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Abstract: Research Highlights: Long-term global scenarios give insights on how social and economic
developments and international agreements may impact land use, trade, product markets, and carbon
balances. They form a valuable basis for forming national forest policies. Many aspects related to
long-term management of forests and consequences for biodiversity and ecosystem services can
only be addressed at regional and landscape levels. In order to be attended to in the policy process,
there is a need for a method that downscales national scenarios to these finer levels. Background
and Objectives: Regional framework conditions depend on management activities in the country as
a whole. The aim of this study is to evaluate the use of a forest sector model (FSM) as a method for
downscaling national scenarios results to regional level. The national FSM takes the global scenario
data (e.g., harvest level and market prices over time) and solves the national problem. The result
for the region of interest is taken as framework conditions for the regional study. Materials and
Methods: Two different specifications are tested. One lets product volumes and prices represent
endogenous variables in the FSM model. The other takes volumes and prices from the global scenario
as exogenous parameters. The first specification attains a maximum net social payoff whereas the
second specification means that net present value is maximized under a harvest constraint. Results:
The maximum net social payoff specification conforms better to economic factors than the maximum
net present value specification but could give national harvest volume trajectories that deviates
from what is derived from the global model. This means that regional harvest activity can deviate
considerably from the national average, attesting to the benefit of the use of the FSM-based method

Keywords: scenario; global forest model forest sector; partial equilibrium model; forest region;
green infrastructure

1. Introduction

The forest sector is facing major challenges because of the emerging modern bioeconomy and the
implementation of international climate change mitigation agreements. National forest policies are
currently developed in many countries. In the European Union (EU), member states form National
Forest Programs under the EU Forest Strategy umbrella (EU 2013). Global scenarios of socioeconomic
development have been pointed out as important when performing national-level analysis and
discussing how policy-making may tackle trade-offs between conflicting objectives [1-4]. One set of
global scenarios that is commonly used to perform such analysis is the global Shared Socioeconomic
Pathways (SSP) and Representative Concentration Pathway (RCP) scenarios. While these global
scenarios were originally developed to help produce the Intergovernmental Panel on Climate Change
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(IPCC) Sixth Assessment Report, they form an intricate part of linking national decision to global
developments as they provide insights on how social and economic developments and international
climate agreements may impact land use, trade, product markets, and carbon balances. A range of
studies provides the investigation frameworks as to how national forest policies could be formulated
in view of potential developments on the global level [5-10].

National forest policies depend on finding a balance between a range of aspects under the three
main pillars of sustainable forest management: ecological, economic and sociocultural. Analyses
on a national level are typically based on projection systems that rely on national forest inventory
(NFI) data [11]. NFI data is with few exceptions composed of measurements from an outline of plots.
A number of aspects are satisfactorily analyzed by consolidating results from the plots. Examples
include aspects such as harvest level [12], the ability to reduce GHG net emissions with the substitution
of fossil-based by bio-based products [13], water brownification [14], volumes of dead wood [15], areas
of old forest [1], the response of biodiversity to these changes [16], and recreational values [17].

No rigorous method has yet been presented to transfer global scenarios over the national level to
the regional level. By a rigorous method is here meant that consistency is preserved as regards the
market conditions behind the global scenario and the national scenario. Market conditions are what
ultimately drive the distribution of resources in a global scenario. Thus, preserving those conditions
when downscaling national scenarios would be essential for the region to form an integral part of
the national level, and subsequently of the global system. One reason for the lack of tools is that the
research area is still emerging; there are few examples where global scenarios have framed regional
analyses. In a study by [18], climate change and prices from a global model are applied. However,
the national wood demand scenarios are not included. For instance, several of the aforementioned
global studies indicate increasing volume demands. How this challenge is approached and what
consequences it has could be the very essence of the regional study. This is analyzed in [1]; however
without letting the market conditions—except national harvest volumes—affect forest management.

One of few alternatives to reflect changes in demand at regional level is to assume that regional
demand follows the national demand in relative terms. This is a reasonable approach if the region in
question somehow resembles the national average. The obvious drawback is that different regions
may have different histories with regards to forest management, industrial development, and impact
of disturbances. For example, if the region has a relative shortage of forests mature for final felling
compared to the rest of the country, the current harvests of the region would be smaller than the
national average in the near future and probably larger than national average in later time periods.
This is a pattern that can be identified for Sweden [12].

The aim of this study is to evaluate the use of a forest sector model (FSM) as a method for
downscaling the global scenario results to the regional level, here represented by four counties. An FSM
is defined by [19] as “ ... a model (numerical or strictly analytical) which takes into account both
forestry and forest industries and the interaction between these two activities ... “. The use of an FSM
as a mechanism to translate high-level hierarchical data to regional level, to the best of our knowledge,
has not been investigated before. The national FSM takes the global scenario data (e.g., harvest level
and market prices over time) as exogenous parameters, solves the national problem, and derives
demand for the region. The choice of an FSM is determined by the need to maintain the same basic
principles for the national model as those operating in the global model. A range of global models
are FSMs and driven by physical and economic conditions, like land use changes, GDP projections,
costs structures, and final products demand. Among them are (European Forest Institure Global
Trade Model (EFI-GTM) and Timber Supply Model (TSM) [20], European Forestry Dynamics Model
(EFDM) [21], and GLOBIOM [22]. Thus, to couple a national model to any of these models, it would
preferentially be an FSM. This precludes some models, e.g., Heureka/RegWise [23] and European Forest
Information Scenario EFISCEN [24] model, both of which derive forest management as a function of
the state of the forest. They are thus not designed to adapt economic factors or the interplay with the
demand side through industrial processes.
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The global FSM used in this study is GLOBIOM [22]. The demand scenarios for Sweden from
GLOBIOM form the input to the national FSM, i.e., the Swedish Forest Sector Model (SweFor) model
(detailed in Section 2.3). SweFor is applied assuming two specifications of demand. One specification
stipulates that demand volumes according to GLOBIOM should be harvested, i.e., there is a volume
target. The other version instead specifies demand functions based on volumes and prices from
GLOBIOM. The second specification leaves the forest owners and other agents of the sector free
to adjust harvest activities to the demand functions derived from the GLOBIOM national scenario.
The criteria that evaluate the two national demand specifications are, firstly, to what extents the
outcomes coincide with the current harvest level, and, secondly the extent of temporal variation in
harvest volume. The outcomes of the application of the national FSM-based method are evaluated for
four Swedish counties of different size and initial forest conditions.

2. Methods and Data

2.1. Forest Partial Equilibrium Models

Both GLOBIOM and SweFor are partial equilibrium models (PEM), a variant of FSMs. A PEM is
partial in the sense that it factors prices that are established outside system boundaries and assumed
prices to be unaffected by the forest sector. In contrast, prices and volumes of feedstocks and forest
products are endogenous. It is an equilibrium model in the sense that all markets are cleared. PEMs are
powerful tools for studying the interaction between industry branches and forest management within
the forest sector [8,20]. PEMs have been used on a global as well as national level with different foci.
A frequent theme for national-level studies is climate change where the effectiveness of mitigation efforts
is investigated with due attention to industrial capacity, profitability and market saturation [25-28].
Another common area of study concerns the relation between the forest sector, policy interventions and
biodiversity. Several of them are describing Nordic conditions [2,29,30]. These studies imply that PEMs
can adequately reflect conditions of the sector, including aspects that depend on forest management.

A central concept for PEMs is a net social surplus, or net social payoff (NSP). It is defined as the
integral under the demand function to the market-clearing volume, the consumer surplus, less the
integral of the supply function for the same interval [31]. The first quantity represents the value to buyers
and the second quantity represents the accumulated cost for producers to supply the market-clearing
volume. Since the problems are multi-period, the net social surplus of different periods is discounted.

2.2. GLOBIOM

The global forest sector model used in this study is the Global Biosphere Management Model
(GLOBIOM) [22,32], a PEM developed and maintained at IIASA. GLOBIOM is a global recursive
dynamic partial equilibrium bottom-up model that covers the forestry, agricultural and bioenergy
sectors and where economic optimization is based on the spatial equilibrium modeling approach [33].
The model is based on a bottom-up approach where the supply side of the model is built-up from
the bottom (land cover, land use, management systems) to the top (production/markets). It is
recursive in the sense that decisions are made period by period. Commodity demand is specified as
a stepwise-linearized downward sloped function based on [34] with constant own-price elasticities
parameterized using FAOSTAT data on prices and quantities [35], and price elasticities as reported
in [36]. The model computes the global market equilibrium for forest and agricultural products by
allocating land use amongst production activities to maximize the sum of producer and consumer
surplus subject to resource, technological, demand and policy constraints. The level of production
in a given area is determined by the forestry or agricultural productivity in that area (dependent on
suitability and management), by market prices (reflecting the level of demand), and by the conditions
and cost associated to the conversion of land, to the expansion of production and, when relevant,
to international market access. Demand and international trade are represented at the level of
53 aggregated world regions (28 EU member countries, 25 regions outside EU).
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The spatial resolution of the supply side relies on the concept of simulation units, which are in
aggregates of 5 to 30 arcmin pixels belonging to the same altitude, slope, and soil class, and also the
same country [37]. For crops, livestock, and forest products, Leontief production functions covering
a comprehensive set of alternative production systems with different intensities are parameterized
using biophysical models like EPIC [38], G4M [39,40], or RUMINANT [41]. In this study, we use
a version of the GLOBIOM model that is similar to [9] and the scenarios considered are developed
based on assumptions taken from the SSP-RCP scenario database [42]. As such, the scenarios are
defined according to a combination of assumptions between the shared socioeconomic pathways
(SSPs, [43]) and the representative concentration pathways (RCPs, [44,45]). The SSPs describe different
pathways of population and economic growth, income distribution, trade and consumption patterns.
The RCPs describe projections for the atmospheric concentration of greenhouse gases under different
climate change mitigation policies. More information about the model and related publications can be
found on the webpage www.globiom.org. From here on and if nothing else is stated, the term scenario
refers to scenarios from GLOBIOM.

2.3. SweFor

In contrast to GLOBIOM, which is a recursive model, SweFor is an intertemporal model, meaning
that all markets are cleared simultaneously in all periods. They share the same assumption in regards to
agents’ behavior, i.e., they are assumed to be profit maximizers. SweFor has a simple, though standard,
demand side and a more elaborate supply side, especially the description of forest management and
its linkage to further processing. The description of the state of the forest is given by a set of NFI plots.
SweFor maintains the integrity and location of the individual NFI plot data and has, therefore, a rather
high resolution. This makes SweFor well adapted to the analyses of long-term forest management
and allows some flexibility to downscale to arbitrary definitions of regions through the mesh of plots
covering Sweden. SweFor has the same structure as the Norwegian Forest Sector Model (NorFor)
model [46] with differences as to how the forest is represented and the details of industrial processes.

The demand side of the sector is represented by four branches—sawn wood, mechanical pulp,
chemical pulp and energy through district heating plants—each described by a demand function with
constant elasticity. The constant elasticity approach is found in more aggregated models for analysis
on a global or large regional level, for instance in GLOBIOM (see above) and EFDM [21], on a national
level [47] or in models such as SRTS [48] which is designed for smaller regions.

Material flows are illustrated in Figure 1. The supply of logs and residues emanates from the
NFI sample plots, each with a distinct location and representing a certain area of the Swedish forest.
Harvested volumes from a plot are transported to facilities of different kinds that are within range.
Here, a facility is a sawmill, pulp mill, or a heating plant, each with a specific capacity and location.
Sawmills are divided into those accepting only pine, spruce or any species, respectively, and pulp mills
are divided into those producing mechanical pulp, which only accepts spruce, and those producing
chemical pulp and accept all tree species. Logging residues (e.g., branches and treetops) can only be
transported to a heating plant, whereas logs can be used by any facility. There are flows of industrial
by-products (i.e., sawdust, wood chips) between facilities such that the sawmill industry can deliver
wood chips to pulp mills and sawdust to heating plants. Bark, in-line with current practices, is assumed
to be used for heating purposes to support processes within each facility.

In the mathematical description of SweFor sets and parameters are in capital letters, while indices
and variables are in small letters (Table 1).

In the equations of the mathematical model, an index is assumed to belong to the full set as it is
defined above if nothing else is stated (Table 2). For clarity, the model is divided into four subsections;
namely (a) transportation and production, (b) determination of capacity, (c) matching supply against
demand, and (d) accounting for costs and surplus. The problem is to maximize net social surplus
Equation (1) subject to constraints Equations (2)—(18).
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Figure 1. Types of biomass commodities that emanate from national forest inventory plots (boxes
on the left), types of facilities that process feedstock (boxes in the center) thereby creating industrial
by-products (i.e., sawdust and chips), and final marketed products (indicated on the right).

Table 1. Notation used for describing the SweFor model.

Sets and Indices

Explanation

Set of scenarios and set index

S, s
T, t Set of time periods and set index
Ii Set of NFI plots and t index
I Jirj Set of management programs, the subset belonging to set I, and set index
F, fand f’ Set of factors and set index
C, cand Set of facilities and t index
B, B, b Set of facility types, the singleton set designating the facility type of facility c and set index
K, k The set of elements constituting the stepwise demand functions, and set index
Variables
Xij Share of the area of NFI plot i allocated to management program j
Yfict Amount of factor f transported from NFI plot i to facility c in period ¢
Qfect Amount of factor f transported from facility c to facility ¢’ in period ¢
Zfet Amount of factor f to be used as input at facility c in period ¢
Ofet Amount of factor f produced at facility ¢ in period ¢
Tet Capacity of facility ¢ in period ¢
Mt Maintained capacity at facility c in period ¢
et Investment in new capacity at facility ¢ in period ¢
Ut Total output of factor f in period ¢
U it Amount allocated to step k of factor f in period ¢
Vi Total cost in period t
6; Total surplus in period ¢
m Total net socl surplus
Parameters
r.. Available amount at roadside of factor f in period ¢ represented by NFI plot i when allocated
fift management program j
E.. Standing stock after harvest in period T represented by NFI plot i when allocated
g management program j
H Cost due to forest management activities in period t represented by NFI plot i when
it allocated management program j
Ii The initial standing stock

i
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Table 1. Cont.

Parameters Explanation
Lysp Unit output of factor f’ per unit input of factor f for facility of type b
R. Initial capacity of facility ¢
Q ft Maximum amount to be allocated to step k of the demand function for factor f in period ¢
Pty Price per unit at step k of the demand function for factor f in period ¢
Ty Unit transport cost of factor f per distance unit
D;j. Distance between NFI plot i and facility ¢
D Distance between facility ¢ and facility ¢’
Apy Unit operating cost per input of factor f for a facility of type b
M, Maintenance cost per unit of capacity for a facility of type b
Nc Cost of installing new capacity for a facility of type b
Y. Capital cost per unit of capacity for a facility of type b
D Discount factor for period ¢

Table 2. Mathematical description of the SweFor model.

Maximize 7t subject to 1)

Transport and production model

Y x;i=1 .

L i Viel )

%L Fijeij 2 LY fic Viel,feFteT  (3)

cht:Zi:yfict"‘;qfc’ct VfieFceCteT (5

Ofct = %LBcf’f'Zf’cf VfeFceCteT (6)

;qﬁw < Ofet VfeFceCteT (7)

Ofct < Tet VfeFceCteT 8)
Capacity model

re1 = Re YceC 9)

Tet = Met + Nt VceC,teT\{1} (10)

Mep < Topq VceC teT\(1}) (11)
Demand model

Vst :§0fct VfeFteT (12)

U < Qfkt VfeFkeKteT (13)

Vfp = Zk:”fkt VfeFteT (14)

Financial model

re= 2 Hijp-xij+ LT Dic-Yfict + L Ty D'cer *Geert
fic fec

i,j€];
]] +J§tABcf'cht +§MBC Mt VteT (15)
+§NBC -nct+§‘I’BC~m
Ot :%(Pfkt'”fkt VteT (16)
n= ;d% (6= 1) 17)

and all variables > 0 except 71, y; and O; that are free and

x,-]- € (0, 1) (18)

The forest is modelled as a Model I [49], i.e., for each plot there is a number of management
regimes, each covering the entire planning horizon and holding relevant information for each planning
period. Equation (2) makes sure that the area represented by each plot 7 is allocated management
programs. Equation (3) ensures that the deliveries to different facilities from each plot in each period
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do not exceed the amounts that are available. Equation (4) is a measure of sustainability, i.e., it secures
that a volume equal to the initial standing volume is left at the end of the projection period. Equation
(5) summarizes for each factor, facility, and period the amounts coming from plots or other facilities.
Equation (6) gives the output of each factor for each facility ¢ and period based on the Leontief
production function B, i.e., the production function is defined for the kind of final forest product
of the facility. Equation (7) puts an upper bound on the deliveries of each factor from each facility
to other facilities; this only concerns by-products. Equation (8) limits production for each facility
in each period to the available capacity; this only concerns the main factor output for the facility
with the capacity for all other outputs set to infinity. Equation (9) sets the capacity to the existing
capacity for each facility in the first period, whereas Equation (10) sets the capacity in further periods
depending on how much is invested in new capacity and how much is maintained of the existing
capacity from the previous period, the latter limited by Equion (11). Equation (12) summarizes the
output of each factor for each period. Equations (13) and (14) ensure that for each factor in each period,
output is distributed based on the stepwise demand function. Equations (12)—(14) is only effective
for those outputs having a products market value. Equation (15) summarizes all costs in each period,
i.e., costs of forest management including harvesting activities, transports of factors from plots to
facilities, transports of factors between facilities, production costs at facilities, capacity maintenance
and investment costs. Equation (16) assigns value to the volumes allocated to the steps of the demand
function for each factor and period and Equation (17), finally, discounts gross surplus-value less costs
to a total net social surplus value, which is maximized in Equation (1). It may seem superfluous to
have Equation (12); it could easily be substituted into Equation (14). However, Equation (12) turned
out to be indispensable in order to attain a solution in reasonable computing time.

The two different specifications of demand applied in SweFor can now be defined within the
model frameworks. The specification where demand is represented with demand functions is termed
MaxNSP since prices and supplied volumes are determined endogenously in the model by maximizing
NSP. The MaxNSP problem is solved as stated in Equations (1)-(18). Market prices and volumes from
the GLOBIOM scenarios are input for the demand functions that are implemented with parameters
Qfxt and Pz in the model. The other specification with fixed volumes solves the problem in relation to
the constraint where supplied volumes should equal the amount of sawn wood, mechanical pulp, and
chemical pulp as specified by the respective GLOBIOM scenario (energy is not constrained because
the volumes assigned for energy production in GLOBIOM is a separate assortment whereas it is
a combination of inputs in SweFor; cf. Figure 1). The ensuing problem will then be an ordinary NPV
maximization problem with fixed volume requirements and termed MaxNPV. Technically, it means
turning the variable v, in Equation (12) into a parameter with a fixed value for each period t and for
each of the relevant factors f .

2.4. Data

The outcomes from GLOBIOM of the different scenarios at country level are presented in
Appendix A. Three of the Swedish GLOBIOM scenarios are used in this study: RCP4p5.SSP3,
RCP2p6.55P4, and RCP2p6.SSP5. RCP4p5.SSP3 has the smallest total requirement on feedstock supply
in the last period, scenario RCP2p6.SSP5 is the one most demanding in this respect, and RCP2p6.55P4
has a supply requirement in between these two extremes.

The SweFor demand functions for the first period reflect the current situation as regards prices
and volumes (see Appendix B for these items and other parameters of the SweFor model). Subsequent
periods follow the relative change of prices and volumes of the GLOBIOM scenario where saw logs
are associated with sawn wood and pulpwood is associated with chemical and mechanical pulp.
The volume trend for the energy market is associated with the trend for harvest of non-industrial
roundwood and the price trend with the trend from [50].

The SweFor model is set up with 41 sawmills, 35 pulp mills, and 63 heating plants. When
implementing the model, transport options are limited in order to limit the size of the model.
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Two conditions are satisfied for eligibility: (i) transport distance between a plot and facility or from
a facility to another facility should not exceed 300 km Euclidian distance, and (ii) a plot can only be
connected to a maximum of 10 (nearest) facilities of each type and by-products can only be transported
to a maximum of 2 (nearest) facilities. Additional parameter settings are found in Appendix B.
Results from four Swedish counties with different characteristics are presented; Viasterbotten
(=N for Northern Sweden); Vastmanland (=M for Mid Sweden); Kronoberg (=S for Southern Sweden);
and Gotland (=I for an island county) (Figure 2 and Table 3). The N and S counties are the larger
ones and are located in fairly well-developed forest industrial regions, while M has little own forest
industry although located close to forest industrial regions, and I is an island. The main reason to
choose counties instead of some other aerial unit is that they are easily identifiable with the NFI data.
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Figure 2. The location of study counties Vésterbotten (N), Kronoberg (S), Vastmanland (M), and
Gotland (I) and the facilities heating plants, pulp mills, and sawmills.

Table 3. Size and number of national forest inventory plots of the four selected counties.

County
N S M I
Forest area (ha) 2,933,574 693,807 333,770 141,278
No. of plots 458 233 122 59
Mean volume (m? ha™1) 104 144 163 114
Average age (y) 68 43 50 75
Productivity (m3 ha=! y=1) 32 8.9 7.3 3.8
Conifers (% of volume) 81 80 77 76

Deciduous (% of volume) 19 18 23 24
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A total of 5,553 NFI plots inventoried during 2012 [51] are used for the national scenario analysis.
They represent 19.9 million ha of productive forest that supplies timber markets after subtracting 5% of
the area assumed to be designated for private use (mainly firewood).

Several forest management programs are created for each NFI plot with the PlanWise application
of the Heureka forest decision support system [23]. Scenario RCP4p5.55P3 is in Heureka modelled
with radiative forcing RCP4.5, whereas scenarios RCP2p6.55P4 and RCP2p6.5SP5 are assumed to not
have any climate change effect on growth. The system outputs used are available amounts at roadside
of timber and slash, costs for silvicultural and harvesting operations, and standing volumes. About
130,000 forest management activities, corresponding to the x;; variables of the model, were supplied by
Heureka to SweFor. The time horizon is 100 years, distributed into 20 5-year periods. Present values
are calculated with a real rate of 3% y .

SweFor was formulated with the modelling tool AIMMS Developer version 4.20 [52] and solved
with Gurobi version 7.5 [53] with LP method barrier. The problem size is typically about 0.6 million
constraints and 10 million variables with CPU solution times of about 1 hour with Intel(R) i7-4770 at
3.4 GHz.

3. Results

3.1. National Level

The total harvest volume entering processing facilities over the next 100 years for the three
scenarios according to methods MaxNSP and MaxNPV is shown in Figure 3 together with the national
scenario figure for harvested wood going to sawmills and pulp mills. None of the demand specifications
results in exactly the same numbers as the GLOBIOM scenario. MaxNPV deviates from the scenario
for two reasons. Firstly, SweFor can assign wood for use in heating plants, whereas the scenario only
covers what goes to sawmills and pulp mills. This is why MaxNPV is above scenario figures for
almost all periods in scenarios RCP4p5.55P3 and RCP2p6.55P4. Secondly, the demand in scenario
RCP2p6.SSP5 is so high that it cannot be fully met in the latter half of the projection period. This
is due to the constraint on ending stocking, Equation (3), which is binding for all solutions and all
scenarios and for MaxNSP as well as for MaxNPV. MaxNSP follows quite a different trajectory than
the scenario. Harvest volumes, except for the last decades in RCP2p6.5SP5, are generally higher in
the beginning and lower at the end of the planning horizon. The reason is that it is more profitable
to harvest and process larger quantities in the beginning than later unless increased prices offset this
effect. Contributing to this is the constraint on ending stocking. This constraint is also the likely cause
for the slightly lower harvest during the first 70 years in scenario RCP2p6.5SP5 compared to the other
two scenarios. Lower harvests in the beginning give room for a relative increase of the national harvest
level at the end of the projection period when prices are relatively high. For instance, the price of sawn
wood in the last period in scenario RCP2p6.SSP5 is almost double that of RCP2p6.SSP4, and almost
four times that of RCP4p5.S5P3.

3.2. County Level

Figure 4 forms the basis for analyzing three issues: How patterns vary from period to period, to
what extent initial harvests deviate from the current level, and the degree to which the FSM method
makes a difference compared to the assumption that the relative contribution from a region stays the
same over time. The study of the two latter questions relies on the data presented by [54] on current
harvest volumes distributed on countries.

The MaxNSP specification of national volume demand relative to MaxINPV displays a smoother
development over the periods for the larger regions N and S, while the smaller regions I and M
have harvests that vary considerably from period to period for both MaxNPV and MaxNSP. There is
a tendency for the harvest profile to express a larger variation over time with the MaxNPV formulation
than with the MaxINSP formulation. This applies to both small and large regions.
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Figure 3. Total national harvest volume entering sawmills, pulp mills and heating plants for three

scenarios computed with SweFor for demand specifications MaxNSP and MaxNPV (m? o.b. including
treetops) and the harvest volume specified in the GLOBIOM national scenario destined for sawmills
and pulp mills. (a) Scenario RCP4p5.55P3; (b) scenario RCP2p6.SSP4; (c) scenario RCP2p6.SSP5.
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Figure 4. Harvest volumes (m3 o.b. including treetops) for counties Visterbotten (N), Kronoberg (S),
Viastmanland (M), and Gotland (I) for scenarios RCP4p5.SSP3, RCP2p6.55P4, and RCP2p6.SSP5 (left,
middle and right panel) according to solutions for MaxNSP and MaxNPV, and as a constant share
of the national GLOBIOM scenario volume. (a) Scenario RCP4p5.55P3; (b) scenario RCP2p6.55P4;
(c) scenario RCP2p6.SSP5.

Harvests in the first period in the larger regions deviate considerably from the current level.
First-period harvest deviates more from the current level for MaxINPV than for MaxNSP for all counties.
This may reflect that MaxNPV solutions have larger variation and therefore tend to show larger
deviations from a specific value.

Due to the variation of harvests on the county level, the trend of the FSM specifications is not easily
compared to the trajectory given as a constant share of national harvests. The MaxNSP specification
has a general tendency to provide trajectories that are fairly on the same level throughout the time
horizon, which is in agreement with the solution on a national level. Thus, the more harvests change
over time, the more the MaxNSP specification would deviate from the MaxNPV specification. For the
MaxNPV specification county N has a reduction of harvests after the initial cut, county S is more on
the same level throughout, and county I shows a reduction over time. None of these observations is in
line with the scenario trend despite the fact that harvests with this specification are forced to follow the
scenario on a national level. County M, though, appears to give a similar trend as the national share.

To test the importance of the number of plots for the variation over time noticed above, scenario
RCP2p6.55P4 was run with 2 years NFI material, i.e., a total of 10,663 plots. This had essentially no
discernable effect for the larger counties except that method MaxNPV shows a larger variation than
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with one-year NFI material (Figure 5). The smaller counties M and I do show a somewhat reduced
variation as a result of the increase in number of plots.
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Figure 5. Harvest volumes (m3 o.b. including treetops) for counties Vasterbotten (N), Kronoberg (S),
Véstmanland (M), and Gotland (I) for scenario RCP2p6.SSP4, using NFI plots measured during
two years.

4. Discussion

The discussion will first investigate the general properties of the FSM method as tools for modelling
the national forest sector. Thereafter, we trace the implications of the method for identifying frame
conditions for regional studies, including the case where the resolution of the data is inadequate for
representing the region.
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The MaxNSP model formulation is the standard formulation for PEMs [20] with a strong footing
in economic theory [31]. MaxNPV can be characterized as a standard harvest scheduling problem,
in this case with an attached industrial model, and is therefore operating with much more restrictive
assumptions than the MaxNSP model. The argument for the use of the MaxNPV model over the
MaxNSP model would be that it enables a strict prolongation of the global scenario to the national level.
In this respect, the MaxNPV model resembles the method used by [1]. With the market elasticities
used with the MaxINSP model in this study, rather different trajectories emanate compared to the ones
from GLOBIOM (Figure 3). This may be a serious complication if the very aim of the analyses is to
investigate the consequences of satisfying scenario requirements stemming from the global model.

Two criteria are the focus at the regional level; variation over time of the harvest volumes and
first-period harvests. Starting with variation, the results indicate that two factors are at play when it
comes to explaining varying harvests over time; the constraints on solution space and the size of the area
in terms of number of NFI plots. MaxINPV has a more constrained solution space compared to MaxNSP
since the former locks volume to certain values whereas MaxNSP varies activity more according to
economic conditions. Thus, less weight is put on economic factors and more on the volume production
aspect for MaxNPV than for MaxINSP. Forestry is, to a large extent, a matter of transportation. Bigger
variations imply that catchment areas of industries will vary more and on average be more costly due
to longer transport distances. Thus, economic factors incentivize limited variation in harvests over
time. Assuming that forestry over a larger area, such as a region, is characterized by a certain stability,
this would favor the MaxNSP formulation over the MaxNPV formulation.

The smaller counties express harvest patterns with greater variation than the larger areas. County
I for instance, with only 59 NFI plots, comes close to a zigzag pattern. The problem is difficult to avoid.
Models built to handle forest management problems on a national level are with few exceptions, if any,
built on NFI data, where a sparse grid of plots represents NFI data. The two smaller counties are the
ones where variation is reduced with adding plots. Of course, the more years of inventories that can be
used, the better. There is a limit to this remedy, both with respect to the pedigree of the data and the
constraints of computing capacity to solve the SEM. Another approach to get around this problem
would be to identify a larger area that consists of enough plots to represent the region, a master area.
The master area could be checked for having properties, such as age class structure, average standing
volume, and species distribution, as the target region. A complementary approach to the problem
would be smoothing the time profile.

The first-period harvest has to do with the ability of the method to reflect actual conditions. If the
model predicts harvests far from the current levels, it indicates that data are flawed or some essential
aspect is missing challenging the realism of the results. The current implementations of the MaxNSP
and MaxNPV formulations are problematic in this respect. To avoid large deviations from the current
activity level, one could anchor the first-period harvests to the current level and let the regional model
follow the relative variation of the FSM solution for the master area. The drawback is that the average
harvest level will change. This, for instance, could result in an unmotivated buildup of standing
volume when shifting the level down and infeasible solutions when shifting the level up. Another way
to control first-period harvest would be to introduce a constraint for each county (or comparable area
unit for which there is data) in the FSM model to ensure that current harvests are met. In the current
case, where the GLOBIOM model is harmonized to arrive at current harvests for countries and regions
in the first period, this could make for better consistency between the two levels of analysis.

The results are here focused on the total harvest. A good reason for that is that in managed forests,
it would normally be the measure of the largest impact. More detailed forest management specifications
could, of course, be found in the solution from the national FSM, like different establishment methods
or the distribution of harvests on different forms of felling and management methods. However, those
would be even more dependent on the density of NFI pots than total harvest volumes as they concern
smaller areas or smaller fractions of the harvest.
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There will most likely always be inconsistencies between the specifications of the scenario model,
in this case GLOBIOM, and those of the national FSM, in this case SweFor. These could include
differentiation among timber assortments, the exact definitions of forest areas, the reference year for
data, growth functions, etc. In this particular case, we have scenarios prescribing industry gate prices
and volumes, whereas SweFor operates with prices and quantities for forest products markets (i.e.,
sawn wood, pulp and energy). This makes a direct translation of the national scenario to the national
model difficult. This relates in particular to the different descriptions of how forest energy is defined.
Another reason MaxNSP solutions differ from scenario values is probably that there is an ending
standing volume constraint in SweFor, but not in GLOBIOM. This constraint is binding for all scenarios
for both MaxNSP and MaxINPV models. It is, of course, possible to get a better alignment of GLOBIOM
and SweFor results if the constraint is removed. However, the conditions set by the government
for forest policy analysis states an even stronger constraint, i.e., standing volume is not allowed to
diminish at any future point [12]. Thus, it would probably be difficult to leave out the standing volume
constraint, or a comparable construct, and still have a valid model. To conclude, different models are
different (that is the very idea behind using them) and the consequences of model inconsistencies have
to be observed.

5. Conclusions

The use of a national FSM allows the regional conditions to be reflected in the analysis in a way
that is consistent with global scenarios. The deviations of harvest volume trajectories formed by the
solutions to the FSM-based models from those formed under the assumption of a constant national share
constitute evidence in this direction. However, it requires making a number of choices and analyses.
One is choosing between different model formulations. In this study, the standard formulation of
a PEM with demand functions is contrasted against a modified harvest scheduling model, the former
with more economic logic and resulting in less temporal variation and the latter with more regional
variation but conforming better with the national scenario given by the global model. The tendency of
larger temporal variation for smaller regions would make it necessary to analyze the performance at
the larger region before implementing framework conditions for the smaller region.
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Appendix A

Appendix A.1. Material—Scenarios

Demand projections as estimated by the GLOBIOM model for the set of global scenarios are as
follows. It should be notes that each scenario is a combination of assumptions concerning the shared
socioeconomic pathways (SSP) and the representative concentration pathways (RCP). For further
details concerning how the SSP and RCP scenarios are implemented in the GLOBIOM model, we refer
to [9,55].
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Appendix A.2. Scenario Estimates for Sweden

Table A1. Total national harvest (millions of m3/year, excluding bark, harvesting losses and branches).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P1  69.73 7636 82.83 8622 8993 9187 94.04 96.00 97.95 100.03
RCP8p5.55P2  69.73 76.28 82.83 8454 89.57 9134 9334 95.17 97.31 99.61
RCP8p5.55P3  69.73 75.66 8257 8415 8738 8775 8813 88.17 88.18 88.32
RCP8p5.55P4  69.73 7595 82.83 8485 8897 90.58 9224 93.51 94.90 96.15
RCP8p5.55P5  69.73 76.55 82.83 87.45 9329 9673 10351 110.88 11749 12295
RCP4p5.55P1  69.73 7636 82.83 8622 8992 9186  94.04 95.94 97.89 100.37
RCP4p5.55P2  69.73 7629 82.83 8455 8896 90.73  92.82 94.68 97.06 99.88
RCP4p5.55P3  69.73 75.66 8258 84.16 8737 8774  88.12 88.16 88.18 88.41
RCP4p5.55P4  69.73 7595 8283 8485 8942 9111 92.69 94.16 95.33 96.98
RCP4p5.55P5 69.73 76.55 8283 8745 9328 9673 10351 11086 11736 12295
RCP2p6.5SP1  69.73 7636 82.83 8622 8993 92.06 9475 97.86 10231  112.56
RCP2p6.5SP2  69.73 7630 82.83 8455 88.96 9091 93.36 96.89 103.33  115.23
RCP2p6.5SP3  69.73 7570 82.64 8418 8738 88.05 88.90 90.06 96.04 107.92
RCP2p6.5SP4  69.73 7595 82.83 8482 8936 91.07 93.10 95.36 99.40 109.68
RCP2p6.5SP5 69.73 76.55 82.83 8745 9329 9734 10470 113.03 12222  123.00

Table A2. Industrial roundwood harvest (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P1  63.83 6876 7358 7611 7888 80.33 8195 8342  84.87 86.42
RCP8p5.55P2  63.83 68.70 73.58 7485 7861 7994 8143 8279  84.39 86.11
RCP8p5.55P3  63.83 6824 7338 7456 7698 7725 7754 7757  77.57 77.68
RCP8p5.55P4 63.83 6846 7358 7509 7816 79.37 80.61 8156  82.59 83.53
RCP8p5.55P5 63.83 6890 7358 77.03 8139 8397 89.03 9455  99.48 103.56
RCP4p5.55P1  63.83 68.76 73.58 76.11 78.88 80.32 8195 8337  84.82 86.68
RCP4p5.55P2  63.83 6871 7358 7486 7816 7948 81.04 8243 8421 86.31
RCP4p5.55P3  63.83 6824 7339 7457 7697 7724 7753 7756  77.57 77.74
RCP4p5.55P4  63.83 6846 7358 75.08 7850 79.77 8095 82.04 8291 84.15
RCP4p5.55P5 63.83 6890 7358 77.03 8139 8396 89.03 9453  99.38 103.56
RCP2p6.5SP1  63.83 68.76 7358 76.11 78.88 8047 8248 84.81 88.13 95.79
RCP2p6.5SP2  63.83 68.72 73.58 7486 7816 79.61 8144 84.08  88.89 97.79
RCP2p6.5SP3  63.83 6827 7343 7458 7697 7748 7811 7898  83.45 92.33
RCP2p6.5S5P4  63.83 6846 7358 7506 7845 7973 8125 8294  85.95 93.65
RCP2p6.5SP5  63.83 6890 7358 77.03 8140 8442 8992 96.15 103.01 103.60

Table A3. Industrial roundwood harvest assortments—Sawlogs (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P1  33.00 36.29 4028 4237 4346 4463 4597 46,57 47.16 48.01
RCP8p5.55P2  33.00 36.24 40.07 4099 4278 43.82 4502 4555 4629 4728
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Table A3. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P3  33.00 35.92 3935 4054 4125 4145 4165 41.65 4165 41.65
RCP8p5.55P4  33.00 36.03 3991 4097 4248 4344 4445 4483 4525 45.63
RCP8p5.55P5  33.00 36.31 40.06 4237 4496 4727 5089 5436 57.18 59.51
RCP4p5.55P1  33.00 36.29 40.28 4237 4347 4464 4598 46.56 47.16 48.02
RCP4p5.55P2  33.00 36.24 3992 40.84 4243 4346 4474 4531 46.05 47.06
RCP4p5.55P3  33.00 3592 3935 4054 4125 4145 4165 41.65 4165 41.65
RCP4p5.55P4  33.00 36.03 3991 4096 4251 4354 4448 4493 4528 4579
RCP4p5.55P5  33.00 36.31 40.05 4237 4496 4727 5089 5435 57.12 59.51
RCP2p6.5SP1  33.00 36.29 40.28 4237 4347 4479 46.06 4701 49.17 50.83
RCP2p6.SSP2  33.00 36.25 3992 40.84 4244 43.61 4497 4605 4815 49.92
RCP2p6.5SP3  33.00 3595 3939 4055 4127 4160 4195 4195 4195 4195
RCP2p6.5SP4  33.00 36.03 3991 4094 4245 4348 4455 4524 4617 46.83
RCP2p6.SSP5  33.00 36.31 40.05 4237 4496 4759 5164 5527 5920 59.53

Table A4. Industrial roundwood harvest assortments—Pulpwood (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.5SP1  30.33 3198 3281 3327 3495 3522 3551 3637 3723 3794
RCP8p5.55P2 3033 3197 33.02 3338 3536 35.64 3594 3676 37.62 3836
RCP8p5.55P3  30.33 31.83 3354 3354 3525 3532 3540 3543 3543 3553
RCP8p5.55P4  30.33 3193 3318 33.64 3521 3545 35.68 3624 36.87 37.42
RCP8p5.55P5  30.33 3210 33.04 3419 3596 3623 37.68 39.72 4184 43.60
RCP4p5.55P1  30.33 31.98 3281 3327 3493 3521 3549 3633 37.19 38.19
RCP4p5.55P2  30.33 3197 3317 33.54 3526 3554 3582 36.64 37.68 38.78
RCP4p5.55P3 3033 31.83 3355 3355 3524 3531 3539 3542 3543 35.60
RCP4p5.55P4 3033 3193 33.18 33.64 3552 3575 3599 36.63 37.15 37.88
RCP4p5.5SP5  30.33 3210 33.04 3419 3596 3623 37.67 3972 4180 43.60
RCP2p6.5SP1 3033 3198 32.81 3327 3493 3521 3595 3732 3848 4449
RCP2p6.5SP2 3033 3197 33.17 3354 3525 3553 36.00 3755 4027 4741
RCP2p6.5SP3  30.33 31.83 3356 3356 3522 3539 3567 3654 41.02 4992
RCP2p6.55P4 3033 3193 33.18 33.64 3554 3577 3622 3722 3931 4635
RCP2p6.5SP5  30.33 3210 33.04 3419 3597 3636 37.82 4042 4336 43.64

Table A5. Harvest of forest residues (millions of m3/year).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P1 9.88 16.04 2619 2731 31.60 3160 31.60 31.60 31.60 31.60
RCP8p5.55P2  9.88 1621 2622 2764 3150 3150 3150 3150 3150 31.50
RCP8p5.55P3  9.88 1640 2556 27.05 30.88 30.88 30.88 30.88 30.88 30.88
RCP8p5.55P4  9.88 1585 25,66 27.01 3133 3133 3133 3133 3133 3133
RCP8p5.55P5  9.88 1594 26.06 26.80 30.65 30.65 30.65 30.65 30.65 30.65
RCP4p5.55P1 9.88 16.04 2619 2731 31.60 31.60 3160 31.60 31.60 31.60
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Table A5. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP4p5.55P2 988 1587 2570 2712 3133 3133 3133 3133 3133 3133
RCP4p5.55P3  9.88 16.38 2554 27.03 30.87 30.87 30.87 30.87 30.87 30.87
RCP4p5.55P4 988 1619 26.02 2736 3146 3146 3146 3146 3146 3146
RCP4p5.55P5  9.88 1594 26.06 2680 30.65 30.65 30.65 30.65 30.65 30.65
RCP2p6.55P1 9.88 16.04 2619 2731 31.60 3160 31.60 33.85 35.12 38.02
RCP2p6.5SP2 988 1587 2570 2712 3133 3133 3133 33.58 3540 38.78
RCP2p6.5SP3  9.88 1637 2551 27.01 30.88 30.88 30.88 31.64 3334 36.71
RCP2p6.55P4  9.88 1619 26.02 2737 3144 3144 3144 3314 3429 3721
RCP2p6.5SP5  9.88 1594 26.06 2680 30.64 30.64 30.64 3725 4076 4099

Table A6. Prices—Sawlogs (National average price per m%, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P1  64.85 70.52 74.88 8243 91.12 8549 86.40 85.95 87.05 87.86
RCP8p5.55P2  64.85 7039 72.66 8036 8494 8219 8549 86.27 85.66 88.89
RCP8p5.55P3  64.85 7039 7161 77.65 8056 7421 7421 74.21 72.56 69.16
RCP8p5.55P4 6485 7039 72.88 8152 8518 80.63 81.54 79.53 80.15 79.40
RCP8p5.55P5  64.85 7123 7890 88.63 93.67 9277 96.10 103.15 130,51 171.57
RCP4p5.55P1  64.85 7052 74.84 8243 91.12 8549 86.40 85.95 87.05 90.21
RCP4p5.55P2 6485 7039 73.77 8152 85.06 8237 8540 83.87 83.89 90.85
RCP4p5.55P3  64.85 7039 71.61 77.65 80.56 7421 7421 74.21 71.53 70.41
RCP4p5.55P4 6485 7039 72.66 8152 85.06 81.04 81.79 79.03 78.48 82.46
RCP4p5.55P5 6485 71.23 78.85 88.64 93.67 9277 96.15 10326 13043 173.80
RCP2p6.S5SP1  64.85 7052 7480 8243 9116 86.17 9046  92.20 89.01 96.93
RCP2p6.5SP2 6485 7039 7379 8152 85.06 8414 8694  91.58 90.44 99.75
RCP2p6.5SP3  64.85 7039 71.60 7796 80.56 7421 7421 74.36 83.44 93.51
RCP2p6.5SP4 6485 7039 7266 81.52 8499 8234 84.24 84.21 88.55 97.07
RCP2p6.5SP5 64.85 7123 78.89 88.63 93.67 9277 9695 119.01 14646 21047

Table A7. Prices—Pulpwood (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8p5.55P1 4899 5456 5893 65.69 6873 63.11 6402 6356 64.67 6548
RCP8p5.55P2 4899 5444 5670 6440 66.63 63.88 63.10 63.88 66.31 67.06
RCP8p5.5SP3  48.99 5444 55.65 61.69 64.61 5825 5825 5825 56.61 53.20
RCP8p5.55P4 4899 5444 5693 6557 6687 6232 6319 6123 618  61.10
RCP8p5.55P5  48.99 5527 6295 6812 7128 7039 7371 7485 8414  90.66
RCP4p5.55P1 4899 5456 58.89 65.69 6874 63.11 6401 6357 6467 67.82
RCP4p5.55P2 4899 5444 5782 6557 66.75 64.07 6546 6557 6557  68.46
RCP4p5.55P3 4899 5444 5565 61.69 6461 5825 5825 5825 5558  54.46
RCP4p5.55P4 4899 5444 5670 6557 66.75 6273 5940 60.73 60.17 64.16
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Table A7. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP4p5.55P5 4899 5527 6290 6812 7128 7039 7376 7438 8231 91.24
RCP2p6.5SP1 4899 5456 58.85 65.69 6878 6379 68.07 69.82 66.62 74.55
RCP2p6.5SP2 4899 5444 57.83 6557 66.75 6583 6691 69.19 68.05 77.37
RCP2p6.5SP3 4899 5444 55.65 6201 64.61 5825 5825 5841 67.48 77.56
RCP2p6.55P4 4899 5444 5670 6557 66.69 64.03 6341 6591 66.26 74.68
RCP2p6.5SP5 4899 5527 6293 6811 7128 7039 7457 8434 9409 138.06

Appendix A.3. Scenario Estimates for Germany

Table A8. Total national harvest (millions of m3/year, excluding bark, harvesting losses and branches).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8.5.S5SP1 7757 86.51 90.91 96.56 101.58  106.75 11196 11450 116.84  119.07
RCP85.55P2 7757 8635 90.37  94.43 98.85 102.77  107.66 11044 11344 116.95
RCP8.5.SSP3 7757 86.04 8872  91.17 91.74 91.76 91.78 91.78 91.78 91.78
RCP8.5.55P4 7757 8622 90.04  95.10 98.62 102.69  106.15 107.23 10853  109.55
RCP85.S5SP5 7757 86.79 9265 100.14 109.06 119.26  130.78  131.00 131.01 131.01
RCP4p5.5SP1  77.57 86.51 9091 96.52 101.55  106.75 11195 11443 116.69  120.08
RCP4p5.55P2 7757 8625 90.19  94.27 98.71 102.60 107.56 11024 113.33  118.16
RCP4p5.55P3 7757 86.04 88.72  91.17 91.74 91.76 91.78 91.78 91.78 91.78
RCP4p5.55P4  77.57 86.27 9049  95.36 98.96 10290  106.60  107.61  108.82  110.75
RCP4p5.55P5  77.57 86.79 9265 100.15 10898  119.14 13047 131.00 131.01  131.01
RCP2p6.SSP1  77.57 86.51 90.88  96.48 10146  108.66 11436 12243 13094 131.01
RCP2p6.5SSP2  77.57 86.25 90.19  94.28 98.71 10494 11064 12219 13094  131.01
RCP2p6.SSP3  77.57 86.09 88.77  91.24 91.80 92.66 92.69 106.69 12932  130.99
RCP2p6.5SP4  77.57 86.27 90.51 95.35 99.39 105.27  109.32 11925 13092  131.01
RCP2p6.SSP5  77.57 86.79 9265 100.13  109.00 12040 13093  131.01 131.01  131.01

Table A9. Industrial roundwood harvest (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8.5.55P1 6470 7140 74.69 7893 8269 8657 9047 92.37 94.13 95.80
RCP85.55P2  64.70 7128 7429 7733 80.65 83.59 87.25 89.33 91.58 94.21
RCP85.S5P3 6470 71.05 73.05 7489 7532 7534 75.35 75.35 75.35 75.35
RCP8.5.55P4 6470 7118 7404 77.84 8048 83.52 86.11 86.93 87.90 88.66
RCP85.S5P5 6470 71.61 76.00 81.61 8830 9594 10457 10474 10474 104.74
RCP4p5.55P1 6470 7140 74.69 7890 82.67 86.56  90.46 92.33 94.02 96.56
RCP4p5.55P2 6470 7120 7416 7721 8054 8346 8717 89.18 91.50 95.12
RCP4p5.55P3 6470 71.05 73.05 7489 7532 75.34 75.35 75.35 75.35 75.35
RCP4p5.55P4 6470 7122 7438 78.03 80.73 83.68 86.45 87.21 88.12 89.57
RCP4p5.55P5 6470 71.61 76.00 81.61 8823 9585 104.34 10474 10474 104.74
RCP2p6.5SP1 6470 7140 7467 7887 82.60 88.00 92.27 98.32 104.69 104.74
RCP2p6.5SP2 6470 71.20 7416 7722 80.54 8521 89.48 98.14 104.69  104.74
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Table A9. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP2p6.5SP3 6470 71.08 73.09 7495 7537 76.01 76.03 86.52 103.48  104.73
RCP2p6.55P4 6470 7122 7439 7803 81.05 8546 8849 95.94 104.68  104.74
RCP2p6.5SP5 6470 71.61 76.00 81.60 8825 96.80 104.68 10474 10474 104.74

Table A10. Industrial roundwood harvest assortments—Sawlogs (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP85.S5P1  42.04 4641 49.67 5385 5753 61.01 6425 6529 6662 6797
RCP8.5.55P2  42.04 4624 4922 5224 5545 5799 6126 6239 64.09 66.22
RCP8.5.55P3  42.04 4599 4799 49.83 5022 5024 5025 5025 5025 50.25
RCP8.5.55P4  42.04 46.19 49.03 5278 55.35 57.81 59.89 6027 60.97 6155
RCP85.55P5  42.04 46.76 51.10 56.57 6239 6857 7599 76.60 76.60 76.60
RCP4p5.55P1  42.04 4641 49.67 5381 5750 61.00 6424 6524 6651 68.12
RCP4p5.55P2  42.04 4624 49.16 5220 5541 5793 61.18 6230 6405 66.65
RCP4p5.55P3  42.04 4599 4799 4983 5022 5024 5025 50.25 50.25 50.25
RCP4p5.55P4 42.04 4619 4932 5292 5550 57.87 6013 6046 61.09 61.62
RCP4p5.55P5 42.04 46.76 51.10 56.57 6233 6849 7577 76.60 76.60 76.60
RCP2p6.5SP1  42.04 46.41 49.65 5379 5744 6114 6473 6693 6844 6857
RCP2p6.5S5P2  42.04 4624 49.16 5220 5542 5871 6221 63.62 6641 66.58
RCP2p6.5SP3  42.04 46.03 48.04 49.88 50.27 50.82 50.84 50.84 50.85 50.86
RCP2p6.5S5P4  42.04 46.19 4933 5292 5588 5873 6092 6172 6234 6246
RCP2p6.5SP5  42.04 46.76 51.10 56.56 6235 6857 7515 76.02 76.60 76.60

Table A11. Industrial roundwood harvest assortments—Pulpwood (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP8.5.55P1  22.66 25.02 25.02 25.08 2516 2556 2622 27.08 2751 27.84
RCP85.S5P2  22.66 25.07 25.07 25.09 2520 2560 2599 2694 2750 27.99
RCP85.S5P3  22.66 25.06 25.06 25.06 25.06 25.06 25.06 25.06 25.06 25.06
RCP8.5.55P4 22,66 25.01 25.01 25.06 2513 2571 2623 26.62 2689 27.08
RCP8.5.S5P5  22.66 24.88 2490 2504 2594 2740 28.65 2843 2846 2849
RCP4p5.55P1  22.66 25.02 25.02 2508 2516 2556 2622 27.09 2751 2844
RCP4p5.55P2  22.66 2499 2499 2501 2513 2552 2599 2689 2745 2847
RCP4p5.55P3  22.66 25.06 25.06 25.06 25.06 25.06 2506 25.06 25.06 25.06
RCP4p5.55P4  22.66 25.06 25.06 2510 2523 2581 2633 2672 2699 27.95
RCP4p5.55P5  22.66 24.88 2490 2504 2593 2739 28.64 2843 2846 2846
RCP2p6.5SP1  22.66 25.02 25.02 25.08 2516 2686 2754 3142 3636 36.36
RCP2p6.5SP2  22.66 2499 2499 2501 2513 2650 2727 3457 3841 3842
RCP2p6.5SP3  22.66 25.06 25.06 2506 25.06 2516 2516 3574 5275 54.06
RCP2p6.5S5P4  22.66 25.06 25.06 25.10 2517 2673 2757 3425 4247 4247
RCP2p6.5SP5  22.66 24.88 2490 2504 2593 2828 29.64 29.07 2856 2856
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Table A12. Prices—Sawlogs (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP85.S55P1  67.88 7040 68.67 69.69 69.68 69.73 69.76  68.47 68.49 68.47
RCP8.5.55P2  67.88 7038 6840 68.60 6894 6890 6948  68.43 68.70 69.24
RCP85.S5P3  67.88 70.10 67.52 6740 66.19 6613 66.10 66.10 66.10 66.10
RCP8.5.55P4  67.88 7025 6836 69.19 68.63 6893 68.68  67.19 67.58 67.54
RCP8.5.55P5 67.88 7054 69.61 7056 7173 73.67 77.84 12092 16822  213.40
RCP4p5.55P1  67.88 70.40 68.67 69.69 69.68 69.69 69.76  68.47 68.49 69.35
RCP4p5.55P2  67.88 7038 6840 68.62 6895 6877 69.46  68.31 68.71 70.07
RCP4p5.55P3  67.88 70.10 6752 6740 66.19 66.13 66.10 66.10 66.10 66.10
RCP4p5.55P4 67.88 7038 68.64 69.15 6861 6890 6868  67.39 67.44 67.91
RCP4p5.55P5 67.88 7054 6959 7056 7172 7370 7777 12081 16635 212.86
RCP2p6.5S5P1  67.88 7040 68.67 69.69 69.68 70.56 70.41 72.34 81.46 96.74
RCP2p6.5SP2  67.88 7038 6840 68.62 6895 69.86 6998 7414 84.09 104.49
RCP2p6.5SP3  67.88 70.11 67.52 6742 66.19 6636 66.13 7391 82.98 93.05
RCP2p6.55P4 67.88 7038 68.69 69.15 6889 69.77 6912  72.88 82.27 93.80
RCP2p6.5SP5 67.88 7054 69.61 7056 7172 7438 8323 13597 18044  231.77

Table A13. Prices—Pulpwood (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP85.S5P1  50.88 53.23 51.29 5230 5222 5201 52.04 5075 50.76 50.74
RCP85.55P2  50.88 5323 51.01 5122 5156 5147 51.76  50.76 50.98 51.52
RCP8.5.55P3  50.88 5296 5035 50.23 49.02 4896 4896 4896 48.96 48.96
RCP8.5.55P4  50.88 53.10 51.19 51.80 51.24 5150 51.16 49.72 50.03 49.88
RCP8.5.S5P5  50.88 5323 5222 5297 5395 5576 58.73  94.20 102.71 112.45
RCP4p5.55P1  50.88 53.23 5129 5230 5222 5196 5204 50.75 50.77 51.63
RCP4p5.55P2  50.88 53.23 51.02 5123 5156 5133 5175  50.65 50.99 52.35
RCP4p5.55P3  50.88 5296 50.35 50.23 49.02 4896 4896  48.96 48.96 48.96
RCP4p5.55P4 50.88 53.23 5125 5176 5122 5147 5116  49.92 49.90 50.25
RCP4p5.55P5 50.88 53.23 5221 5297 5393 5579 5866  93.34 103.03  107.21
RCP2p6.5SP1  50.88 53.23 51.29 5231 5222 5289 5269  54.62 63.74 79.02
RCP2p6.5SP2  50.88 53.23 51.02 5123 5156 5239 5232  56.49 66.42 86.81
RCP2p6.5SP3  50.88 5296 50.35 50.17 49.02 49.02 4896  56.77 65.85 75.92
RCP2p6.55P4  50.88 53.23 5130 51.76 51.50 5230 5157  55.23 64.62 76.15
RCP2p6.5SP5  50.88 53.23 5222 5297 5394 5651 6412 11687 14424  142.85

Appendix A.4. Scenario Estimates for Finland

Table A14. Total national harvest (millions of m3/year, excluding bark, harvesting losses and branches).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 51.86 5274 5577 59.74 6280 6429 66.62 6929 7185 74.47
RCPref.SSP2  51.86 5240 55.05 57.74 6037 6173 6402 6652 69.88 73.02
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Table A14. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP3  51.86 5259 54.66 56.75 5724 5743 5771 5775 5776 57.76
RCPref.SSP4  51.86 5191 5511 58.13 6090 6224 6376 6503 66.65 67.85
RCPref.SSP5  51.86 52.83 56.60 6246 6782 7233 7859 8716 9431 9493
RCP4p5.55P1 5186 5274 5576 59.74 6278 6425 6653 69.13 7175 7594
RCP4p5.55P2  51.86 5191 5488 5740 6018 61.68 6424 66.72 70.06 75.09
RCP4p5.55P3  51.86 5259 5466 56.72 5721 5740 57.68 5771 5772 57.73
RCP4p5.55P4  51.86 52.65 5540 5843 6126 6250 6394 6522 66.83 69.64
RCP4p5.55P5 51.86 52.83 56.60 6246 6782 7233 7864 8747 9471 94.93
RCP2p6.5SP1  51.86 5274 5576 59.74 6278 6498 6798 73.46 80.72 9254
RCP2p6.5SP2  51.86 5191 5488 5740 60.18 6251 6580 71.27 8131 9258
RCP2p6.5SP3  51.86 5259 54.66 56.75 5724 5757 5843 64.05 7559 89.36
RCP2p6.5S5P4  51.86 52.65 5540 5841 61.08 62.85 6508 69.13 7822 90.56
RCP2p6.5SP5 51.86 52.83 56.60 6246 67.82 7338 8090 9254 9493 95.28

Table A15. Industrial roundwood harvest (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 4645 4710 4935 5231 5459 55.69 5743 5942 6130 63.20
RCPref.SSP2 4645 4685 4882 50.82 5278 5379 5550 5735 59.85 6215
RCPref.SSP3 4645 46.99 4853 50.09 5045 5059 5079 50.82 50.82 50.82
RCPref.SSP4 4645 46.48 48.87 51.11 5317 5416 5530 56.25 5745 5834
RCPref.SSP5 4645 4717 4997 5434 5832 61.65 6619 7242 77.63 78.09
RCP4p5.55P1  46.45 4710 4935 5231 5457 55.66 5736 59.29 6123 6427
RCP4p5.55P2  46.45 46.48 48.69 5057 52.64 5375 55.66 5750 59.99 63.65
RCP4p5.55P3  46.45 46.99 4853 50.06 5042 50.56 50.77 50.79 50.80 50.80
RCP4p5.55P4  46.45 47.04 49.08 51.34 5344 5437 5544 5638 5758 59.68
RCP4p5.55P5  46.45 4717 4997 5434 5832 6165 6623 72.65 7792 78.09
RCP2p6.5S5P1  46.45 4710 4935 5231 5457 56.21 5844 6247 6774 7633
RCP2p6.5SP2  46.45 4648 48.69 5057 52.64 5437 5681 60.89 6817 7637
RCP2p6.5SP3  46.45 46.99 4853 50.08 5045 50.69 5133 5552 64.01 74.02
RCP2p6.55P4  46.45 47.04 49.08 5132 5330 5462 5628 59.29 6592 7490
RCP2p6.5SP5  46.45 4717 4997 5434 5832 6241 6787 7633 78.09 7834

Table A16. Industrial roundwood harvest assortments—Sawlogs (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 21.08 21.73 23.03 25.00 2634 2727 2851 29.61 30.65 31.89
RCPref.SSP2  21.08 21.48 22,62 2385 2493 2576 2687 2787 2929 30.79
RCPref.SSP3  21.08 21.62 2253 2331 23.60 23.69 2384 23.84 2384 23.84
RCPref.SSP4  21.08 21.11 2258 2393 2496 2581 2673 2716 2771 2817
RCPref.SSP5  21.08 21.80 2336 2635 2878 3150 3473 38.67 4144 41.69
RCP4p5.55P1  21.08 21.73 23.03 2500 2632 2724 2845 2956 30.58 32.68
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Table Al6. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP4p5.55P2  21.08 21.11 2249 2360 24.69 25,61 2692 2787 2932 3192
RCP4p5.55P3  21.08 21.62 2253 2329 2357 2366 2381 2381 2381 2381
RCP4p5.55P4  21.08 21.67 2279 2416 2519 2597 2683 2726 2781 2896
RCP4p5.55P5  21.08 21.80 2336 2635 2878 3153 3476 3878 41.60 41.69
RCP2p6.5S5P1  21.08 21.73 23.03 2500 2632 2738 2877 3177 3449 36.89
RCP2p6.5SP2  21.08 21.11 2249 2360 2469 2579 2733 3028 3285 36.12
RCP2p6.5SP3  21.08 21.62 2253 2331 23.60 2380 2397 2397 2397 2398
RCP2p6.55P4  21.08 21.67 2279 2414 2517 26.04 2706 2892 30.19 3139
RCP2p6.5SP5  21.08 21.80 2336 2635 2878 31.61 3576 40.75 4169 41.82

Table A17. Industrial roundwood harvest assortments—Pulpwood (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 2537 2537 2632 2731 2825 2842 2891 2981 30.65 31.31
RCPref.SSP2 2537 2537 2620 2697 2785 28.03 28.63 2948 3056 31.35
RCPref.SSP3 2537 2537 26.00 2677 2685 2690 2696 2698 2699 26.99
RCPref.SSP4 2537 2537 2629 2718 2821 2836 2857 29.08 29.74 30.17
RCPref.SSP5 2537 2537 26,61 2799 2955 30.15 3146 3376 3619 3640
RCP4p5.55P1 2537 2537 2632 2731 2825 2842 2891 2974 30.65 31.58
RCP4p5.55P2 2537 2537 2620 2697 2795 2814 2874 29.63 30.67 31.73
RCP4p5.55P3 2537 2537 26.00 26.77 26.85 2690 2696 2698 2699 26.99
RCP4p5.55P4 2537 2537 2629 2718 2825 2840 2861 2912 29.77 30.72
RCP4p5.55P5 2537 2537 2661 2799 2955 30.12 3146 33.86 3632 36.40
RCP2p6.5SP1 2537 2537 2632 2731 2825 2883 29.67 30.70 3325 39.44
RCP2p6.5SP2 2537 2537 2620 2697 2795 2858 2948 30.60 3532 4025
RCP2p6.5SP3 2537 2537 2600 2677 2685 2690 2735 3154 40.03 50.05
RCP2p6.5SP4 2537 2537 2629 2718 2814 2858 2922 3037 3573 4351
RCP2p6.5SP5 2537 2537 2661 2799 2955 30.79 3212 3558 3640 36.52

Table A18. Prices—Sawlogs (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 5795 59.00 6175 63.11 61.85 5991 6093 6127 62.86 62.60
RCPref.SSP2 5795 5881 6137 6159 61.39 5976 61.11 6149 6230 63.29
RCPref.SSP3 5795 59.00 60.38 6095 5856 5833 5846 5795 57.95 57.95
RCPref.SSP4 5795 58.05 6248 6219 6136 5943 5993 59.86  60.30 59.73
RCPref.SSP5 5795 59.00 63.13 6555 65.01 6521 7241 8814 11752 17252
RCP4p5.55P1 5795 59.00 6175 63.11 61.85 5991 6093 61.28  62.88 66.98
RCP4p5.55P2 5795 58.05 6181 6159 6141 60.03 6111 61.00 6227 66.18
RCP4p5.55P3 5795 59.00 60.38 6095 5856 5833 5846 5795  57.95 57.95
RCP4p5.55P4 5795 59.00 6176 6222 6191 5940 5992 59.86  59.82 61.76
RCP4p5.55P5 5795 59.00 63.13 6555 65.01 6521 7241 87.60 116.05 175.27
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Table A18. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP2p6.5SP1 5795 59.00 6175 63.11 61.85 61.03 6194 66.60 72.31 81.09
RCP2p6.5SP2 5795 58.05 61.81 6159 6141 6121 6217 6647  74.59 83.91
RCP2p6.5SP3 5795 59.00 60.38 6095 5856 5846 5889 64.93 74.01 84.08
RCP2p6.55P4 5795 59.00 6176 6205 6135 6046 61.03 63.39 72.78 81.20
RCP2p6.5SP5 5795 59.00 63.13 6555 65.01 6663 7617 99.70 14312  205.38

Table A19. Prices—Pulpwood (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 4040 41.46 4421 4557 4431 4237 4338 4373 4532  45.06
RCPref.SSP2  40.40 41.26 43.82 44.04 4385 4221 4356 4395 4476 4575
RCPref.SSP3 4040 41.46 4283 4340 41.02 40.78 4091 4040 4040 4040
RCPref.SSP4 4040 4051 4493 4465 43.82 41.88 4239 4232 4276 4219
RCPref.SSP5 4040 41.46 4558 48.01 4747 47.67 5421 5413 58.07 9476
RCP4p5.55P1  40.40 41.46 4421 4557 4431 4237 4338 4373 4533 4878
RCP4p5.55P2 4040 40.51 4426 44.05 43.87 4248 4356 4346 4473  48.63
RCP4p5.55P3  40.40 4146 4283 4340 41.02 40.79 4091 4040 4040  40.40
RCP4p5.55P4  40.40 41.46 4421 44.67 4436 4186 4238 4231 4228 4422
RCP4p5.55P5  40.40 41.46 4558 48.01 4747 47.67 5421 5582 6411 99.61
RCP2p6.5SP1 4040 41.46 4421 4557 4431 4349 4440 49.06 54.35 63.53
RCP2p6.5SP2  40.40 40.51 4426 4405 43.87 43.67 4463 4893 57.03 66.35
RCP2p6.5SP3 4040 41.46 42.83 4340 41.02 4091 4134 4739 5646 66.54
RCP2p6.5S5P4 4040 41.46 4421 4451 43.80 4291 4348 4585 55.24 63.66
RCP2p6.5SP5  40.40 41.46 4558 48.01 4747 49.09 5797 63.02 90.74 130.31

Appendix A.5. Scenario Estimates for Norway

Table A20. Total national harvest (millions of m3/year, excluding bark, harvesting losses and branches).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 10.63 1095 11.73 1276 13.64 1436 1506 1580 16.67 16.67
RCPref.SSP2  10.63 10.88 11.51 1227 13.03 1376 1485 1572 17.01 17.01
RCPref.SSP3 1063 1078 1090 1097 11.01 11.09 11.13 11.14 1115 11.15
RCPref.SSP4 1063 1093 11.71 1245 1292 13.62 14.03 14.67 1523 1523
RCPref.SSP5  10.63 11.13 1256 14.10 15.87 18.13 2096 2473 2895 28.95
RCP4p5.55P1 1063 1095 11.73 1270 13.63 1435 1514 1584 17.03 17.03
RCP4p5.55P2  10.63 10.88 11.52 1226 13.02 13.75 1484 1572 17.00 17.00
RCP4p5.55P3  10.63 1078 1099 1099 11.00 11.07 11.07 11.09 1124 11.24
RCP4p5.55P4  10.63 1093 11.71 1248 1297 13.68 14.08 14.62 1527 1527
RCP4p5.55P5 10.63 11.14 1257 1410 1587 1813 2096 24.82 2921 29.21
RCP2p6.5SP1  10.63 1095 11.73 1270 13.82 1490 16.83 1890 2193 21.93
RCP2p6.5SP2  10.63 10.88 11.53 1227 1316 1426 1632 18.86 2254 2254
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Table A20. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCP2p6.5SP3  10.63 1078 1090 11.03 11.25 1154 1267 16.03 2025 20.25
RCP2p6.55P4  10.63 1093 11.70 1246 1318 1392 1564 18.02 2122 21.22
RCP2p6.5SP5  10.63 11.14 1258 1410 1624 1899 2328 2782 3146 3146

Table A21. Industrial roundwood harvest (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 8.27 8.27 8.49 9.01 9.47 995 1038 10.86 1134 11.84
RCPref.SSP2 8.27 8.27 8.45 8.84 9.19 9.62 10.06 1072 1128 12.02
RCPref.SSP3 8.27 8.27 8.38 8.46 8.51 8.54 8.60 8.62 8.63 8.63
RCPref.SSP4 8.27 8.27 8.48 8.97 9.30 9.60 999 1024 1064 10.99
RCPref.SSP5 8.27 8.27 8.61 947 1020 11.21 13.01 1522 1778 20.58
RCP4p5.55P1 8.27 8.27 8.49 9.01 9.45 992 1036 1090 1134 12.20
RCP4p5.55P2 8.27 8.27 8.45 8.85 9.18 9.60 10.02 10.68 11.24 1221
RCP4p5.55P3 8.27 8.27 8.38 8.52 8.53 8.53 8.57 8.58 8.59 8.69
RCP4p5.55P4 8.27 8.27 8.48 8.97 9.31 9.62 1001 1026 1059 11.05
RCP4p5.55P5 8.27 8.27 8.61 947 1020 1121 13.05 1522 1783 20.75
RCP2p6.55P1 8.27 8.27 8.49 9.01 945 1019 1094 1246 13.85 15.88
RCP2p6.55P2 8.27 8.27 8.45 8.85 9.19 978 1072 1212 13.82 16.28
RCP2p6.55P3 8.27 8.27 8.38 8.46 8.55 8.70 8.90 9.66 1192 14.76
RCP2p6.55P4 8.27 8.27 8.48 8.97 9.31 9.83 1045 11.65 1326 1540
RCP2p6.55P5 8.27 8.27 8.62 947 1020 12.06 1390 16.77 19.84 22.28

Table A22. Industrial roundwood harvest assortments—Sawlogs (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 431 431 4.42 4.69 5.06 5.36 5.62 5.86 6.13 6.44
RCPref.SSP2 4.31 4.31 4.40 4.62 4.89 5.15 541 5.79 6.10 6.55
RCPref.SSP3 431 431 437 441 443 4.45 448 4.49 4.49 4.50
RCPref.S5P4 431 431 4.42 4.69 495 5.11 5.36 5.50 5.73 592
RCPref.SSP5 4.31 4.31 4.48 4.99 5.52 6.15 6.94 7.92 9.25 10.71
RCP4p5.55P1 431 431 4.42 4.69 5.04 5.36 5.61 5.89 6.14 6.56
RCP4p5.55P2 4.31 431 4.40 4.62 4.88 515 5.41 5.78 6.09 6.55
RCP4p5.55P3  4.31 4.31 4.37 4.44 4.44 4.44 4.47 4.47 4.48 4.53
RCP4p5.55P4  4.31 431 4.42 4.69 4.96 513 5.38 5.52 571 593
RCP4p5.55P5  4.31 431 4.49 4.99 5.52 6.15 6.94 7.92 9.28  10.79
RCP2p6.55P1 4.31 4.31 4.42 4.69 5.04 543 5.81 6.48 7.21 8.26
RCP2p6.5SP2  4.31 431 4.40 4.63 4.89 5.20 5.58 6.31 7.19 8.47
RCP2p6.5S5P3  4.31 431 437 441 4.45 4.53 4.63 4.75 4.79 4.80
RCP2p6.55P4  4.31 4.31 442 4.69 4.95 521 5.46 6.07 6.85 7.25
RCP2p6.5SP5  4.31 431 4.49 4.99 5.52 6.28 7.24 873 1032 11.59
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Table A23. Industrial roundwood harvest assortments—Pulpwood (millions of m3/year, under bark).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 3.96 3.96 4.07 4.32 441 4.58 477 5.00 521 541
RCPref.SSP2 3.96 3.96 4.05 422 4.30 4.47 4.65 4.93 5.18 5.46
RCPref.SSP3 3.96 3.96 4.02 4.05 4.08 4.09 4.12 4.13 413 4.14
RCPref.SSP4 3.96 3.96 4.06 4.28 4.35 448 4.63 4.74 491 5.07
RCPref.SSP5 3.96 3.96 4.12 4.48 4.67 5.07 6.07 7.30 8.53 9.87
RCP4p5.55P1 3.96 3.96 4.07 4.32 441 4.56 475 5.01 5.21 5.64
RCP4p5.55P2  3.96 3.96 4.05 422 4.30 4.45 4.61 4.90 5.14 5.66
RCP4p5.55P3  3.96 3.96 4.02 4.08 4.08 4.09 4.11 4.11 4.12 4.17
RCP4p5.55P4  3.96 3.96 4.06 4.28 4.35 4.49 4.63 4.74 4.88 5.11
RCP4p5.55P5  3.96 3.96 413 448 4.67 5.07 6.11 7.30 8.56 9.96
RCP2p6.55P1 3.96 3.96 4.07 4.32 4.41 4.76 5.14 5.97 6.64 7.62
RCP2p6.5SP2  3.96 3.96 4.05 4.22 4.30 4.58 5.14 5.81 6.63 7.81
RCP2p6.5SP3  3.96 3.96 4.02 4.05 4.10 4.17 426 492 7.13 9.97
RCP2p6.55P4  3.96 3.96 4.06 4.28 4.35 4.62 4.99 5.59 6.41 8.15
RCP2p6.5SP5  3.96 3.96 413 4.48 4.67 5.78 6.67 8.05 9.52  10.69

Table A24. Prices—Sawlogs (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 68.33 66.67 7248 7528 76.67 7651 76.59 77.77 79.92 82.04
RCPref.SSP2 6833 66.67 71.68 7438 7444 7490 76.46 78.02 80.39 84.53
RCPref.SSP3 6833 6628 69.71 7028 6821 68.09 6825 65.23 67.47 66.34
RCPref.SSP4 6833 66.80 71.78 7444 7431 7424 7420 74.13 74.83 74.85
RCPref.SSP5 6833 6741 74.08 79.18 81.41 8593 9659 101.77 12477  159.07
RCP4p5.55P1 6833 66.67 7245 7510 76.67 7652 7638 78.51 80.37 83.98
RCP4p5.55P2 6833 6693 70.76 7438 7432 75.05 7571 77.82 80.05 84.53
RCP4p5.55P3  68.33 66.28 69.70 7097 70.64 70.64 70.64 66.63 67.99 66.81
RCP4p5.55P4 6833 66.54 72.61 7498 7471 7424 7419 74.13 74.82 78.14
RCP4p5.55P5 6833 6741 7408 79.18 8148 8591 9659 10097 12443  160.18
RCP2p6.5SP1  68.33 66.67 7241 7511 76.67 7682 78.16 77.77 80.54 85.74
RCP2p6.5S5P2 6833 6693 70.76 7438 7432 7658 7593 76.89 80.52 88.37
RCP2p6.5SP3 6833 66.28 69.71 7031 6879 68.69 6957  66.28 75.36 85.43
RCP2p6.5SP4  68.33 66.51 7257 7438 7465 7424 75.00 74.70 75.41 84.43
RCP2p6.5SP5 6833 6743 7408 79.17 8148 89.28 9589 11378 140.02 185.54

Table A25. Prices—Pulpwood (National average price per m?, in USD (exchange rate in 2010)).

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP1 3438 36.18 34.60 3414 33.89 33.89 33.89 3389 33.89 34.09
RCPref.SSP2 3438 36.18 3547 33.89 33.89 33.89 3389 3389 33.89 34.09
RCPref.SSP3 3438 36.60 3531 3467 3689 37.02 36.84 4011 37.68 38.90
RCPref.SSP4 3438 36.04 3536 33.89 33.89 33.89 3389 3389 33.89 33.89
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Table A25. Cont.

Scenario 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
RCPref.SSP5 3438 3538 3426 33.89 33.89 33.89 3483 4098 4945 54.88
RCP4p5.55P1 3438 36.18 34.64 34.09 33.89 33.89 3389 33.89 3389 34.83
RCP4p5.55P2 3438 3590 3646 33.89 33.89 33.89 3389 33.89 33.89 34.83
RCP4p5.55P3 3438 36.60 3531 3415 3426 3426 3426 3858 37.12 3839
RCP4p5.55P4 3438 36.32 3446 3389 33.89 33.89 3389 33.89 33.89 33.89
RCP4p5.55P5 3438 3537 3426 3389 33.89 33.89 3483 40.12 4998 59.53
RCP2p6.5SP1 3438 36.18 34.68 3412 33.89 33.89 3409 4524 5435 63.53
RCP2p6.5S5P2 3438 3590 3646 33.89 33.89 33.89 36.09 4711 57.03 66.35
RCP2p6.5SP3 3438 36.60 3531 3464 3627 3871 3776 4739 5646 66.54
RCP2p6.55P4 3438 36.35 3450 3389 33.89 33.89 3389 4585 5524 63.66
RCP2p6.5SP5 3438 3536 3426 33.89 33.89 3595 4198 57.06 7137 95.06

Appendix B

Material—SweFor

Parameters associated with the facilities are found in Table A26. Other parameters that relate
to supply are found in Table A27 and parameters that relate to demand in Table A28 presents the
demand-side parameters.

Table A26. Parameters associated with different facility types (for Leontief production function
coefficients, see Table A28).

Investment Cost Operating Cost Capital Cost on Maintenance Cost
Facility Type Per Output Unit Per Input Unit Capacity (% of (% on Investment
(SEK) @ (SEK) ® Investment Cost) Cost) ©
Sawmill pine 3750 700
Sawmill spruce 3750 700
Sawmill all species 3750 700 59, 10%

Pulp mill chemical 6500 800
Pulp mill mechanical 4000 800
Heating plant 2500 300

@ Investment costs except for heating plants are from [46] and converted from NOK to SEK. The heating plant
investment cost is derived from the per unit capital cost presented by [56]; () Operating cost is differentiated on
input factor; however, in this application it is standardized for all inputs to the same kind of facility. Operating costs
except for heating plants are from [46] and converted from NOK to SEK. Operating costs for heating plants is the
average for heating plants presented by om [56] and added with 100 SEK per ton TS for fragmenting residues and
logs [57]; © [46].

Table A27. Supply side model parameters including Leontief production function coefficients.

Model Item Definition

Allowed if mesic-moist or dryer and slope less or equal to 20% and

Residues [58] distance to road less or equal to 500 m.

M3 to ton TS [59] 0.46 tonTS m~3 uw.b. (weighted coniferous and deciduous).
M3 to chips @ [60] 0.261 m® m=3 ub. ® after sawing

M3 to sawdust [60] 0.1019 m® m=3 u.b. after sawing

M3 own consumption [60] 0.1 m3 m~3 ub. used by sawmill internally

M3 to mech. pulp [61] 0.427 tonm™ u.b. (only spruce)

M2 to chem. pulp [61] 0.230 ton m™3 u.b. (all species)

Ton TS to energy [59] 4.8 MWh tonTS™!




Forests 2020, 11, 500

Table A27. Cont.

27 of 30

Model Item Definition

Residue extraction to roadside [62]

129 + 0.1879*m, SEK tonTS™! where m is forwarding distance to road
in meters.

31.824 + 1.4339*km, SEK tonTS~! where km is distance in km measured
Transport cost per ton TS [57] by Euclidian distance multiplied with a curving coefficient of 1.25 (all
transports are in ton TS)

@ Sawn product is input in m® u.b. reduced by chips, sawdust, and own consumption, i.e., 0.5371; ® Should have
been 0.34 causing an overestimate of sawn wood.

Table A28. Demand-side model parameters.

Sawn Wood Sawn Wood Sawn Wood Mechanical Chemical

Item Pine Spruce All Spec. Pulp Pulp Energy
No. of @ 10 7 24 8 27 63
Capacity @) 4.7 44 9.9 45 10.6 30.2
Price © 1900 3600 6400 700
Volume @ 16 35 8.0 24.0
Elasticity © -0.5 -05 -0.9 00
Demand func. steps 1000 1000 1000 1

@ For sawmills and pulp mills see [63], and for heating plants [64]. ®) Million m® for sawn wood, million tons for
pulp, and million MWh for energy, all y-1. ©) Price that together with volume defines the demand function for the
first period (SEK) [65]. @ See ®), (¢) Can be compared with data in the following sources A = [66]; B = [67]; C =
median by of nine past studies in [68]; D = [69] as interpreted by [67]: Sawn wood —0.5 A, —0.17 B, =0.35 C, —=0.78 to
—0.79 D; newsprint —0.5 A; —0.04 (not sign) B, —0.54 C, —0.14 to —0.24 D; printing and writing paper —0.8 A; —0.53 B,
-0.38 C, —0.91; other paper and paperboard —0.3 A, —0.45 B, —0.30 C, —0.15 D. Furthermore [70] reported elasticities
in the range of —0.2 to —0.3 for final products in general while [71] used much higher elasticities, —3 for sawn wood
and -5 for paper products. Perfectly elastic demand for heating plants is motivated by [66] and by [72] due the lack
of impact on energy prices of bioenergy production [73]. ® The demand function is constructed so that price is
divided into equidistant steps in the interval [0.5,1.5] around scenario price, and volume is assigned each step based
on step price, elasticity, and scenario volume.
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