russell.wisc.
edu/buongiorno/welcome/gfpm/ (accessed September 4, 2020).

The GFPM was originally built with the Price Endogenous Linear Programming
System, or PELPS (Zhang et al., 1993), a general software developed to model
any economic sector with spatial and temporal components, coupled with
the LINDO linear programming solver (Schrage, 1991). The PELPS system itself
resulted from the development of a recursive-linear programming model of the
paper industry (Gilless and Buongiorno, 1987; Zhang et al., 1996).

Since 1996, GFPM has been continuously improved and expanded to
address various national and global issues in forest economics and policy,
leading to the 2017 version of the GFPM, based on QPELPS (Quadratic Price
Endogenous Linear Programming System) with the interior point BPMPD pro-
gram (Mészéros, 1999), making GFPM independent of commercial optimizers.

6.2 GFPM Structure

The GFPMis designed chiefly as a policy analysis tool, facilitating an understanding
of how forest products production, consumption, imports, exports, prices, and
welfare are likely to change under a given or a combination of scenarios of
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economic changes. These include changes in gross domestic products (GDP),
biophysical changes (e.g. changes in forest area, growth, and inventory), changes
in technology (e.g. changes in production capacity), and changes in trade and
related policies (e.g. tariff and non-tariff related trade barriers) (Buongiorno
et al., 2003; Buongiorno, 2015). Such a capability in GFPM is enabled through
the integration of the classical four major components of forest sector models
(Kallio et al., 1987): timber supply (production of raw materials), processing
industries (manufacturing of materials into products), demand for end prod-
ucts, and international trade. In obtaining the market equilibrium solution in
each projected year, the GFPM follows the same theory and methods as other
SPE models. That is, GFPM maximizes the global ‘net social payoff’ — the sum
of the consumer and producer surpluses for all products and countries minus
transportation costs (Takayama and Judge, 1971). This is the ‘static phase’ of the
calculations. The ‘dynamic phase’ refers to the yearly changes brought about by
shifts in demand that change the market equilibrium conditions, for example.
Thus, the model is dynamic recursive, with no inter-temporal optimization and
thus free from unrealistic ‘perfect foresight’ assumptions. In the GFPM the fu-
ture depends only on the past and on exogenous assumptions regarding macro
changes, such as GDP, population or trade policies. Technically, the model is
a synthesis of econometrics, mathematical programming, and system dynamic
methods (Buongiorno, 1996).

The current model deals explicitly with 180 individual countries and ter-
ritories (Table 6.2), including 50 countries and territories in Africa, 47 in Asia,
37 in Europe, 22 in North America, 13 in South America, and 11 in Oceania.
Country-level analysis is important for at least two reasons. First, all political
decisions are by individual country governments. One exception is Canada
where, under the constitution, decisions related to the forest sector are made at
the provincial level. Second, checking the reasonableness of model data and
output is easier at the country level than at the regional level, while more people
are familiar with, say, Brazil, than with ‘Latin America’. The current version of
the GFPM deals with 14 forest product groups (Fig. 6.1) encompassing raw
materials (industrial roundwood, other industrial roundwood, fuelwood, waste
paper, and other fiber pulp), intermediate products (mechanical and chemical
pulp), and end products (e.g. sawnwood, plywood, particleboard, fiberboard,
fuelwood, other industrial roundwood, newsprint, printing and writing paper,
and other paper and paperboard). The supply of industrial roundwood, fuel-
wood, and other industrial roundwood is a function of its own price and forest
stock, both of which are projected endogenously. The supply of waste paper
(supply of recovered paper can be constrained to satisfy a specified recovery
rate) and other fiber pulps (straw, bagasse, etc.) are functions of their own prices
and GDP.

The demands for the nine manufactured end products modeled in the GFPM
are functions of their endogenously projected own price and an exogenously
projected GDP (Buongiorno, 2015). The two intermediate products, mechanical
pulp and chemical pulp, are used as inputs to paper production. Demand for
raw material (industrial roundwood) and intermediate products (wood pulp) are
derived from the demand for end products through the input--output coefficients
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Table 6.2. Countries and territories represented in the GFPM. (Authors’ own table.)

Africa Asia
Algeria Madagascar Afghanistan Malaysia
Angola Malawi Armenia Mongolia
Benin Mali Azerbaijan Myanmar
Botswana Mauritania Bahrain Nepal
Burkina Faso Mauritius Bangladesh Oman
Burundi Morocco Bhutan Pakistan
Cameroon Mozambique Brunei Darussalam  Philippines
Cape Verde Niger Cambodia Qatar
Central African Rep  Nigeria China Saudi Arabia
Chad Réunion Cyprus Singapore
Congo, Dem Rep Rwanda Georgia Sri Lanka
Congo, Rep Sao Tome & Principe Kazakhstan Syria
Cote d'lvoire Senegal Kyrgyzstan Tajikistan
Djibouti Sierra Leone Maldives Thailand
Egypt Somalia India Timor-Leste
Equatorial Guinea South Africa Indonesia Turkey
Ethiopia Sudan Iran Turkmenistan
Gabon Swaziland Iraq United Arab Emirates
Gambia Tanzania Israel Uzbekistan
Ghana Togo Japan Viet Nam
Guinea Tunisia Jordan Yemen
Guinea-Bissau Uganda N. Korea
Kenya Zambia S. Korea
Lesotho Zimbabwe Kuwait
Liberia Laos
Libya Lebanon

Europe North America
Albania Lithuania Bahamas Panama
Austria Macedonia Barbados St Vincent/Grenadines
Belarus Moldova Belize Trinidad & Tobago
Belgium Montenegro Canada USA
Bosnia—-Herzegovina Netherlands Saint Lucia
Bulgaria Norway Costa Rica
Croatia Poland Cuba
Czech Republic Portugal Dominica
Denmark Romania Dominican Rep
Estonia Russian Federation  El Salvador
Finland Serbia Guatemala
France Slovakia Haiti
Germany Slovenia Honduras
Greece Spain Jamaica
Hungary Sweden Martinique
Luxembourg Switzerland Mexico
Ireland Ukraine Netherlands Antilles
Italy United Kingdom Nicaragua

Latvia
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Table 6.2. Continued.

Oceania South America
Australia Papua New Guinea  Argentina Guyana
Cook Islands Samoa Bolivia Paraguay
Fiji Islands Solomon Islands Brazil Peru
French Polynesia Tonga Chile Suriname
New Caledonia Vanuatu Colombia Uruguay
New Zealand Ecuador Venezuela

French Guiana

Raw material supply Intermediate products End products
+» Sawnwood
Industrial roundwood SR ~{EtpwoRd
» Particleboard
» Fiberboard
Mech.
pulp = * Newsprit ——
Chem. _ | + Printing & writing paper ————
pulp — ;
Other fiber pulp I —* Other paper
Waste paper
T
Fuelwood > Fuelwood
Other industrial roundwood + Other industrial roundwood

Fig. 6.1. Flow of raw materials, and intermediate and end products, as modeled in GFPM.
(Authors’ own figure.)

(ratio of the amount of input used in manufacturing a product to the amount of
output) and manufacturing costs (labor, capital, energy). Differences in input
cost, input-output efficiency, and manufacturing cost determine the compara-
tive advantages of countries.

In the current standard data set, called the ‘World file’ of the GFPM, inter-
national trade (imports and exports) is between a country and the rest of the
world. However, the data can be modified to represent the bilateral trade flows,
as was done in Turner et al. (2001) and as described in Buongiorno and Zhu
(2018a). Quantities of products imported or exported are driven by the com-
petitive advantage of a country or a region in producing and shipping each
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product. Competitive advantage is a function of transport costs, manufacturing
costs, input-output coefficients, and the endogenously determined domestic and
world prices of a product. For instance, a country or a region may increase its
net exports if it has a relatively more cost-effective technology (e.g. lower input
requirements or lower manufacturing costs, compared with another country)
in producing a particular product. In addition, changes in trade in the GFPM
are limited by a priori trade inertia constraints to avoid unrealistic movements
compared with historical data.

For each projected year, the model solution clears markets in all countries,
obtaining prices at which demand is equal to supply for all products. The
demand for end products (sawnwood, panels, pulp, and paper) in each country
changes from one year to the next due to changes in GDP or up to five other
exogenous demand shifters (e.g. housing construction, wood energy demand).
Raw wood supply shifts according to endogenously projected changes in forest
stocks or up to five other exogenously specified shifters (e.g. forest productivity
due to climate change).

The forest stock shifts the supply of industrial roundwood, other industrial
roundwood, and fuelwood in each country, and evolves over time as previous
year stock plus projected current year growth minus harvest quantity. Forest
stock growth (net of mortality) before harvest is a nonlinear function of forest
stock density (forest stock per unit of forest area) based on the work by Turner
et al. (2006). The relationship between forest growth and forest stock density
implies that forest growth increases with declining stock density and decreases
with increasing stock density. Changes in forest stock densities in individual
countries are determined by the endogenously projected changes in forest stock
and forest area. Forest area in each country is projected in the GFPM with
an environmental Kuznets curve (Kuznets, 1955) originally estimated by Turner
et al. (2006) and revised by Buongiorno (2015). The current functional form im-
plies that forest area change is negative at low GDP per capita, becomes positive
and increases at higher GDP per capita, and then decreases and approaches
zero at very high GDP per capita.

Thus, the GFPM is built on the general principle that the allocation of
scarce resources in the short run is optimized by global markets, while the
long-run resource allocation is partly determined by the combination of market
forces (e.g. projected prices) and political forces, such as changes in forest
policy leading to a shift in the wood supply, changes in environmental policy
affecting the wastepaper recovery, or changes in trade policies that change the
cost of imports (e.g. tariff and non-tariff barriers).

6.3 Input Data, and Model Calibration and Validation

Data inputs and outputs in the GFPM are handled with Microsoft Excel spread-
sheets and graphics. The GFPM needs data for the base year and the projection
years. Data for the base year are mostly observed market data (e.g. quantities
of production, consumption, exports and imports, and prices), biophysical data
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(e.g. forest stock, area), data on production technologies (e.g. input--output co-
efficients, manufacturing costs), and transport costs for each country, coupled
with the parameters for the equations of demand, supply, manufacturing pro-
cesses, and trade. Parameters of the demand and supply equations are obtained
from econometric modeling (e.g. Turner et al., 2006; Buongiorno, 2015). Data
for the projection years are exogenously specified trajectories of demand and
supply shifters or changes in other parameters.

Most of the base year data are derived from the FAOSTAT database (produc-
tion, consumption, trade, and prices) and the World Bank’s World Development
Indicators (WDI) database (GDP and population). The data on forest stocks,
forest stock growth rate, forest area, and timber growth rates are derived from
the FAO's most recent Global Forest Resource Assessment. World prices are
derived as the unit value of net exports (total value of net exports divided by the
total quantity of net exports) as reported in the FAOSTAT database. Domestic
demand and supply price of a product is equal to the world price for net ex-
porters of the commodity, or to the world price plus freight costs and tariffs
for net importers. Data on the input--output coefficients and the manufactured
costs are determined simultaneously through a calibration procedure described
below, which also uses the FAOSTAT data.

The purpose of the calibration procedure is to obtain a base-year model solu-
tion that matches the observed data. The calibration in the GFPM is achieved by
estimating the input-output coefficients that minimize the sum of the weighted
absolute deviations between estimated production and reported production, and
of the sum of the weighted absolute difference between the estimated input and
the input implied by prior input-output coefficients as suggested by technical
knowledge (Buongiorno, 2015). The resulting input-output coefficients are used
to further estimate manufacturing costs, which are equal to the unit value of
the output minus the cost of all inputs evaluated at local prices. In calculating
the manufacturing costs, world prices are used as the export prices facing the net
exporter, while import prices are calculated as world prices plus transport costs
and tariffs and used for the net importer countries. Thus, manufacturing costs plus
other input costs (wood and other fibers) exactly offset output revenues, resulting
in zero profits, as they should be in a competitive equilibrium.

The World data set available with the latest version of the GFPM (GFPM
2017) was calibrated with a 3-year data average (2016, 2017, 2018), for a base
year of 2017 (Buongiorno and Zhu, 2018a). After calibration, the GFPM soft-
ware checks for data consistency, ensuring that the following conditions hold
for the base-year:

e Apparent consumption (production plus import minus export) equals final
demand, or intermediate demand for input used by other products.

* Local price equals the world price plus the transport cost for net importers,
or the world price for net exporters.

e Manufacturing cost equals the price of the output minus the cost of all in-
puts, given the price of inputs and the input--output coefficients.

e The waste paper used in paper manufacturing does not exceed the recovered
waste paper, given the paper consumption and maximum recovery rate.
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* This calibrated and consistent model is then tested with the GFPM valid-
ation procedure, which verifies that the model solution is close to the actually
observed data in the base year.

More details on calibration and validation techniques are provided in the
GFPM user manuals (Buongiorno and Zhu, 2018a,b).

6.4 Mathematical Formulation

In the following description, the static phase refers to the market optimization
in any given year of the projection. The dynamic phase refers to the calculations
that simulate periodic changes in market conditions, such as those due to eco-
nomic or demographic growth.

6.4.1 Spatial global equilibrium (static phase)

The spatial competitive global market equilibrium of the forest products sector
in a given year is obtained in the GFPM by maximizing the following quadratic
objective function (Buongiorno, 2015):

Maximize Z = ZZTP;,( (X)dX u Z;pr.-k (z)dz = Z;:}fmw ()’)d}’

i k o i

Sy
i

where x, y and z are integration factors; i and j refer to countries and k refers to
a product; P is price in U.S. dollars of constant value; D is final product demand;
S is raw material supply; Y is quantity manufactured; m is cost of manufacture
(labor, capital, and materials excluding wood and fiber); T is quantity trans-
ported; and c is freight cost (cost of transport plus tariff).

The objective function in (6.1) maximizes the total welfare in the global
forest sector in a given year. It equals the surplus value of the products to con-
sumers (consumer surplus as the area under all the demand curves above price
lines) minus the cost of supplying the raw materials (quasi-rent measured as the
area above the country supply curves below price).

The objective function in equation (6.1) is maximized subject to the spe-
cified constraints related to end product demand (equation (6.2)), raw material
supply (equation (6.3)), wood drain (equation (6.4)), material balance (equation
(6.5)), trade inertia (equation (6.6)), manufacturing costs (equation (6.7)), and
transport costs (equations (6.8) and (6.9)).

Equation (6.2) specifies that the demand for each end product in each
country in a given year has a constant elasticity with respect to the price, where
D* is current consumption at last period’s price, P_,, and § is the price elasticity
of demand. As shown in the section on the dynamic phase below, D* depends
on last period’s demand, the growth of a country’s GDP, and other exogenous
or endogenous demand shifters.

(6.1)
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A\
DﬁQZ(P"J - (6.2)

ik,

According to equation (6.3), the supply of raw materials in each country
in a given year has a constant elasticity with respect to the price, where 5* is
current supply at last period’s price and A is the price elasticity of supply. As
shown in the dynamic phase below, $* depend on last period’s supply and on
exogenous or endogenous supply shifters, especially the forest stock.

Ay
P
Sp=Sp| =% . (6.3)

Equation (6.4) defines the total wood drain from the forest, where
r refers to industrial roundwood, n to other industrial roundwood, f refers to
fuelwood, 0<8<1 is the fraction of fuelwood that comes from the forest, and
p>1 is the ratio of drain from forest stock to harvest:

S, =(S, +5, +6,5)1 (6.4)

i

Since the wood drain cannot exceed the available stock, the following con-
straint applies:

s <1, (6.4

where [ is the current forest stock.
Optional constraints may limit the harvest to a fraction of the growth of
forest stock, such as the ‘allowable cut constraints” described in equation (6.27)

below.
The next constraint defines the material balance for each country:
Z, Toe + S+ Yy — Dy — Znalknyin = z,-qu =0,V (6.5)

where a,_is the input of product k per unit of product n. According to equa-
tion (6.5), in each country and for each product, the quantity imported,
the domestic supply, and the manufactured quantity must equal the do-
mestic demand plus the quantity used in manufacturing other products,
plus exports.

In addition, the production of by-products, which results from the manu-
facture of a commodity (e.g. sawmill residues), can be optionally specified with
the following constraints:

Y, — bikaik =0,V (6.5
where b, is the by-product / that can be recovered per unit of manufactured com-
modity k.

Equation (6.6) defines the trade inertia constraints, introduced to quantify a
dynamic adjustment process in trade in response to price and income changes.
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These constraints keep the current trade quantity within a lower bound (L) and
an upper bound (U), relative to the previous period:

Te ST ST, (6.6)

According to equation (6.7), the manufacturing cost is a function of manu-
facturing quantity. Each manufacturing process is represented by activity analysis,
with input-output coefficients and a manufacturing cost. As discussed in Chapter 3,
the manufacturing cost is the marginal cost of the inputs not recognized
explicitly by the model (labor, energy, capital, etc.):

y Sik
m = mj, (Y = ] ’ (6.7)
ik,—1

where m* is the current manufacturing cost at last period’s output and s
is the elasticity of manufacturing cost with respect to output. As shown
in the dynamic phase section below, m* depends on last period’s manu-
facturing cost and on the exogenous rate of change of manufacturing
cost.

Equation (6.8) defines the transport cost per unit of volume for commodity
k from country i to country j in any given year:

T
Cip = Cp| =——| 6.8
iik itk (7}’.’(’_1 ] ( )

where c* is the current transport cost at last period’s trade quantity and z is the
elasticity of transport cost with respect to trade quantity. As shown in the next
section, c* depends on last period’s transport cost and on exogenous changes
of freight rates and taxes. In the base year, c,, is computed as:

Cie =y + t})'jc (Pik,—])+ t;k (f;‘jk * Pik,—l)' (6.9)

where c is the transport cost per unit of volume, f is the freight cost per unit of
volume, X is the export tax, ¢ is the import ad valorem tariff, and P__ is the
observed base-year world export price.

Upon satisfying all the constraints defined by equations (6.1) through (6.9),
the shadow prices of the material balance constraints (equation (6.5)) give the
market-clearing prices for each commodity and country.

6.4.2 Dynamic phase

Projections fromthe base year to future years are enabled in GFPM through calcu-
lation of the changes in the condition of the global equilibrium from one period to
the next (referred to as the dynamic phase), as summarized in equations (6.10) to
(6.24) (Buongiorno, 2015). Variables in these equations refer to one country, one
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commodity, and one year; the rate of change refers to a multi-year period unless
otherwise indicated.

Periodic changes

Periodic exponential rates of change, ry are defined with annual exponential
rates of change, r, and the length of a period in years, p:

r=0+r) -1 (6.10)

Periodic linear changes, Av,, are defined by the annual linear change, Av, :

Av, = pAv,. (6.11)

Demand shifts

From one period to the next, demand shifts with the exogenously specified
rates of growth of the demand shifters:

bD*=D, (1+ o8, +0.0), (6.12)

where g is the GDP periodic growth rate, « is the elasticity with respect to
GDP, and «, is a periodic trend.

Supply shifts

The supplies of industrial roundwood, fuelwood, and other industrial round-
wood shift periodically, according to the endogenous periodic rate of change
of forest stock (g) and forest area (g,), and with elasticities g, and f,:

§* =5, 0+Bg+B.g.). (6.13)
Similarly, the supply of recovered paper and other fiber pulp shift periodically,

according to the exogenously specified periodic GDP growth rate (g,) and the
corresponding elasticity (B, ):

§* =5, (1+B,8,). (6.14)

The periodic changes in forest area in an individual country are defined by:
A=(1+g,)A,, (6.15)
where A refers to the forest area and g, to the periodic rate of change in forest

area, which is based on the period length p (equation (6.10)), and the annual
rate of change in forest area g,

8. = (g +oye™, (6.16)
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where y’ refers to income per capita, which is predicted as a linear function of
previous-period per capita income:

y= (l+gy)y'_,. (6.17)

For each country, o, is calibrated so that in the base year the observed
g,, is equal to the predicted g,, from equation (6.16), given the income per
capita y".

Forest stocks in individual country are projected to evolve over time
according to the following growth-drain relation:

I=(l,+G.,-pS.,), (6.18)

where / is the forest stock at the beginning of the current period and GC_, is the
change of forest stock without harvest during the previous period.

At any point in time, the forest stock / equals UxA, where A is the area and
U is the stock density (stock per unit area). Without harvests, the stock growth
rate is dl/l = dU/U + dA/A, or g, =g, + g, Therefore, stock growth without har-
vests is simply G_, = /_,(g, + g,).

An optional exogenous adjustment, 8, may be added to represent, for ex-
ample, the effects of invasive species or of climate change on the rate of stock
growth, so that the final expression for stock growth is:

G.=1,(g,+8.+8). (6.18

The periodic rate of forest growth without harvest, g, is based on the an-
nual rate of forest growth without harvest, g , and is defined by:

oL
gua_y()(A J ’ (619)

-1

where ¢ is negative so that g = decreases with stock per unit area. For each
country, the GFPM calibrates y, automatically, so that in the base year the ob-
served g . is equal to the g  predicted by equation (6.19) given the stock per
unit area, I/A.

The periodic rate of change of forest stock net of harvest, used in equation
(6.13), is then given by:
A
Iy

8i

(6.20)

Changes in input-output coefficients and manufacturing costs

The input—output coefficients, a, in the material balance constraint (equation
(6.5)) can change exogenously over time (e.g. to reflect increasing use of recycled
paper in paper manufacturing) as follows:

a=a,+Aa, (6.21)
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where Aa is the periodic change in the input--output coefficient.

Similarly, the manufacturing cost function (equation (6.7)) can shift exogenously
over time at the annual periodic exponential rate, g _:

6.22
m = m (1+g,). L

Changes in transport cost and trade inertia bounds

The transport cost function, equation (6.8), shifts exogenously over time
according to equation (6.23), by recursion of equation (6.9):

' =c +AF+E P~ p, + (F+py)—tL(F, + poy), (6.23)

where f=f + Af, t=t_ + At, and Af and At are periodic changes in freight costs
and taxes, respectively.

Finally, the lower and upper trade inertia bounds change exogenously
according to:

TH=T,0-¢P, TV=T,(1+¢p, (6.24)

where ¢ is the exogenously-specified absolute value of the maximum annual
rate of change in trade flow.

6.4.3 Modeling timber supply with carbon markets

The GFPM allows for the modeling of timber supply when wood producers
are paid for leaving trees standing to sequester carbon. This is achieved with
equation (6.26), which states that the marginal cost of wood in the pres-
ence of a carbon offset payment is equal to the marginal cost of harvesting
and local delivery, represented in equation (6.3), plus the opportunity cost
of losing the carbon payment by not leaving the trees standing. This oppor-
tunity cost is equivalent to a shift of the supply curve commensurate with the
magnitude of the carbon offset payment that is introduced (Buongiorno and
Zhu, 2013).

Wood supply in the absence of a carbon market is approximated as a linear
function by the tangent at the current equilibrium point (P, 5 ):

P=a+bS, (6.25)

where b = P /oS and a = P, — bS,. Then, wood supply in the presence of a
carbon offset payment is given by:

P=a+bS+m(P° -PS), (6.26)

where @ is the CO, content of the forest stock (tonnes/m?), PC is the current
price of CO, ($4CO,), and P¥ is the price of CO, in the previous period.
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6.4.4 Allowable cut constraint

Equation (6.27) can be optionally specified in GFPM to simulate allowable cut
constraints, which are in addition to the permanent constraint that limits the
total wood drain from the forest to the available stock (equation (6.4%). The
allowable cut constraint in equation (6.27) states that the drain must be less
than a user-specified fraction of the current annual growth of the forest stock:

S <max (aG/p,0), (6.27)

where S refers to the total wood drain from the forest defined by equation (6.4),
C is the periodic change in growing stock in the absence of harvest (equa-
tion (6.19)), and a is the user-defined maximum ratio of inventory drain to the
growth of growing stock.

6.5 Model Calibration and Validation

The calibration procedure of the GFPM estimates input—output coefficients and
manufacturing costs based on FAO data. The procedure keeps the FAO data
on exports and imports unadjusted, because traded commodities typically go
through custom controls at borders for compliance with laws and regulations,
and are usually more reliable than production data. However, the GFPM pro-
cedure allows for adjustments of production data for any arbitrary country in any
arbitrary year as reported by FAO if such data are inconsistent with prior know-
ledge on the possible range of the input--output coefficients (Buongiorno, 2015).

The estimated production and input-output quantities for an individual
country and year are obtained with goal programming. The objective function
minimizes the sum of the weighted absolute deviations between estimated pro-
duction and reported production, and of the sum of the weighted absolute
differences between the estimated inputs and the inputs implied by prior input—
output coefficients suggested by technical knowledge:

minimize Z = By w, (Y +Y))+ (1= B > (w,w, )" (Y3 + Y ). (6.28)
keA kelneO

In equation (6.28) and the following equations, all variables are in capital
letters and the data are in lower cases. All the variables are non-negative. The
data and variables refer to a specific country and year, and the subscripts k and
n refer to products. In the objective function in equation (6.28), the variables
Y, and Y; are the deviations of estimated input k in the production of output
n above or below the inputs implied by prior input-output coefficients. The
weights w, and w_ are proportional to the product prices to allow more devi-
ation between observed and estimated products for cheap products, and
B = 0.90 to give more weight to the deviations between observed and actual
production rather than to deviations between estimated and expected outputs,
since FAO data are available for production but no direct data are available for
the inputs in a particular output.
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The objective function in equation (6.28) is minimized subject to the fol-
lowing constraints:

Yk + Yk- - Y,: = qk Vk €A (629)
Yo — Ve + Y + Y =0 VkelneO (6.30)
Y.2 X, —-Z, VkeF 6.31)
Ye= D V=X, —2Z, VkeR 6.31)
neO .
Yo —aoY,<0 Vkel,neO (6.32)
Y, —aY, <0 VkelneO (6.32)
Yin —a’Y, <0 VneO
; f (6.33)
Yin —aY, 20 Vne O y
2 (6.33)
nef nef )
Yk = Z,}(Lnyn 2 Z(Zn T Xn)n\LnYn Vk € E (6 34’)
nef nef )
Py Yy = ZYnkpn <my VkeO (6.35)
nel
P = 2 YuPo 2m; VkeO (6.35)
nel

Equation (6.29) defines the deviation of estimated production (Y,) from the
reported production in FAOSTAT (g,), and A is the set of products.

Equation (6.30) defines the deviations (i, Y ) of the estimated input of k
in product n (Y, ), above or below the input expected from the prior input-
output coefficients (3, =-;.(a£,, +ap);a, and &, are the lower and the upper
bounds on input k per unit of output n; and / and O are the respective sets of in-
puts and outputs.

Constraints (6.31) and (6.31) specify that the apparent consumption of the
end products must be non-negative and that an exact equality must hold for
raw materials or intermediate products used in making other products, as in
constraint (6.317). X, and Z, are reported imports and exported quantity, re-
spectively, which are assumed to be error-free. F is the set of end products and
R is the set of raw materials or intermediate products.

Constraints (6.32) and (6.32") limit the estimated input-output coefficients
for solidwood products (e.g. quantity of industrial roundwood per unit of sawn-
wood) between the prior lower and upper bounds (a;,,a5,), as suggested by
engineering knowledge. Similarly, constraints (6.33) and (6.33") force the esti-
mated input-output coefficients for multiple inputs (e.g. tons of mechanical
pulp, chemical pulp, other fiber pulp, and waste paper per ton of newsprint) to
lie between the prior technical lower and upper limits (a,a¥ ).

Constraints (6.34) and (6.34") specify the respective upper and the lower
bounds on the recovery rates of recycled product k (e.g. waste paper) from
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product n (e.g. newsprint). E is the set of recycled products. Lastly, constraints
(6.35) and (6.35") specify the upper and lower bounds on the unit manufacturing
costs. Variables p, and p, are the world prices (unit values of world exports) for
net exporters and the world prices plus the transport costs and tariffs for net
importers, respectively.

After solving the problem specified by equations (6.28) through (6.35), the
estimated input--output coefficients (the amount of product k used in making
product n) are given by:

a X
4, = )f VkelneO. (6.36)

n

The estimated input—output coefficients are used further to estimate the
manufacturing costs:

M, =P - > 4,P, Yk eO. (6.37)

nel

Equation (6.37) assumes a competitive market equilibrium with zero net
profit so that the manufacturing cost (cost of labor and materials excluding
wood and fiber and a normal return to capital) is equal to the price of the
output minus the cost of wood and fiber input. Such an assumption is neces-
sary, due to a lack of manufacturing cost data in the forest industries of most
countries.

This calibration procedure is usually performed for the base year only.
However, it can be replicated for earlier years to detect trends in input—output
coefficients (technical change) and in manufacturing costs (Buongiorno and
Zhu, 2015a). These trends are included in the GFPM 2017.

6.6 Computer Software

The GFPM integrates three different kinds of software: the Microsoft Excel
spreadsheet and graphics to handle data inputs and outputs, QPELPS to set
up the static and dynamic phases of the GFPM, and BPMPD (Mészdros, 1999)
to calculate equilibrium in each year. The QPELPS, a general economic mod-
eling system, takes data on the current sector state and predicted exogenous
changes from a spreadsheet, writes a quadratic programming matrix expressing
the GFPM static phase in MPS format, invokes the BPMPD interior point opti-
mizer (Mészaros, 1999) to find the current year global equilibrium, updates the
data to reflect this last solution and exogenous changes (dynamic phase), and
starts the process again for the next period, until the time horizon is reached by
successive iterations of data updating and optimization.

In the static phase, the demand, supply, and cost functions (equations (6.2),
(6.3), (6.7), and (6.8)) are linearly approximated by their tangents at the cur-
rent equilibrium point. Therefore, the equilibrium problem in any given year is
quadratic in the objective function and linear in the constraints, and solved with
BPMPD. The more time-consuming part of each periodic iteration is the data
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reading and updating of the dynamic phase. The most recent version of the soft-
ware, the data, and the user and calibration guides are described in Buongiorno
and Zhu (2018a,b) and are freely available for academic research at http://labs.
russell.wisc.edu/buongiorno/welcome/gfpm/ (accessed September 4, 2020).

6.7 GFPM Application: Some Examples

With a history of more than two decades of continuous evolvement, the GFPM
has found applications in numerous studies related to the national, regional, and
global forest sector. These studies, which utilize the original GFPM (Buongiorno
et al., 2003) or its later extended versions, include several forest sector outlook
reports that paint a broad picture of how the forest sector would look in the fu-
ture. These projections reflect different visions of economic and demographic
changes, and they typically involve scenarios of structural changes in demand
or supply factors. Demand changes might include simulated shifts in the demand
for particular categories of manufactured forest products (e.g. simulating the ef-
fects of more use of wood in new high-rise building construction, a decline in
the demand for newsprint and printing and writing paper due to increasing
internet use, etc.). Other studies deal with shocks in the supply of raw materials
(e.g. due to natural catastrophes such as insect and disease outbreaks, changes
in forest productivity due to climate change and CO, fertilization). More
applications evaluate the impacts of policy-induced changes in demand and
supply and forest products trade; applications include, for example, expanded
use of wood for energy, increases in afforestation or reforestation to mitigate
climate change, implementation of tariff or non-tariff trade barriers, and the
introduction of carbon offset payment programs to encourage delayed or reduced
timber harvests.

Describing all those studies is beyond the scope of this chapter. However,
we present some representative examples, illustrating how the GFPM has been
or is being successfully utilized to evaluate the impacts of important policy
questions affecting the national, regional, and global forests and the industrial
sectors that depend on them. We group these examples into four categories
illustrating the wide range of applications of the GFPM: (1) long-range forest
sector outlook studies; (2) assessments of the impacts of trade policies; (3) in-
vestigation of the consequences of policies aimed at climate change mitigation,
including impacts of climate change on forest productivity and their effect on
forest industries; and (4) miscellaneous studies.

6.7.1 Applications in outlook studies

The first application of GFPM took place in 1996 at the University of Wisconsin-
Madison, on commission from the FAO. The work was done with a modified
version of the PELPS system (Zhang et al., 1993) and resulted in FAO’s provisional
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outlook study (FAO, 1997), later updated in the FAO’s 1999 Global Forest
Products Outlook (Zhu et al., 1998). These studies provided theoretically con-
sistent projections for 180 countries in the FAOSTAT database of forest products
consumption, production, trade, and prices from 1995 to 2010. Projections
were based on country-specific exogenous GDP growth rates. Wood supply
was price dependent, but the shifts of the wood supply functions over time
were still exogenous at the time. Distinct elasticities of demand with respect
to GDP and prices were estimated econometrically for high- and low-income
country groups. No systematic calibration procedure had yet been found, and
the input—output coefficients and manufacturing costs were estimated by Antti
Rytkonen.

The GFPM was extensively used later as part of the United States Department
of Agriculture (USDA) Forest Service’s 2010 RPA Assessment studies, mandated
by the Forest and Rangeland Renewable Resources Planning Act (RPA) of 1974.
The Act requires that the U.S. Forest Service develop nationwide assessments of
forest resource demand, supply and forest resource conditions every 10 years,
updated every 5 years. The 2010 RPA Assessment integrated several models to
project the future of forests and their industries. Two of these models were a
stand-alone GFPM (Buongiorno, 2015) and its modified version, the U.S. Forest
Products Model (USFPM)/GFPM (Ince et al., 2011), which provides more de-
tailed representation of wood product markets within the United States (Fig. 6.2).
The USFPM/GFPM uses additional U.S. forest product demands, such as softwood
lumber and hardwood lumber in contrast to a single sawnwood category in the
GFPM. It also introduces more detail in U.S. forest product production, timber
harvests, and timber stumpage markets (e.g. sawtimber and non-sawtimber
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Fig. 6.2. Processes and connections among timber, delivered wood and fiber, intermediate
products, and end products representing U.S. markets modeled in the modified GFPM. This
modified version of GFPM is referred to as USFPM/GFPM.
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harvests by hardwoods and softwood species group) for three U.S. subregions:
North, South, and West. The USFPM/GFPM also simulates production of different
forest-based wood biomass feedstock to meet the future increases in U.S. demand
for wood energy, including roundwood fuelwood and logging and mill residues.
Also important is the ability to more directly model the effects of U.S. housing
construction on U.S. softwood lumber and structural and non-structural panels
demand, and the effects of the displacement of graphics paper by electronic media.

One of the key policy questions in the 2010 RPA studies was how future ex-
pansion in wood energy consumption and changes in income and population
would affect the forest sector in the United States and in the rest of the world.
Both the standalone GFPM (Raunikar et al., 2010; Buongiorno et al., 2011) and
the USFPM/GFPM (Ince et al., 2011) were used to that end. The underlying
scenarios — in particular, future changes in GDP and population — were devel-
oped in conjunction with the 4th assessment studies of the Intergovernmental
Panel on Climate Change (IPCC) (Nakicenovic et al., 2000) and the 2010 RPA
studies (USDA Forest Service, 2012).

The approach consisted of comparing simulated projections for a refer-
ence and an alternative scenario, both of which shared exactly the same as-
sumptions about economic drivers but differed in the projected levels of wood
energy consumption. Thus, the differences in the projected outcomes between
the two scenarios showed the effects on traditional forest products markets
of the future changes in quantities of wood energy produced and consumed.
While both the stand-alone GFPM and the USFPM/GFPM provided similar
general conclusions regarding the global effects of increased wood energy
(i.e. increased roundwood prices, increased lumber production, and reduced
timber inventory), the results differed markedly for the U.S., mainly because of
the addition of logging and mill residues in USFPM/GFPM, which satisfied the
target demand for wood for energy, in contrast to the GFPM projections, which
used harvested roundwood only as the wood energy source.

Another study by Ince and Nepal (2012), carried out for the 2015 Update
of the 2010 RPA, employed the USFPM/GFPM to evaluate the long-term effects
(to 2060) of recent trends and structural changes in U.S. forest product markets.
The study included the 2007-2009 recession and recovery, a projected weak-
ening of the U.S. dollar, and a modest increase in wood energy demand in line
with historical growth rates.

In one of its most recent applications, the standalone GFPM is the main
modeling tool for the 2020 UNECE Forest Sector Outlook Study (FSOS Ili)
(Nepal and Prestemon, 2019). (The final report is expected in early 2021.)
The scenarios being evaluated include five different shared socioeconomic
pathways (SSPs) developed in conjunction with the fifth climate change as-
sessment studies led by the IPCC (Riahi et al., 2017). These SSPs represent
alternative world visions that narratively and quantitatively describe future
global changes in income, population, technology, energy use, and land-use
with a varying degree of challenges for climate change mitigation and adap-
tation (Riahi et al., 2017), consistent with global greenhouse gas and aerosol
concentration trends referred to as the representative concentration pathways,
or RCPs (IPCC, 2018).
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The economic and demographic drivers shaping the reference scenarios
adopted for the FSOS Hl include GDP and population (IIASA, 2018), and forest
area (total forest and planted forest) projected under each SSP, by country. The
projections of total forests area (Nepal et al., 2019a) and planted forest area
(Korhonen et al., 2020) in each country were driven by GDP per capita and by
projected rural population density and labor growth under each SSP.

Paired with the reference SSPs, different sets of alternative or policy scen-
arios are being evaluated to address three broad policy issues: (i) the sectoral
effects of forest productivity change due to climate change; (ii) effects of cli-
mate change mitigation efforts; and (iii) the consequences of assumed structural
changes in forest products markets. To evaluate the impact of climate change,
exogenously projected changes in net primary productivity (NPP) are inserted
in the GFPM, with parameter g * in equation (6.18’), whereby the endogenous
growth in forest stock in each of the 180 countries is adjusted by the projected
change in NPP provided by the dynamic global vegetation model MC2 (Kim
et al., 2017). The projected forest and market outcomes from this run are then
compared with a reference run, where no such adjustment was made to the en-
dogenous forest growth stock. Because all other economic drivers are the same
in the two runs, the differences in forest sector projections in these two runs
are attributed to the changes in forest productivity induced by climate change.
Similarly, the effects of climate change mitigation policies are projected by
exogenously adjusting the growth rate of forest area (parameter g_in equation
(6.16)) above the levels projected in the reference scenario. Lastly, the impacts
of assumed future structural changes in wood products demand are simulated
by exogenously shifting the demand for sawnwood, panels and paper products
in the GFPM until the assumed target increases in demand are achieved in all
countries.

6.7.2 Application in studies evaluating impacts of trade policies

The GFPM has also been applied in several studies of the effects of trade pol-
icies, such as multilateral trade agreements or country-specific tariffs, on the
global trade of forest products, their production, their demand, and their prices.
While early studies dealt with trade liberalization (Zhu et al., 2001), recent
ones are more about trade restrictions. For example, Zhu et al. (2008) deals
with the impact of countervailing duties on coated-free sheet paper imported by
the U.S. from China, the Republic of Korea, and Indonesia. The U.S. sees some
increases in producer revenues, consumer expenditures, and value added, but
they are small compared with the gains in Canada.

Buongiorno and Johnston (2018a) used the GFPM to estimate the potential
impact of prohibitive import barriers in the United States and of countervailing
measures abroad on the economic welfare of consumers and producers in the
forest sectors of the United States and of other countries. The approach con-
sists in comparing the current state of the world with two GFPM-generated
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scenarios, one without U.S. imports of forest products (to represent the case
of prohibitive import tariffs in the U.S.), and another without U.S. imports and
also without U.S. exports (to represent the case of countervailing measures by
other countries). The results suggest that implementation of prohibitive import
tariffs without countervailing measures by foreign countries would result in
increased U.S. producer surplus, but that such gains would not be enough to
offset the loss in U.S. consumer surplus. In contrast, such measures would re-
sult in increased consumer surplus in the rest of the world, but would not be
enough to offset the estimated loss in producer surplus in the rest of the world.
The introduction by foreign countries of countervailing measures against U.S.
exports results in increased U.S. consumer surplus at the expense of greater loss
in U.S. producer surplus. For the rest of the world, such a measure increases
the foreign producers’ surplus, but by less than it lowers their consumers’ sur-
plus. Even without foreign retaliation, imposition of prohibitive trade barriers
on U.S. forest product imports hurts U.S. consumers of forest products more
than it benefits its producers, leading to a net welfare loss. A trade war, with
countervailing measures against U.S. exports, further decreases welfare in the
United States and abroad. Similar results were also noted in Chapter 5 using
the REPA trade model.

Buongiorno et al. (2017) is another example of GFPM application to assess
the gains and losses in the forest sector resulting from international trade. In
this case, the GFPM is run in comparative-statics mode. One run of the GFPM
replicates a business-as-usual situation with current trade restrictions. Another
run simulates pure autarky in all countries by constraining exports and imports
to zero. The results suggest that unrestricted free trade among groups of coun-
tries leads to increased global economic welfare of the forest products sector,
but with unequal distribution of gains and losses in welfare, especially between
high-income and low-income countries. While wood producers in developed
countries increase their profits with trade, those in developing countries incur
heavy losses that negate any incentive to invest in forest conservation, manage-
ment and new plantations.

The impact of international trade agreements has also been the subject of
GFPM applications. For example, Buongiorno et al. (2014) investigated the ef-
fects of the transatlantic trade and investment partnership (TTIP) on the global
forest sector, based on the macroeconomic impacts estimated by other authors.
Comprehensive tariff elimination per se has little effect on the forest sector. But
with deeper reforms and integration, consumption increases twice as much in
percentage terms in the U.S. as in the EU. Net trade decreases in the U.S. more
than in the EU, while it increases in Asia. The welfare of consumers and produ-
cers increases by $7 billion in the EU and $14 billion in the U.S., but decreases
in some other countries, especially in Asia.

A similar GFPM approach was used in Buongiorno and Zhu (2017) to as-
sess the potential effects of the Trans-Pacific Partnership (TPP) potential agree-
ment between Australia, Canada, Chile, Brunei Darussalam, Japan, Malaysia,
Mexico, New Zealand, Peru, Singapore, the United States, and Vietnam (TPP12),
and of an extension to include India, China, and the Republic of Korea (TPP15).
The comparison with and without TTP was based on changes in GDP growth
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projected by macroeconomic studies. The results show that with TPP12, the main
total welfare gains are in the United States and Vietnam, and the greatest losses
in China and Korea. Global welfare gains are larger under TPP15 to the advan-
tage of China, Japan, and Korea, but to the detriment of the United States, the
European Union and the rest of the world.

The GFPM was also applied to forecast the effects of Brexit on the global
forest products industry (Johnston and Buongiorno, 2017). One optimistic and
one pessimistic scenario were used to examine the potential macroeconomic
effects of Brexit. The GFPM results indicate that, with Brexit and depending
on the scenario, the consumption of sawnwood in Britain would be 1.0-2.1%
lower by 2030, 2.9-6.1% lower for wood-based panels, and 1.9-4.1% lower
for paper and paperboard. With Brexit, the UK’s net trade deficit in sawnwood
decreases by 4.8-9.9% by 2030, 4.4-9.1% for wood-based panels, and 5.5
10.8% for paper and paperboard. The effects on industrial roundwood con-
sumption and production within the UK are negligible. The consequences of
Brexit are mostly within Europe and driven predominantly by reduced con-
sumption within the UK itself. While the Brexit effects are greater under the
pessimistic scenario, the overall effect on the global wood products industry is
small, and it has little to no effect on global prices.

In these examples of GFPM applications to international trade, trade flows
are modeled such that bilateral flows of products are not tracked, which is in
line with the model set up in the standard database (‘World’ file) of the GFPM.
However, the GFPM can also be set up to quantify bilateral trade flows. This is
done by disaggregating the import and export data in the World file by country
of origin and destination. For example, Turner et al. (2001) modified the GFPM
World file to allow multilateral trade flows among the countries of AFTA-CER
and PS5 to evaluate the effect on the New Zealand forest sector of tariff elim-
ination under a trade agreement among these countries. AFTA-CER refers to
the Association of South East Asian Nation (ASEAN) Free Trade Area - Closer
Economic Relations; the CER countries are Australia and New Zealand. The
P5 countries are United States, Chile, Australia, New Zealand, and Singapore.
Turner et al. (2001) also studied the effect on New Zealand’s forest sector of
tariff reductions under the World Trade Organization (WTO) administered
General Agreement on Tariffs and Trade (GATT).

The GFPM has also been used to study the effects of non-tariff barriers, such
as quotas (see Chapter 5), embargoes, sanctions, and export bans. For example,
Turner et al. (2008a) assessed the effects of removing non-tariff barriers on New
Zealand exports of secondary processed wood products to the United States,
China, and Japan. The calculated increase in trade value from improved market
access is a modest 0.0%—-9.2% of New Zealand’s total wood products trade
by 2030. Li et al. (2007) used the GFPM to project the impact on the world’s
forest sector of curtailing roundwood trade to reduce the spread of exotic pests.
With a ban on roundwood trade over 5 years, world consumer expenditures for
wood products rise by 2.2% and world value added is unchanged. However,
producer revenues decrease by 16% for Russia and by 10% for New Zealand.
Value added decreases by 13% in Japan, 7% in Korea, and 4% in China.
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6.7.3 Application in studies related to climate change issues

Key questions related to climate change and forestry that confront researchers
and policymakers include the following

1. What is the potential of forests and forest industries to offset atmospheric
greenhouse gases?

2. How do forest-based climate mitigation strategies (e.g. carbon offset pay-
ment leading to reduced or delayed harvests) affect the forest sector?

3. What are the effects of climate change on forest growth and productivity
(e.g. due to longer growing seasons, increased CO, fertilization, and tempera-
ture- and precipitation-related stresses) and the attendant impacts on forest
product markets?

The GFPM has been applied to investigate parts of those questions in con-
junction with carbon estimating models/equations that utilize GFPM projected
outputs of forest stock, forest products, consumption, trade, and prices, and
with exogenous projections about climate change effects on forest product-
ivity that serve as inputs to the GFPM in adjusting forest growth and stock and
shifting timber supply. For instance, utilizing GFPM projections, Johnston et al.
(2019) estimated the forest sector carbon mitigation potential of 180 countries
during 2015-2065. The projected changes in forest carbon storage are driven
by the dynamic relationships between endogenously determined roundwood
harvests, forest growth and inventory, forest area, wood product consumption
(domestic production plus imports minus exports), and exogenous demographic
and income changes consistent with the IPPC-SPP2 scenario resembling recent
historical trends. The results suggest that, while the forest sector was a carbon
source in the past, it would achieve status as a net carbon sink by 2030.

Johnston and Radeloff (2019) also used GFPM to make projections, con-
ditional on the IPCC socioeconomic pathways SSP1 to SSP5, to estimate the
mitigation potential of carbon stored in harvested wood products (HWPs), in-
cluding sawnwood, panels, paper, and paperboard. They found that the global
HWP pool was a net annual sink of 335 Mt of CO, in 2015, increasing by as
much as 441 Mt CO, per year by 2030. However, even under favorable socio-
economic conditions, carbon stored annually in HWPs is < 1% of global emis-
sions. Furthermore, carbon stored within end-use HWPs varies widely across
countries and depends on evolving market conditions.

In a similar study, Nepal et al. (2013a) applied the USFPM/GFPM to pro-
ject changes in carbon sequestered in tree biomass and in wood products har-
vested from U.S. timberland. The projections are based on future forest stocks
and forest products production, consumption, and trade in the U.S. under four
future scenarios, including wood energy consumption, based on the IPCC's
4th Assessment and the 2010 USDA Forest Service RPA scenarios (A1B, A2,
B2, and HFW). The method also demonstrates how the USFPM/GFPM market
modeling system can be used to evaluate the impacts on U.S. forest carbon
and forest products markets of hypothetical forest carbon offset policies,
by allowing carbon offset payments to compete with traditional forest product
prices (e.g. see Nepal et al., 2013b,c).



134

P. Nepal et al.

Applying the same principles to global markets, Buongiorno and Zhu
(2013) used the stand-alone GFPM to investigate the consequences of
carbon offset payments to forestland owners. They found that offset payments
of $15-$50 per tCO, applied in all countries increased CO, sequestration
in global forests by 5-14 billion tons of CO, from 2009 to 2030. Limiting
implementation to developed countries, environmental damage is exported
from north to south, as developing countries harvest more and thereby decrease
their store of CO,. Substantially more CO, is sequestered by allocating a given
budget to all countries rather than to developed countries only. Because
offset payments increase wood prices relatively more than they decrease
production, the timber revenues of forestland owners generally increase. In
the few countries with timber revenues losses. they are more than compen-
sated for by the offset payments.

In another application of the GFPM to current environmental issues,
Buongiorno and Zhu (2015b) explored the long-term, ceteris paribus effects
of potential CO, fertilization on the global forest sector. As input, they used
the findings of Norby et al. (2005) about forest response to elevated CO,.
Accordingly, forest productivity is raised in the GFPM in proportion to the
rising CO, in three alternative IPCC scenarios. Projections of forest area,
forest stock and production, consumption, prices, and trade of products are
projected with the GFPM for each scenario, with and without CO, fertiliza-
tion. The main effect of CO, fertilization was to raise the level of the world
forest stock in 2065 by 9%-10% for scenarios A2 and B2, and by 20% for
scenario A1B. The rise in forest stock induced by fertilization was in part
counteracted by its stimulation of the wood supply, which resulted in lower
wood prices and increased harvests.

A subsequent paper by Buongiorno (2016) explored the potential long-term
effects of climate warming on the global wood sector. The study used Way
and Oren’s (2010) synthesis, indicating positive responses of tree growth to
higher temperature in boreal and temperate climates, and negative responses
in the tropics. Changes in forest productivity were introduced in the GFPM,
using Way and Oren’s equations in accordance with the rising temperatures
projected in three IPCC scenarios. Projections of forest stocks, production,
prices, trade, and value added in industries were obtained with the GFPM for
each scenario, with and without temperature changes from 2012 to 2065. In
the three scenarios, the projected total world growing stock of forests in 2065
was hardly changed by the rise in temperature. However, the forest stock was
2%—6% higher in developed countries, while it was 3%-4% lower in devel-
oping countries. There were significant attendant changes in wood production,
prices, trade, and value added in forest industries benefiting developed coun-
tries and harming the developing countries.

The GFPM approach to evaluate forest sector impacts of climate change
leading to changes in productivity is also used currently to project such
effects in the UNECE countries, based on the projected changes in net pri-
mary productivity in different regions under the scenario of unconstrained
CO, emissions.
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6.7.4 Application in studies related to other policy questions

Past and current versions of the GFPM have been used extensively to assess
the consequences of many other policy issues regarding international forestry,
forest industries, and international trade. For example, Zhu and Buongiorno
(2002) applied the GFPM to project the effect of paper recycling in the United
States on the international forest sector. They found that, while the United States
and other major consumer countries gained in welfare, Canada and the main
European producers lost. Buongiorno and Zhu (2014) and Nepal et al. (2019b)
studied the role of planted forests in the global forest economy. Li et al. (2008)
and Turner et al. (2008b) dealt with the long-term effects of eliminating illegal
logging on the world forests, forest industries, and trade. Zhang et al. (2012)
explored the domestic and foreign consequences of China’s land tenure reform
on collective forests. Prestemon et al. (2006, 2008) derived the implications
for timber product markets and trade of invasive species, such as the Asian
Lymantria in the United States.

Several studies used the GFPM in conjunction with other models to under-
stand the carbon offset potential in the U.S. of climate mitigation strategies,
such as increased use of lumber in non-residential construction (Nepal et al.,
2016), expanded wood energy use (Nepal et al., 2015), and long-term timber
set asides (Nepal et al., 2013c). The GFPM has also been integrated with U.S.
national and regional forest sector models to represent the competition for
wood between traditional products and energy (e.g. see Nepal et al., 2019c,
Stokes et al., 2016).

6.8 Summary and Conclusions

The purpose of this chapter was to provide a general introduction, several ex-
amples of applications, and further references about the historical development
and use of GFPM. Interested readers can build upon this basis for future studies
to help answer different policy questions relevant for the global, regional, and/
or national forest sectors. As with the REPA trade model, one attractive aspect
of the GFPM iis that the software, data, and documentation are available free of
charge for research. Thus, with both the REPA model and GFPM, all studies are,
in principle, replicable; the basic data sets can be expanded and improved, and
shared among different researchers, knowing that the method, with its strength
and blemishes, is the same.

To some extent, the first part of this chapter is a short version of the full
documentation (Buongiorno and Zhu, 2018a,b) of the GFPM, describing, after
a brief history, the general structure, mathematical formulations, needed input
data, and the techniques to calibrate and validate the model. It must be em-
phasized that considerable work can be and has been done with the standard
data set (‘World’ file) available with the software and, in that case, there is no
need to redo the calibration and validation. Regardless, some readers may be
more interested in the representative examples of GFPM applications, with its
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standard data set, or as expanded by other researchers. The hope is that the ex-
amples adequately document the usefulness of the model as a policy analysis
tool to encourage at least some readers to try the GFPM for their own purpose.

Four groups of representative studies have been presented to illustrate: (1)
past and ongoing GFPM’s application in global and national forest sector out-
look studies; (2) evaluations of the consequences of tariff and non-tariff barriers
in the international trade of forest products; (3) projection of the impacts of cli-
mate change and forest-based climate change mitigation strategies on forests and
forest industries; and (4) miscellaneous studies dealing with other important
questions such as the effects of an increase in global planted forest area, illegal
harvests, and invasive species.

In evaluating these and future studies, one must keep in mind that the
GFPM, like any other economic model, is only a rough representation of reality.
Buongiorno et al. (2003) documented how historical replications, let alone
future projections, can differ substantially from observation. This is especially
true for international trade, which is magnified by errors in domestic supply
and demand. A study of the sources of uncertainty done with a stochastic ver-
sion of the GFPM indicated that parameter uncertainty was more important
than errors in the initial data. Among the parameters, the errors in the supply
and demand elasticities tended to dominate those of the forest area and stock
equations, the input--output coefficients and manufacturing costs, and the trade
inertia parameters (Buongiorno and Johnston, 2018b).

The GFPM has been criticized for too much aggregation in describing the
forest resources, such as a lack of a differentiation of forest stock by species, a
lack of forest age class distribution, and a lack of competition for land use be-
tween alternative uses (e.g. agricultural vs forest use). Yet, in the standard GFPM
version, the endogenous rate of change of forest area follows a Kuznets envir-
onmental curve, which does simulate changes in land use on various economic
development paths. Furthermore, the GFPM allows for exogenous changes in
forest area, in conjunction with or instead of the endogenous Kuznets curve-de-
pendent change. Such exogenous changes may reflect land use competition
(obtained possibly from other models) that can be part of the GFPM data.
This approach was followed in parts of the USDA Forest Service’s 2010 RPA
Assessment studies, where the USFPM/GFPM was run with the exogenously
projected U.S. forest area that took into account competition for land among
different uses. The GFPM software also allows for disaggregation of the forest
stock by softwood and hardwood groups, as demonstrated by Ince et al. (2011)
for the U.S. and by Schier et al. (2018) for all other countries.

Similarly, on the demand side, the stand-alone GFPM provides a less de-
tailed representation of end products demand than would be desirable for some
studies (e.g. the standard GFPM aggregates softwood and hardwood lumber).
However, the GFPM software gives the flexibility to introduce more detailed
commodities and/or products (Buongiorno and Zhu, 201 8a). For instance, more
detailed wood products have been added in the GFPM for the U.S. (Ince et al.,
2011) and for all 180 countries represented in the GFPM (Schier et al., 2018).

Another difficulty lies in the estimation of the GFPM parameters. As shown
above, the calibration procedure leads to input-output coefficients and
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manufacturing costs that differ by country. However, for lack of more data,
the standard GFPM uses the same elasticities in all countries for the demand
for end products (sawnwood, panels, paper, and paperboard) and the same
elasticities for the supply of raw materials (wood, waste paper, other fibers).
Only the intercept terms of the supply equations are calibrated for each country
based on the observed base year consumption, production, and price data to
ensure that the model solution replicates the base year data. However, recent
work has been done to obtain country-specific demand elasticities to better
fit historical data, while staying within the 95% confidence of elasticities
obtained by pooling data across countries (Buongiorno, 2019). These or other
country-specific, econometrically estimated demand or supply elasticities can
be readily incorporated in future GFPM versions. Despite its limitations, the
GFPM remains a useful tool for outlook studies and policy analysis of the forest
sector, available completely and freely to all interested researchers for a wide
range of applications in its standard form or with user-specific modifications.
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	Abstract 
	Abstract 
	This chapter introduces the Global Forest Products Model (GFPM). The general model structure and the mathematical formulation of the GFPM are provided and key differences and similarities to the modeling approaches developed in the previous chapters are high­lighted. The usefulness of the GFPM as a forest sector tool for policy analysis is illustrated by summarizing its applications in a wide array of past and ongoing studies. These studies are summarized under four representative groups: (i) forest sector 
	The Global Forest Products Model (GFPM) offers an alternative approach to the spatial price equilibrium (SPE) trade models described in the previous chap­ters and the models reviewed by Latta et al. (2013). The GFPM is also an SPE trade model and therefore shares fundamentally similar model constructs to the Resource Economics and Policy Analysis (REPA) model. It also utilizes demand and supply equations and data on production, consumption, prices, manufac­turing costs, and transport costs to maximize the s
	• GFPM is calibrated using historical goal programming as opposed to posi­tive mathematical programming in the REPA model (see Chapter 4, section 4.2, this volume). 
	© CAB International 2021. 
	DOI: 10.1079/9781789248234.0006 
	Table 6.1. Major differences between the REPA trade model and GFPM. (Authors' own table.) 
	REPA GFPM 
	REPA GFPM 
	Mathematical QCP/MCP solved QCP solved by BPMPD optimizer 
	optimization byGAMS 
	Time dependency Static model Recursive dynamic model 
	Geographic coverage Global, 20 regions Global, 180 countries 
	Model calibration Positive mathematical Goal programming 
	programming Sector coverage Eight forest products Fourteen principal categories of forest products International trade Bilateral trade flows at Trade between country and the rest of the detailed product level world• Forest inventory NA Growth of forest inventory is a function 
	dynamics of stocking density. Forest inventory evolves over time as previous year inventory plus projected current year growth minus harvest quantity 
	Forest area dynamics NA Rate of change of forest area in each country is projected with an environmental Kuznets curve Base year 2016 2017 with a 3-year data average (2016, 2017, 2018) 
	• Further data are needed to model the bilateral trade flow. See Buongiomo and Zhu (2018a). 
	• 
	• 
	• 
	GFPM incorporates 180 countries, while the number of regions in the REPA model is flexible and has included up to 20 regions (Chapter 4). Some regions in the REPA model are at the sub-national level, and the number of regions in the model can be expanded. 

	• 
	• 
	The REPA model determines bilateral trade flows between regions, whereas individual countries trade with the aggregate world market in the standard database of the GFPM. However, GFPM can also use data sets with bilateral trade flows, as described in Buongiorno and Zhu (2018a) and as applied in Turner et al. (2001). An R program for integrating several countries into regions and then determining bilateral trade between the regions is provided in Appendix 4.0 of Chapter 4. 

	• 
	• 
	There is a difference in the number of wood products that are modeled, with 14 products in GFPM versus up to eight products in the REPA model. 

	• 
	• 
	The temporal dimensions differ between the models; GFPM employs dynamic recursive solutions versus static solutions in the REPA models. 

	• 
	• 
	Changes in forest resources, such as forest area and forest stock, are endogen­ously determined in GFPM together with endogenously projected harvests; in the REPA model, a supply function for logs is specified for each region. 


	Finally, the GFPM was originally developed at the University of Wisconsin-
	Madison during the 1990s and has subsequently been maintained and enhanced. 
	The objective of this chapter, however, is not to compare and contrast the GFPM with REPA models, but to describe the general model structure and the mathematical formulation of the GFPM. The objective is to introduce some 
	representative published studies illustrating its application, as a policy tool, in evaluating different questions related to forests and the forest products sector at the national, regional, and global level so that readers interested in forest products modeling can build upon the materials, descriptions, examples, and references provided here. 
	In this chapter, we first provide a brief history of GFPM, followed by an overview of the GFPM's general structure. This is followed by a discussion of the data and calibration, and the validation techniques used in the GFPM, along with a detailed mathematical formulation of the model. We then high1 ight selected past applications of GFPM in evaluating the consequences for forest resources, forest products production, consumption, trade, and prices of various scenarios of economic and demographic changes; c
	-



	6.1 A Brief History of the GFPM 
	6.1 A Brief History of the GFPM 
	The first complete version of the GFPM capable of producing long-term projec­tions of production, consumption, imports, exports, and prices by country was developed in 1996, and was applied to produce the provisional global forest products market outlook study of the Food and Agricultural Organization (FAO, 1997). Yearly updates and improvements followed, ending with the GFPM 2017 version. The GFPM 2017 software and the latest database (3-year average data for 2016, 2017, and 2018) are provided freely at . 
	http://labs.russell.wisc

	The G FPM was originally bui It with the Price Endogenous Linear Programming System, or PELPS (Zhang et al., 1993), a general software developed to model any economic sector with spatial and temporal components, coupled with the LINDO linear programming solver (Schrage, 1991 ). The PELPS system itself resulted from the development of a recursive-linear programming model of the paper industry (Gilless and Buongiorno, 1987; Zhang et al., 1996). 
	Since 1996, GFPM has been continuously improved and expanded to address various national and global issues in forest economics and policy, leading to the 2017 version of the GFPM, based on QPELPS (Quadratic Price Endogenous Linear Programming System) with the interior point BPMPD pro­gram (Meszaros, 1999), making GFPM independent of commercial optimizers. 

	6.2 GFPM Structure 
	6.2 GFPM Structure 
	The GFPM is designed chiefly as a policy analysis tool, facilitating an understanding of how forest products production, consumption, imports, exports, prices, and welfare are likely to change under a given or a combination of scenarios of 
	economic changes. These include changes in gross domestic products (GDP), biophysical changes (e.g. changes in forest area, growth, and inventory), changes in technology (e.g. changes in production capacity), and changes in trade and related policies (e.g. tariff and non-tariff related trade barriers) (Buongiorno et al., 2003; Buongiorno, 2015). Such a capability in GFPM is enabled through the integration of the classical four major components of forest sector models (Kallio et al., 1987): timber supply (pr
	The current model deals explicitly with 180 individual countries and ter­ritories (Table 6.2), including 50 countries and territories in Africa, 47 in Asia, 37 in Europe, 22 in North America, 13 in South America, and 11 in Oceania. Country-level analysis is important for at least two reasons. First, all political decisions are by individual country governments. One exception is Canada where, under the constitution, decisions related to the forest sector are made at the provincial level. Second, checking the
	The demands for the nine manufactured end products modeled in the GFPM are functions of their endogenously projected own price and an exogenously projected GDP (Buongiorno, 2015). The two intermediate products, mechanical pulp and chemical pulp, are used as inputs to paper production. Demand for raw material (industrial roundwood) and intermediate products (wood pulp) are derived from the demand for end products through the input-output coefficients 
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	Fig. 6.1. Flow of raw materials, and intermediate and end products, as modeled in GFPM. (Authors' own figure.) 
	(ratio of the amount of input used in manufacturing a product to the amount of output) and manufacturing costs (labor, capital, energy). Differences in input cost, input-output efficiency, and manufacturing cost determine the compara­tive advantages of countries. 
	In the current standard data set, called the World file' of the GFPM, inter­national trade (imports and exports) is between a country and the rest of the world. However, the data can be modified to represent the bilateral trade flows, as was done in Turner et a/. (2001) and as described in Buongiorno and Zhu (2018a). Quantities of products imported or exported are driven by the com­petitive advantage of a country or a region in producing and shipping each 
	product. Competitive advantage is a function of transport costs, manufacturing costs, input-output coefficients, and the endogenously determined domestic and world prices of a product. For instance, a country or a region may increase its net exports if it has a relatively more cost-effective technology (e.g. lower input requirements or lower manufacturing costs, compared with another country) in producing a particular product. In addition, changes in trade in the GFPM are limited by a priori trade inertia c
	For each projected year, the model solution clears markets in all countries, obtaining prices at which demand is equal to supply for all products. The demand for end products (sawnwood, panels, pulp, and paper) in each country changes from one year to the next due to changes in GDP or up to five other exogenous demand shifters (e.g. housing construction, wood energy demand). Raw wood supply shifts according to endogenously projected changes in forest stocks or up to five other exogenously specified shifters
	The forest stock shifts the supply of industrial roundwood, other industrial roundwood, and fuelwood in each country, and evolves over time as previous year stock plus projected current year growth minus harvest quantity. Forest stock growth (net of mortality) before harvest is a nonlinear function of forest stock density (forest stock per unit of forest area) based on the work by Turner et al. (2006). The relationship between forest growth and forest stock density implies that forest growth increases with 
	Thus, the GFPM is built on the general principle that the allocation of scarce resources in the short run is optimized by global markets, while the long-run resource allocation is partly determined by the combination of market forces (e.g. projected prices) and political forces, such as changes in forest policy leading to a shift in the wood supply, changes in environmental policy affecting the wastepaper recovery, or changes in trade policies that change the cost of imports (e.g. tariff and non-tariff barr



	6.3 Input Data, and Model Calibration and Valldatlon 
	6.3 Input Data, and Model Calibration and Valldatlon 
	Data inputs and outputs in the GFPM are handled with Microsoft Excel spread­sheets and graphics. The GFPM needs data for the base year and the projection years. Data for the base year are mostly observed market data (e.g. quantities of production, consumption, exports and imports, and prices), biophysical data 
	(e.g. forest stock, area), data on production technologies (e.g. input-output co­efficients, manufacturing costs), and transport costs for each country, coupled with the parameters for the equations of demand, supply, manufacturing pro­cesses, and trade. Parameters of the demand and supply equations are obtained from econometric modeling (e.g. Turner et al., 2006; Buongiorno, 2015). Data for the projection years are exogenously specified trajectories of demand and supply shifters or changes in other paramet
	Most of the base year data are derived from the FAOSTAT database (produc­tion, consumption, trade, and prices) and the World Bank's World Development Indicators (WDI) database (GDP and population). The data on forest stocks, forest stock growth rate, forest area, and timber growth rates are derived from the FAQ's most recent Global Forest Resource Assessment. World prices are derived as the unit value of net exports (total value of net exports divided by the total quantity of net exports) as reported in the
	The purpose of the calibration procedure is to obtain a base-year model solu­tion that matches the observed data. The calibration in the GFPM is achieved by estimating the input-output coefficients that minimize the sum of the weighted absolute deviations between estimated production and reported production, and of the sum of the weighted absolute difference between the estimated input and the input implied by prior input-output coefficients as suggested by technical knowledge (Buongiorno, 2015). The result
	The World data set available with the latest version of the GFPM (GFPM 2017) was calibrated with a 3-year data average (2016, 2017, 2018), for a base year of 2017 (Buongiorno and Zhu, 2018a). After calibration, the GFPM soft­ware checks for data consistency, ensuring that the following conditions hold for the base-year: 
	• 
	• 
	• 
	Apparent consumption (production plus import minus export) equals final demand, or intermediate demand for input used by other products. 

	• 
	• 
	Local price equals the world price plus the transport cost for net importers, or the world price for net exporters. 

	• 
	• 
	Manufacturing cost equals the price of the output minus the cost of all in­puts, given the price of inputs and the input-output coefficients. 

	• 
	• 
	The waste paper used in paper manufacturing does not exceed the recovered waste paper, given the paper consumption and maximum recovery rate. 


	• 
	• 
	This calibrated and consistent model is then tested with the GFPM valid­ation procedure, which verifies that the model solution is close to the actually observed data in the base year. 

	More details on calibration and validation techniques are provided in the GFPM user manuals (Buongiorno and Zhu, 201 Ba,b). 
	6.4 Mathematical Formulation 
	6.4 Mathematical Formulation 
	In the following description, the static phase refers to the market optimization in any given year of the projection. The dynamic phase refers to the calculations that simulate periodic changes in market conditions, such as those due to eco­nomic or demographic growth. 
	6.4.1 Spatial global equilibrium (static phase) 
	6.4.1 Spatial global equilibrium (static phase) 
	The spatial competitive global market equilibrium of the forest products sector 
	in a given year is obtained in the GFPM by maximizing the following quadratic 
	objective function (Buongiorno, 2015): 
	Maximize Z = LL fP;k (x)dx-LL fP;k (z)dz -LLfm;k (y )dy 
	i k O i k O i k O (6.1) 
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	where x, y and z are integration factors; i and j refer to countries and k refers to a product; Pis price in U.S. dollars of constant value; 0 is final product demand; 5 is raw material supply; Y is quantity manufactured; m is cost of manufacture (labor, capital, and materials excluding wood and fiber); T is quantity trans­ported; and c is freight cost (cost of transport plus tariff). 
	The objective function in (6.1) maximizes the total welfare in the global forest sector in a given year. It equals the surplus value of the products to con­sumers (consumer surplus as the area under all the demand curves above price I ines) minus the cost of supplying the raw materials (quasi-rent measured as the area above the country supply curves below price). 
	The objective function in equation (6.1) is maximized subject to the spe­cified constraints related to end product demand (equation (6.2)), raw material supply (equation (6.3)), wood drain (equation (6.4)), material balance (equation (6.5)), trade inertia (equation (6.6)), manufacturing costs (equation (6.7)), and transport costs (equations (6.8) and (6.9)). 
	Equation (6.2) specifies that the demand for each end product in each country in a given year has a constant elasticity with respect to the price, where 0* is current consumption at last period's price, P_, and o is the price elasticity of demand. As shown in the section on the dynamic phase below, 0* depends on last period's demand, the growth of a country's GDP, and other exogenous or endogenous demand shifters. 
	1
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	P11,.,1 
	According to equation (6.3), the supply of raw materials in each country in a given year has a constant elasticity with respect to the price, where 5* is current supply at last period's price and A is the price elasticity of supply. As shown in the dynamic phase below, 5depend on last period's supply and on exogenous or endogenous supply shifters, especially the forest stock. 
	"' 

	(6.3) 
	Equation (6.4) defines the total wood drain from the forest, where r refers to industrial roundwood, n to other industrial roundwood, f refers to fuelwood, 0Ł0Ł1 is the fraction of fuelwood that comes from the forest, and µŁ 1 is the ratiŁ of drain from forest stock to harvest: 
	(6.4) 
	Figure

	Since the wood drain cannot exceed the available stock, the following con­straint applies: 
	(6.4')where/. is the current forest stock. 
	Optional constraints may limit the harvest to a fraction of the growth of forest stock, such as the 'allowable cut constraints' described in equation (6.27) below. 
	(6.5) 
	where a;k)s the input of product k per unit of product n. According to equa­tion (6.5), in each country and for each product, the quantity imported, the domestic supply, and the manufactured quantity must equal the do­mestic demand plus the quantity used in manufacturing other products,plus exports. 
	In addition, the production of by-products, which results from the manu­facture of a commodity (e.g. sawmill residues), can be optionally specified with the following constraints: 
	(6.5') 
	Figure

	where b;kl is the by-product/ that can be recovered per unit of manufactured com­modity k. 
	Equation (6.6) defines the trade inertia constraints, introduced to quantify a dynamic adjustment process in trade in response to price and income changes. 
	The next constraint defines the material balance for each country: 
	These constraints keep the current trade quantity within a lower bound (L) and an upper bound (U), relative to the previous period: 
	Figure
	(6.6) 
	According to equation (6.7), the manufacturing cost is a function of manu­facturing quantity. Each manufacturing process is represented by activity analysis, with input-output coefficients and a manufacturing cost. As discussed in Chapter 3, the manufacturing cost is the marginal cost of the inputs not recognized explicitly by the model (labor, energy, capital, etc.): 
	Figure
	(6.7) 
	where m* is the current manufacturing cost at last period's output ands is the elasticity of manufacturing cost with respect to output. As shown in the dynamic phase section below, m* depends on last period's manu­facturing cost and on the exogenous rate of change of manufacturing cost. 
	Equation (6.8) defines the transport cost per unit of volume for commodity k from country i to country j in any given year: 
	Figure
	(6.8) 
	where c* is the current transport cost at last period's trade quantity and r is the elasticity of transport cost with respect to trade quantity. As shown in the next section, c* depends on last period's transport cost and on exogenous changes of freight rates and taxes. In the base year, cis computed as: 
	i
	i
	k 

	Figure
	(6.9) 
	where c is the transport cost per unit of volume, f is the freight cost per unit of volume, tis the export tax, tis the import ad valorem tariff, and P_is the observed base-year world export price . 
	x 
	1 
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	Upon satisfying all the constraints defined by equations (6.1) through (6.9), the shadow prices of the material balance constraints (equation (6.5)) give the market-clearing prices for each commodity and country. 
	6.4.2 Dynamic phase 
	6.4.2 Dynamic phase 
	Projections from the base year to future years are enabled in GFPM through calcu­lation of the changes in the condition of the global equilibrium from one period to the next (referred to as the dynamic phase), as summarized in equations (6.10) to 
	(6.24) (Buongiorno, 2015). Variables in these equations refer to one country, one 
	commodity, and one year; the rate of change refers to a multi-year period unless otherwise indicated. 
	Periodic changes 
	Periodic exponential rates of change, r , are defined with annual exponential rates of change,,., and the length of a period in years, p: 
	fp = (1 + r.Y -1 (6.10) 
	Periodic linear changes, tw , are defined by the annual linear change, t...v.:
	p 
	(6.11) 
	Figure

	Demand shifts 
	From one period to the next, demand shifts with the exogenously specified rates of growth of the demand shifters: 
	Figure
	(6.12) 
	where is the GDP periodic growth rate, a is the elasticity with respect to
	g 

	r
	r
	GDP, arid cx:is a periodic trend. 
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	Supply shifts 
	The supplies of industrial roundwood, fuelwood, and other industrial round­wood shift periodically, according to the endogenous periodic rate of change of forest stock (g) and forest area (g,), and with elasticities P, and P.: 
	1

	Figure
	(6.13) 
	Similarly, the supply of recovered paper and other fiber pulp shift periodically, according to the exogenously specified periodic GDP growth rate (g ) and the
	r
	r
	corresponding elasticity <P, ):
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	The periodic changes in forest area in an individual country are defined by: 
	A= (1+ gJA_, (6.15) 
	1 

	where A refers to the forest area and ga to the periodic rate of change in forest area, which is based on the period length p (equation (6. 10)), and the annual rate of change in forest area g: 
	33

	(6.16) 
	Figure

	where y' refers to income per capita, which is predicted as a linear function of previous-period per capita income: 
	Figure
	(6.17) 
	For each country, ais calibrated so that in the base year the observed gis equal to the predicted g•• from equation (6.16), given the income per capita y'. 
	0 
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	Forest stocks in individual country are projected to evolve over time according to the following growth-drain relation: 
	= U-1 + GI -pSI )
	I
	_
	_
	, (6.18) 

	where I is the forest stock at the beginning of the current period and G_is the change of forest stock without harvest during the previous period. 
	1 

	At any point in time, the forest stock I equals UxA, where A is the area and U is the stock density (stock per unit area). Without harvests, the stock growth rate is di/I= dUIU + dAIA, or g, = v + •. Therefore, stock growth without har­vests is simply G_= l_(gv + g).
	g
	g
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	An optional exogenous adjustment, g; may be added to represent, for ex­ample, the effects of invasive species or of climate change on the rate of stock growth, so that the final expression for stock growth is: 
	C_l = l_1(gv + g. + g:). 
	(6.181 

	The periodic rate of forest growth without harvest, is based on the an­
	g.,,
	nual rate of forest growth without harvest, gva, and is defined by: 
	( 
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	8va = Yo (6.19)
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	A_, 
	<1 is negative so that Bu. decreases with stock per unit area. For each country, the GFPM calibrates yautomatically, so that in the base year the ob­served • is equal to the u• predicted by equation (6.19) given the stock per unit area, I/A. 
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	The periodic rate of change of forest stock net of harvest, used in equation (6.13), is then given by: 
	I-I 
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	Changes in input-output coefficients and manufacturing costs 
	The input-output coefficients, a, in the material balance constraint (equation (6.5)) can change exogenously over time (e.g. to reflect increasing use of recycled paper in paper manufacturing) as follows: 
	(6.21) 
	Figure

	where !:!.a is the periodic change in the input-output coefficient. 
	Similarly, the manufacturing cost function (equation (6.7)) can shift exogenously over time at the annual periodic exponential rate, g: 
	m 

	(6.22)
	m· = m_, (1 + g ).
	m 
	Changes in transport cost and trade inertia bounds 
	Changes in transport cost and trade inertia bounds 
	The transport cost function, equation (6.8), shifts exogenously over time according to equation (6.23), by recursion of equation (6.9): 
	Figure
	(6.23) 
	where f= f_+ M, t = t_+ 1::!.t, and Mand Mare periodic changes in freight costs and taxes, respectively. 
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	Finally, the lower and upper trade inertia bounds change exogenously according to: 
	(6.24) 
	Figure

	where £ is the exogenously-specified absolute value of the maximum annual rate of change in trade flow. 
	6.4.3 Modeling timber supply with carbon markets 
	6.4.3 Modeling timber supply with carbon markets 
	The GFPM allows for the modeling of timber supply when wood producers are paid for leaving trees standing to sequester carbon. This is achieved with equation (6.26), which states that the marginal cost of wood in the pres­ence of a carbon offset payment is equal to the marginal cost of harvesting and local delivery, represented in equation (6.3), plus the opportunity cost of losing the carbon payment by not leaving the trees standing. This oppor­tunity cost is equivalent to a shift of the supply curve comme
	Wood supply in the absence of a carbon market is approximated as a linear function by the tangent at the current equilibrium point (P<>' SJ: 
	P = a+ bS, (6.25) 
	where b = P/o-5 and a = P -b5 . Then, wood supply in the presence of a 
	0 0 0 
	carbon offset payment is given by: 
	Figure
	(6.26) 
	where fi1 is the COcontent of the forest stock (tonnes/m), pc is the current price of CO($/tC0), and P_Ł is the price of COin the previous period. 
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	6.4.4 Allowable cut constraint 
	6.4.4 Allowable cut constraint 
	Equation (6.27) can be optionally specified in GFPM to simulate allowable cut constraints, which are in addition to the permanent constraint that limits the total wood drain from the forest to the available stock (equation (6.4')). The allowable cut constraint in equation (6.27) states that the drain must be less than a user-specified fraction of the current annual growth of the forest stock: 
	S Ł max (aC / p,O), (6.27) 
	where S refers to the total wood drain from the forest defined by equation (6.4), G is the periodic change in growing stock in the absence of harvest (equa­tion (6.19)), and a is the user-defined maximum ratio of inventory drain to the growth of growing stock. 

	6.5 Model Calibratlon and Validation 
	6.5 Model Calibratlon and Validation 
	The calibration procedure of the GFPM estimates input-output coefficients and manufacturing costs based on FAO data. The procedure keeps the FAO data on exports and imports unadjusted, because traded commodities typically go through custom controls at borders for compliance with laws and regulations, and are usually more reliable than production data. However, the GFPM pro­cedure allows for adjustments of production data for any arbitrary country in any arbitrary year as reported by FAO if such data are inc
	The estimated production and input-output quantities for an individual country and year are obtained with goal programming. The objective function minimizes the sum of the weighted absolute deviations between estimated pro­duction and reported production, and of the sum of the weighted absolute differences between the estimated inputs and the inputs implied by prior input­output coefficients suggested by technical knowledge: 
	(6.28) 
	In equation (6.28) and the following equations, all variables are in capital letters and the data are in lower cases. All the variables are non-negative. The data and variables refer to a specific country and year, and the subscripts k and n refer to products. In the objective function in equation (6.28), the variables k -are the deviations of estimated input kin the production of output n above or below the inputs implied by prior input-output coefficients. The weights wand wn are proportional to the produ
	Y/ 
	and y
	k 

	Ł = 0.90 to give more weight to the deviations between observed and actual production rather than to deviations between estimated and expected outputs, since FAO data are available for production but no direct data are available for the inputs in a particular output. 
	The objective function in equation (6.28) is minimized subject to the fol­lowing constraints: 
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	Equation (6.29) defines the deviation of estimated production (Y) from the reported production in FAOSTAT (q), and A is the set of products. 
	k
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	Equation (6.30) defines the deviations ( Y�, Yk�) of the estimated input of k in product n (Y kn), above or below the input expected from the prior input­= -1..( at0 +a�); a� and a:;',, are the lower and the upper bounds on input k per unif of output n; and / and Oare the respective sets of in­puts and outputs. 
	output coefficients ( a
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	Constraints (6.31) and (6.31 ') specify that the apparent consumption of the end products must be non-negative and that an exact equality must hold for raw materials or intermediate products used in making other products, as in constraint (6.31 '). Xand Zare reported imports and exported quantity, re­spectively, which are assumed to be error-free. Fis the set of end products and R is the set of raw materials or intermediate products. 
	k 
	k 

	Constraints (6.32) and (6.32') limit the estimated input-output coefficients for solidwood products (e.g. quantity of industrial roundwood per unit of sawn­wood) beween the prior lower and upper bounds ( atniat,), as suggested by engineering knowledge. Similarly, constraints (6.33) and (6.33') force the esti­mated input-output coefficients for multiple inputs (e.g. tons of mechanical pulp, chemical pulp, other fiber pulp, and waste paper per ton of newsprint) to lie between the prior technical lower and upp
	t

	Constraints (6.34) and (6.34') specify the respective upper and the lower bounds on the recovery rates of recycled product k (e.g. waste paper) from 
	product n (e.g. newsprint). f is the set of recycled products. Lastly, constraints 
	(6.35) and (6.351 specify the upper and lower bounds on the unit manufacturing costs. Variables p and Pn are the world prices (unit values of world exports) for 
	k 
	net exporters and the world prices plus the transport costs and tariffs for net importers, respectively. 
	After solving the problem specified by equations (6.28) through (6.35), the estimated input-output coefficients (the amount of product k used in making product n) are given by: 
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	The estimated input-output coefficients are used further to estimate the manufacturing costs: 
	k = Pk -:Ł:)kn pn \;/E 0. (6.37) 
	m
	k 

	nE/ 
	Equation (6.37) assumes a competitive market equilibrium with zero net profit so that the manufacturing cost (cost of labor and materials excluding wood and fiber and a normal return to capital) is equal to the price of the output minus the cost of wood and fiber input. Such an assumption is neces­sary, due to a lack of manufacturing cost data in the forest industries of most countries. 
	This calibration procedure is usually performed for the base year only. 
	However, it can be replicated for earlier years to detect trends in input-outputcoefficients (technical change) and in manufacturing costs (Buongiorno and Zhu, 201 Sa). These trends are included in the GFPM 2017. 

	6.6 Computer Software 
	6.6 Computer Software 
	The GFPM integrates three different kinds of software: the Microsoft Excel spreadsheet and graphics to handle data inputs and outputs, QPELPS to set up the static and dynamic phases of the GFPM, and BPMPD (Meszaros, 1999) to calculate equilibrium in each year. The QPELPS, a general economic mod­eling system, takes data on the current sector state and predicted exogenous changes from a spreadsheet, writes a quadratic programming matrix expressing the GFPM static phase in MPS format, invokes the BPMPD interio
	In the static phase, the demand, supply, and cost functions (equations (6.2), (6.3), (6.7), and (6.8)) are linearly approximated by their tangents at the cur­rent equilibrium point. Therefore, the equilibrium problem in any given year is quadratic in the objective function and linear in the constraints, and solved with BPMPD. The more time-consuming part of each periodic iteration is the data 
	reading and updating of the dynamic phase. The most recent version of the soft­ware, the data, and the user and calibration guides are described in Buongiorno and Zhu (2018a,b) and are freely available for academic research at / (accessed September 4, 2020). 
	http://labs. 
	russell.wisc.edu/buongiorno/welcome/gfpm


	6.7 GFPM Application: Some Examples 
	6.7 GFPM Application: Some Examples 
	With a history of more than two decades of continuous evolvement, the GFPM has found applications in numerous studies related to the national, regional, and global forest sector. These studies, which utilize the original GFPM (Buongiorno et al., 2003) or its later extended versions, include several forest sector outlook reports that paint a broad picture of how the forest sector would look in the fu­ture. These projections reflect different visions of economic and demographic changes, and they typically inv
	(e.g. due to natural catastrophes such as insect and disease outbreaks, changes in forest productivity due to climate change and COfertilization). More applications evaluate the impacts of policy-induced changes in demand and supply and forest products trade; applications include, for example, expanded use of wood for energy, increases in afforestation or reforestation to mitigate climate change, implementation of tariff or non-tariff trade barriers, and the introduction of carbon offset payment programs to
	2 

	Describing all those studies is beyond the scope of this chapter. However, we present some representative examples, illustrating how the GFPM has been or is being successfully utilized to evaluate the impacts of important policy questions affecting the national, regional, and global forests and the industrial sectors that depend on them. We group these examples into four categories illustrating the wide range of applications of the GFPM: (1) long-range forest sector outlook studies; (2) assessments of the i
	6.7.1 Applications in outlook studies 
	6.7.1 Applications in outlook studies 
	The first application of GFPM took place in 1996 at the University ofWisconsin­Madison, on commission from the FAQ. The work was done with a modified version of the PELPS system (Zhang et al., 1993) and resulted in FAQ's provisional 
	outlook study (FAO, 1997), later updated in the FAQ's 1999 Global Forest Products Outlook (Zhu et al., 1998). These studies provided theoretically con­sistent projections for 180 countries in the FAOSTAT database of forest products consumption, production, trade, and prices from 1995 to 2010. Projections were based on country-specific exogenous GDP growth rates. Wood supply was price dependent, but the shifts of the wood supply functions over time were still exogenous at the time. Distinct elasticities of d
	The GFPM was extensively used later as part of the United States Department of Agriculture (USDA) Forest Service's 2010 RPA Assessment studies, mandated by the Forest and Rangeland Renewable Resources Planning Act (RPA) of 1974. The Act requires that the U.S. Forest Service develop nationwide assessments of forest resource demand, supply and forest resource conditions every 10 years, updated every 5 years. The 2010 RPA Assessment integrated several models to project the future of forests and their industrie
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	Fig. 6.2. Processes and connections among timber, delivered wood and fiber, intermediate products, and end products representing U.S. markets modeled in the modified GFPM. This modified version of GFPM is referred to as USFPM/GFPM. 
	Fig. 6.2. Processes and connections among timber, delivered wood and fiber, intermediate products, and end products representing U.S. markets modeled in the modified GFPM. This modified version of GFPM is referred to as USFPM/GFPM. 


	harvests by hardwoods and softwood species group) for three U.S. subregions: 
	North, South, and West. The USFPM/GFPM also simulates production of different forest-based wood biomass feedstock to meet the future increases in U.S. demand for wood energy, including roundwood fuelwood and logging and mill residues. Also important is the ability to more directly model the effects of U.S. housing construction on U.S. softwood lumber and structural and non-structural panels demand, and the effects of the displacement of graphics paper by electronic media. 
	One of the key policy questions in the 2010 RPA studies was how future ex­pansion in wood energy consumption and changes in income and population would affect the forest sector in the United States and in the rest of the world. Both the standalone GFPM (Raunikar et al., 201 0; Buongiorno et a/., 2011) and the USFPM/GFPM (Ince et al., 2011) were used to that end. The underlying scenarios -in particular, future changes in GDP and population -were devel­oped in conjunction with the 4th assessment studies of th
	The approach consisted of comparing simulated projections for a refer­ence and an alternative scenario, both of which shared exactly the same as­sumptions about economic drivers but differed in the projected levels of wood energy consumption. Thus, the differences in the projected outcomes between the two scenarios showed the effects on traditional forest products markets of the future changes in quantities of wood energy produced and consumed. While both the stand-alone GFPM and the USFPM/GFPM provided sim
	(i.e. increased roundwood prices, increased lumber production, and reduced timber inventory), the results differed markedly for the U.S., mainly because of the addition of logging and mill residues in USFPM/GFPM, which satisfied the target demand for wood for energy, in contrast to the GFPM projections, which used harvested roundwood only as the wood energy source. 
	Another study by Ince and Nepal (2012), carried out for the 2015 Update of the 2010 RPA, employed the USFPM/GFPM to evaluate the long-term effects (to 2060) of recent trends and structural changes in U.S. forest product markets. The study included the 2007-2009 recession and recovery, a projected weak­ening of the U.S. dollar, and a modest increase in wood energy demand in line with historical growth rates. 
	In one of its most recent applications, the standalone GFPM is the main modeling tool for the 2020 UNECE Forest Sector Outlook Study (FSOS Ill) (Nepal and Prestemon, 2019). (The final report is expected in early 2021.) The scenarios being evaluated include five different shared socioeconomic pathways (SSPs) developed in conjunction with the fifth climate change as­sessment studies led by the IPCC (Riahi et al., 2017). These SSPs represent alternative world visions that narratively and quantitatively describ
	The economic and demographic drivers shaping the reference scenarios adopted for the FSOS Ill include GDP and population (IIASA, 2018), and forest area (total forest and planted forest) projected under each SSP, by country. The projections of total forests area (Nepal et al., 2019a) and planted forest area (Korhonen et al., 2020) in each country were driven by GDP per capita and by projected rural population density and labor growth under each SSP. 
	Paired with the reference SSPs, different sets of alternative or policy scen­arios are being evaluated to address three broad policy issues: (i) the sectoral effects of forest productivity change due to climate change; (ii) effects of cli­mate change mitigation efforts; and (iii) the consequences of assumed structural changes in forest products markets. To evaluate the impact of climate change, exogenously projected changes in net primary productivity (NPP) are inserted in the GFPM, with parameter 8u * in e

	6.7.2 Application in studies evaluating impacts of trade policies 
	6.7.2 Application in studies evaluating impacts of trade policies 
	The GFPM has also been applied in several studies of the effects of trade pol­icies, such as multilateral trade agreements or country-specific tariffs, on the global trade of forest products, their production, their demand, and their prices. While early studies dealt with trade liberalization (Zhu et al., 2001 ), recent ones are more about trade restrictions. For example, Zhu et al. (2008) deals with the impact of countervailing duties on coated-free sheet paper imported by the U.S. from China, the Republic
	Buongiorno and Johnston (2018a) used the GFPM to estimate the potential impact of prohibitive import barriers in the United States and of countervailing measures abroad on the economic welfare of consumers and producers in the forest sectors of the United States and of other countries. The approach con­sists in comparing the current state of the world with two GFPM-generated 
	scenarios, one without U.S. imports of forest products (to represent the case of prohibitive import tariffs in the U.S.), and another without U.S. imports and also without U.S. exports (to represent the case of countervailing measures by other countries). The results suggest that implementation of prohibitive import tariffs without countervailing measures by foreign countries would result in increased U.S. producer surplus, but that such gains would not be enough to offset the loss in U.S. consumer surplus.
	Buongiorno et al. (2017) is another example of GFPM application to assess the gains and losses in the forest sector resulting from international trade. In this case, the GFPM is run in comparative-statics mode. One run of the GFPM replicates a business-as-usual situation with current trade restrictions. Another run simulates pure autarky in all countries by constraining exports and imports to zero. The results suggest that unrestricted free trade among groups of coun­tries leads to increased global economic
	The impact of international trade agreements has also been the subject of GFPM applications. For example, Buongiorno et al. (2014) investigated the ef­fects of the transatlantic trade and investment partnership (TTIP) on the global forest sector, based on the macroeconomic impacts estimated by other authors. Comprehensive tariff elimination per se has little effect on the forest sector. But with deeper reorms and integration, consumption increases twice as much in percentage terms in the U.S. as in the EU. 
	f

	A similar GFPM approach was used in Buongiorno and Zhu (2017) to as­sess the potential effects of the Trans-Pacific Partnership (TPP) potential agree­ment between Australia, Canada, Chile, Brunei Darussalam, Japan, Malaysia, Mexico, New Zealand, Peru, Singapore, the United States, and Vietnam (TPPl 2), and of an extension to include India, China, and the Republic of Korea (TPPl 5). The comparison with and without TIP was based on changes in GDP growth 
	projected by macroeconomic studies. The results show that with TPPl 2, the main total welfare gains are in the United States and Vietnam, and the greatest losses in China and Korea. Global welfare gains are larger under TPPl 5 to the advan­tage of China, Japan, and Korea, but to the detriment of the United States, the European Union and the rest of the world. 
	The GFPM was also applied to forecast the effects of Brexit on the global forest products industry Oohnston and Buongiorno, 2017). One optimistic and one pessimistic scenario were used to examine the potential macroeconomic effects of Brexit. The GFPM results indicate that, with Brexit and depending on the scenario, the consumption of sawnwood in Britain would be 1.0-2 .1 % lower by 2030, 2.9-6.1% lower for wood-based panels, and 1.9-4.1% lower for paper and paperboard. With Brexit, the UK's net trade defic
	-

	In these examples of GFPM applications to international trade, trade flows are modeled such that bilateral flows of products are not tracked, which is in Iine with the model set up in the standard database ('World' file) of the GFPM. However, the GFPM can also be set up to quantify bilateral trade flows. This is done by disaggregating the import and export data in the World file by country of origin and destination. For example, Turner et al. (2001) modified the GFPM World file to allow multilateral trade f
	The GFPM has also been used to study the effects of non-tariff barriers, such as quotas (see Chapter 5), embargoes, sanctions, and export bans. For example, Turner et al. (2008a) assessed the effects of removing non-tariff barriers on New Zealand exports of secondary processed wood products to the United States, China, and Japan. The calculated increase in trade value from improved market access is a modest 0.0%-9.2% of New Zealand's total wood products trade by 2030. Li et al. (2007) used the GFPM to proje

	6.7.3 Application in studies related to climate change issues 
	6.7.3 Application in studies related to climate change issues 
	Key questions related to climate change and forestry that confront researchers and policymakers include the following 
	1. 
	1. 
	1. 
	What is the potential of forests and forest industries to offset atmospheric greenhouse gases? 

	2. 
	2. 
	How do forest-based climate mitigation strategies (e.g. carbon offset pay­ment leading to reduced or delayed harvests) affect the forest sector? 

	3. 
	3. 
	What are the effects of climate change on forest growth and productivity 


	(e.g. due to longer growing seasons, increased COfertilization, and tempera­ture-and precipitation-related stresses) and the attendant impacts on forest product markets? 
	2 

	The GFPM has been applied to investigate parts of those questions in con­junction with carbon estimating models/equations that utilize GFPM projected outputs of forest stock, forest products, consumption, trade, and prices, and with exogenous projections about climate change effects on forest product­ivity that serve as inputs to the GFPM in adjusting forest growth and stock and shifting timber supply. For instance, utilizing GFPM projections, Johnston et al. (2019) estimated the forest sector carbon mitiga
	Johnston and Radeloff (2019) also used GFPM to make projections, con­ditional on the IPCC socioeconomic pathways SSP1 to SSP5, to estimate the mitigation potential of carbon stored in harvested wood products (HWPs), in­cluding sawnwood, panels, paper, and paperboard. They found that the global HWP pool was a net annual sink of 335 Mt of COin 2015, increasing by as much as 441 Mt COper year by 2030. However, even under favorable socio­economic conditions, carbon stored annually in HWPs is< 1 % of global emis
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	In a similar study, Nepal et al. (2013a) applied the USFPM/GFPM to pro­ject changes in carbon sequestered in tree biomass and in wood products har­vested from U.S. timberland. The projections are based on future forest stocks and forest products production, consumption, and trade in the U.S. under four future scenarios, including wood energy consumption, based on the IPCC's 4th Assessment and the 2010 USDA Forest Service RPA scenarios (A 1 B, A2, B2, and HFW). The method also demonstrates how the USFPM/GFPM
	Applying the same principles to global markets, Buongiorno and Zhu (2013) used the stand-alone GFPM to investigate the consequences of carbon offset payments to forestland owners. They found that offset payments of $15-$50 per tCOapplied in all countries increased COsequestration in global forests by 5-14 billion tons of COfrom 2009 to 2030. Limiting implementation to developed countries, environmental damage is exported from north to south, as developing countries harvest more and thereby decrease their st
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	In another application of the GFPM to current environmental issues, Buongiorno and Zhu (201 Sb) explored the long-term, ceteris paribus effects of potential COfertilization on the global forest sector. As input, they used the findings of Norby et al. (2005) about forest response to elevated CO" Accordingly, forest productivity is raised in the GFPM in proportion to the rising COin three alternative IPCC scenarios. Projections of forest area, forest stock and production, consumption, prices, and trade of pro
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	A subsequent paper by Buongiorno (2016) explored the potential long-term effects of climate warming on the global wood sector. The study used Way and Oren's (2010) synthesis, indicating positive responses of tree growth to higher temperature in boreal and temperate climates, and negative responses in the tropics. Changes in forest productivity were introduced in the GFPM, using Way and Oren's equations in accordance with the rising temperatures projected in three IPCC scenarios. Projections of forest stocks
	The GFPM approach to evaluate forest sector impacts of climate change leading to changes in productivity is also used currently to project such effects in the UNECE countries, based on the projected changes in net pri­mary productivity in different regions under the scenario of unconstrained COemissions. 
	2 


	6.7.4 Application in studies related to other policy questions 
	6.7.4 Application in studies related to other policy questions 
	Past and current versions of the Gf PM have been used extensively to assess the consequences of many other policy issues regarding international forestry, forest industries, and international trade. for example, Zhu and Buongiorno (2002) applied the Gf PM to project the effect of paper recycling in the United States on the international forest sector. They found that, while the United States and other major consumer countries gained in welfare, Canada and the main European producers lost. Buongiorno and Zhu
	Several studies used the Gf PM in conjunction with other models to under­stand the carbon offset potential in the U.S. of climate mitigation strategies, such as increased use of lumber in non-residential construction (Nepal et al., 2016), expanded wood energy use (Nepal et al., 2015), and long-term timber set asides (Nepal et a/., 2013c). The Gf PM has also been integrated with U.S. national and regional forest sector models to represent the competition for wood between traditional products and energy (e.g.


	6.8 Summary and Concluslons 
	6.8 Summary and Concluslons 
	The purpose of this chapter was to provide a general introduction, several ex­amples of applications, and further references about the historical development and use of GFPM. Interested readers can build upon this basis for future studies to help answer different policy questions relevant for the global, regional, and/ or national forest sectors. As with the REPA trade model, one attractive aspect of the GFPM is that the software, data, and documentation are available free of charge for research. Thus, with
	To some extent, the first part of this chapter is a short version of the full documentation (Buongiorno and Zhu, 2018a,b) of the GFPM, describing, after a brief history, the general structure, mathematical formulations, needed input data, and the techniques to calibrate and validate the model. It must be em­phasized that considerable work can be and has been done with the standard data set ('World' file) available with the software and, in that case, there is no need to redo the calibration and validation. 
	standard data set, or as expanded by other researchers. The hope is that the ex­amples adequately document the usefulness of the model as a policy analysis tool to encourage at least some readers to try the GFPM for their own purpose. 
	Four groups of representative studies have been presented to illustrate: (1) past and ongoing GFPM's application in global and national forest sector out­look studies; (2) evaluations of the consequences of tariff and non-tariff barriers in the international trade of forest products; (3) projection of the impacts of cli­mate change and forest-based climate change mitigation strategies on forests and forest industries; and (4) miscellaneous studies dealing with other important questions such as the effects o
	In evaluating these and future studies, one must keep in mind that the GFPM, like any other economic model, is only a rough representation of reality. Buongiorno et al. (2003) documented how historical replications, let alone future projections, can differ substantially from observation. This is especially true for international trade, which is magnified by errors in domestic supply and demand. A study of the sources of uncertainty done with a stochastic ver­sion of the GFPM indicated that parameter uncerta
	The GFPM has been criticized for too much aggregation in describing the forest resources, such as a lack of a differentiation of forest stock by species, a lack of forest age class distribution, and a lack of competition for land use be­tween alternative uses (e.g. agricultural vs forest use). Yet, in the standard GFPM version, the endogenous rate of change of forest area follows a Kuznets envir­onmental curve, which does simulate changes in land use on various economic development paths. Furthermore, the G
	Assessment studies, where the USFPM/GFPM was run with the exogenously projected U.S. forest area that took into account competition for land among different uses. The GFPM software also allows for disaggregation of the forest stock by softwood and hardwood groups, as demonstrated by Ince et al. (2011) for the U.S. and by Schier et al. (2018) for all other countries. 
	Similarly, on the demand side, the stand-alone GFPM provides a less de­tailed representation of end products demand than would be desirable for some studies (e.g. the standard GFPM aggregates softwood and hardwood lumber). However, the GFPM software gives the flexibility to introduce more detailed commodities and/or products (Buongiorno and Zhu, 2018a). For instance, more detailed wood products have been added in the GFPM for the U.S. (Ince et al., 2011) and for all 180 countries represented in the GFPM (Sc
	Another difficulty lies in the estimation of the GFPM parameters. As shown above, the calibration procedure leads to input-output coefficients and 
	manufacturing costs that differ by country. However, for lack of more data, the standard GFPM uses the same elasticities in all countries for the demand for end products (sawnwood, panels, paper, and paperboard) and the same elasticities for the supply of raw materials (wood, waste paper, other fibers). Only the intercept terms of the supply equations are calibrated for each country based on the observed base year consumption, production, and price data to ensure that the model solution replicates the base 
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