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Abstract  35 

Forest-based biofuel is a promising solution to increase the share of renewable and 36 

sustainable energy in the transportation sector. Large-scale implementation of biofuel, 37 

however, not only affects the energy and transportation sectors, but also the forest sector 38 

value chains. This study uses a partial equilibrium forest sector model to quantify how large-39 

scale production of forest-based biofuel would affect forest owners and forest industries in 40 

the Nordic countries. In a scenario assuming that forest-based biofuels cover a 0–40% share 41 

of the current Nordic road transportation and domestic aviation fuel consumption, the model 42 

results show that the sawmill industry increases their profit slightly due to increasing prices 43 

for their sawmilling residues. The traditional pulp and paper industries, on the other hand, 44 

see a reduced profit by up to 3.0 billion €, corresponding to 8% of their annual turnover, due 45 

to the increase in the price of pulpwood. Due to the increasing wood prices, the forest owners 46 

benefit significantly from biofuel investments. According to the model, their gross revenue 47 

from harvesting increases up to 31% without the need to increase the harvest more than 15%. 48 

The overall profit in the traditional forest sector is reduced by 400–600 million €. The decrease 49 

in profit is largest when the biofuel production volume covers 20% to 30% of the liquid fuels 50 

in the Nordic countries. The reduction in overall profit is lower at 40% biofuel implementation, 51 

owing to the significant increase in revenue for the forest owner and the fact that the main 52 

reduction in pulp and paper industries happens at between 0% and 30% biofuel 53 

implementation. The study shows substantial economic spill-over effects from large-scale 54 

biofuel implementations to other parts of the forest sector. 55 

 56 
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1 Introduction  60 

The European Union (EU) has set the target of reaching a 10% share of renewable fuels for 61 

transportation by 2020 and, further, that 14% of the energy consumption in the 62 

transportation sector will be renewable by 2030 [1, 2]. Since the electrification of the 63 

transportation sector is a slow process, the EU member states need to produce or import 64 

large amounts of biofuel to reach this target. Currently, biofuel is mainly produced from food 65 

crops and palm oil, and thus the sustainability of using increased amounts of such feedstock 66 

for energy is questionable [3]. Second-generation (i.e., advanced forest-based) biofuels are 67 

often regarded as a sustainable alternative [4]. Such biofuels based on sustainably produced 68 

raw wood material may be available in large volumes around the world [5], with low indirect 69 

land-use implications [6]. 70 

Large amounts of biofuel are needed to fulfil the requirement for renewable fuel. One 71 

sustainable option is to produce forest-based biofuel. Large-scale implementation of forest-72 

based biofuel production will affect not only the energy and transportation sectors, but also 73 

the forest sector, which includes forestry, wood-processing industries, and pulp and paper 74 

industries. 75 

The forest sector has long traditions in the Nordic countries, and has undergone significant 76 

transitions since year 2000. Decreasing demand for some paper grades, together with the 77 

relocation of some forest industries to low-cost countries, have led to the closure of several 78 

mills over the last 20 years [7-9]. This in turn has led to a lower demand for pulpwood. 79 

Alongside the closure trend in the pulp and paper industries, which is being driven by 80 

digitalization, another trend also has started, driven by the increasing focus on GHG-related 81 

emissions from the production and use of fossil fuel and cement. Other products may 82 



therefore become more important in the future, such as sawnwood and biofuels. These 83 

changes may increase the demand for roundwood, by-products from the forest industry, and 84 

harvest residuals.  85 

Although it may be of great importance when developing adequate policies for second-86 

generation biofuel production, few studies have investigated the implications of significant 87 

forest-based biofuel production in the Nordic countries for the existing forest industries. One 88 

exception is a study by Trømborg et al. [10], which investigates how biofuel production may 89 

influence the Norwegian forest sector using a national forest sector model that covers 90 

Norway. They find that a production level of 500 million litres of biofuel yearly will lead to a 91 

small decrease in pulp production, a marginal increase in sawnwood production, and a 92 

significant decrease in biomass used to produce heat in Norway. The results are, however, 93 

highly sensitive to assumptions regarding international wood prices. Similarly, Kallio et al. [11] 94 

vary global demand for wood in bioenergy production, and investigate the influences on the 95 

global forest sector using a global partial equilibrium model. They report significantly higher 96 

harvest levels and prices for forest chips and pulpwood when increasing biofuel production 97 

up to 115 billion litres world-wide, while they find almost no change in the use of sawlogs in 98 

the European Economic Area (EEA). Kallio et al. [11] also find that there is a strong 99 

competition for feedstock between biofuel and bioheat, since they use the same feedstock. 100 

Lundmark et al. [12] investigate the effects of biofuel production implementation on the 101 

forest sector’s profitability. They use three different models to investigate the implications of 102 

0.5–3 billion litres of biofuel production in Sweden. Lundmark et al. [12] conclude that 103 

implementation of biofuel production in Sweden will have only a minor effect on the 104 

established forest industry, but the profitability of sales of by-products and harvest residuals 105 

will increase with increasing biofuel use. 106 



Kallio et al. [13] study the Finnish chips market and conclude that an increase in sawnwood 107 

capacity is needed to make a significant increase in the use of chips and harvest residuals 108 

profitable. de Jong et al. [14] find an increase in profit for biofuel and sawnwood producers if 109 

they are co-located. These findings are supported by Mustapha et al. [15], who report a 110 

modest increase in sawnwood production volume in regions where biofuel is produced. 111 

Mustapha et al. [16] report a 12–35% increase in the price of chips in the Nordic countries if 112 

a 20% biofuel target is met.  113 

Previous studies either apply models covering a single country or they use broad global 114 

models [17]. The national models have a simplistic modelling of international trade, while the 115 

global ones have a coarse regional resolution which means that the regional characteristics 116 

of raw material supply, production technologies, demand, and transportation costs are 117 

ignored. In addition, few (if any) studies provide a holistic overview of the effects on all the 118 

major stakeholders in the forest sector value-chain—forest owners, the sawmilling industry, 119 

pulp and paper industries, and biofuel producers.  120 

In the present study, we apply a model covering the Nordic countries, which have a highly 121 

integrated forest products market [18-20]. This Nordic model includes modelling of sub-122 

national regional markets and trade, which give a better representation of the forest sector 123 

than previously used national models. Mustapha et al. [15] used an earlier version of the 124 

model to study the optimal allocation of biofuel production in the Nordic region. 125 

In this study, we quantify the economic effects of large-scale production of forest-based 126 

biofuel on forestry and forest industries in the Nordic countries—a region with considerable 127 

forest resources that may be utilized for biofuel production. We analyse the implications of 128 

different forest-based biofuel production levels ranging from 0% to 40% of total Nordic liquid 129 



fuel consumed within the transportation sector. The two main research questions in this 130 

paper are: a) what are the implications for the Nordic forest sector for different level of 131 

biofuel production? And b) which actors in the forest sector will gain or lose market shares 132 

with large-scale production of biofuel?  133 

The paper is organized as follows: Chapter 2 describes the forest sector model used, along 134 

with the main assumptions regarding biofuel production in the model; Chapter 3 describes 135 

the scenarios that are used; Chapter 4 presents the results; Chapter 5 discusses the results; 136 

and finally, Chapter 6 provides the study’s conclusions. 137 

 138 

2 Method  139 

2.1 Nordic forest sector model — NFSM 140 

The Nordic Forest Sector Model (NFSM) is a spatial, partial equilibrium model covering 141 

forestry, forest industry, and bioenergy in Norway, Sweden, Finland, and Denmark. The model 142 

structure is built on the Norwegian Trade Model (NTM) [21-23], which in turn originates from 143 

the Global Trade Model (GTM) [24]. The NFSM has recently been used to identify optimal 144 

locations for biofuel production [15] and to estimate nth plant total production costs in the 145 

Nordic countries [16] as well as the impacts of different conversion effectivities for different 146 

technologies [16]. 147 

The NFSM maximizes social welfare—i.e., consumer plus producer surplus—for each 148 

simulated period. The solution provides market equilibrium prices and quantities for each 149 

period, as shown by Samuelson [25]. In the NFSM, roundwood supply, industrial production, 150 

consumption of final products, and trade between regions are estimated simultaneously. 151 



Roundwood supply is determined in the model by supply elasticities, the demand of 152 

roundwood by the industry, and growing stocks. Harvest of logging residues is related to the 153 

roundwood supply and the amount of harvest residuals is constrained up to 40% of the energy 154 

content in harvested roundwood in each region and period. The simulation of industrial 155 

production uses exogenous given input–output coefficients such as labour, energy costs, and 156 

feedstock requirements in combination with endogenous raw, intermediate, and final 157 

product prices. Consumption of final products is determined by regional demand, 158 

endogenous product prices, and price elasticity. Finally, trade between regions occurs until 159 

the price differences equal the transportation costs. Transportation cost is calculated with a 160 

fixed and variable per-kilometre cost between the assumed consumption, production, and 161 

harvest centre in each region. Transportation is chosen from the following options: truck, 162 

train, and ship. The model has 29 different products, including 6 types of roundwood supply 163 

(spruce, pine, and non-coniferous sawlogs and pulpwood), harvest residuals, 9 types of 164 

intermediate products, and 13 final products (3 sawnwood grades, 3 board grades, 4 paper 165 

grades, firewood and district heating, and biofuel). Norway, Sweden, and Finland are each 166 

modelled with 10 regions, while 1 region covers Denmark and 1 region covers the rest of the 167 

world. The latter is included to ensure that import and export to the Nordic countries is 168 

possible. The data used in the model are adapted from Mustapha [26]. The most important 169 

reference values for this study are shown in table 1. 170 

A full description of the objective function and constraints of the NFSM is found in appendix 171 

1. The model is solved as a Mixed Integer Linear Programming (MILP) problem, with the CPLEX 172 

solver using the General Algebraic Modelling System (GAMS) [27].  173 

 174 



  

Norway Sweden Finland Denmark 

Production Sawnwood [million m3] 2.21 18.6 9.73 0.36 

Boards [million m3/metric 
ton] 

0.59 0.89 1.20 0.35 

Pulp & paper [million ton] 1.53 22.2 21.5 0.5 

Chips, briquettes, firewood 
[TWh] 

4.79 39.4 40.3 15.3 

Harvest Sawlogs [million m3] 4.63 34.5 19.5 0.80 

Pulpwood include chips 
[million m3] 

6.75 41.3 34.2 2.60 

Harvest residuals [TWh] 0 7.55 6.01 0.28 

Price 
delivered 
gate 

Sawlogs [€/m3] 68 76 74 68 

Pulpwood [€/m3] 
36 48 49 38 

Price 
elasticity of 
roundwood 
supply 

Sawlogs 0.8 0.6 1.0 0.8 

Pulpwood 
1.2 0.8 1.2 1.2 

Table 1. The reference production, harvest, roundwood prices, and elasticity of roundwood supply [26]. 175 

 176 

2.2 Biofuel production 177 

Different conversion routes can produce biofuel, and the routes have different levels of 178 

economic maturation, efficiency, and other technical parameters [28-31]. Biofuel production 179 

can have other chemical products as a main or side stream. Products that can be produced 180 

simultaneously with biofuel include a large variety of marketable products, such as methanol, 181 

ethanol, dimethyl-ether, methane, diesel, gasoline, paraffin, jet fuel, and other tradable 182 

biochemical products [32, 33]. Since the biomass to biofuel conversion effectivity is highly 183 

uncertain, we assume that biofuel production has an overall energy efficiency of 58% 184 

independent of feedstock used, which is within the scope of what may be reasonable in the 185 

future. As we focus on large production volumes in this study, some technology and raw 186 

materials may have different effectivity—however, we assume that 58% is valid as an 187 

average. The effectivity and input–outputs for the biofuel production are based on a techno-188 

economic study carried out by Serrano et al. [34], and we have selected the technology route 189 



of hydrothermal liquefaction (HTL), which allows different raw materials and products. The 190 

assumed energy efficiency implies that about 8.6 m3 solid wood is needed to produce 1 m3 of 191 

biofuel. We further assume that biofuel production has the same effectivity for different raw 192 

materials. The model can choose the most economical solution from the following raw 193 

materials: spruce, pine, and non-conifer pulpwood; residuals from sawmills; harvest 194 

residuals; or a mix of these. The difference between the raw materials is only the energy 195 

content, which is adapted from Mustapha [26]. The model can invest in fixed-size production 196 

units, of which the sizes—adapted from Serrano et al. [34]—are set to 150, 300, 450, and 600 197 

MW feedstock capacity. This equals 79, 157, 236, and 315 million litres as annual production 198 

volumes. Table 2 shows the main assumption for each production unit. The consumption of 199 

electrical energy is assumed to be 0.355 kWh/Lbiofuel and 4.2 kWh/Lbiofuel of natural gas used 200 

as hydrogen source under upgrading, for all production sizes. Table 3 shows the regional costs 201 

of labour and electrical power.  202 

The Nordic countries have set ambitious targets for reducing their consumption of fossil fuel. 203 

Norway, Finland, and Demark have use mandates to this effect: by 2020, at least 20% of the 204 

liquid fuel used in Norway and Finland must come from biofuel [35-37], and the 205 

corresponding figure for Denmark is 10% [38]. Sweden has set their target for reducing 206 

transportation-related carbon emission at 2.6% for gasoline and 19.3% for diesel in 2018, and 207 

they plan to increase this target to 70% within 2030 [39]. For this reason, we assume that the 208 

future production of biofuel in the Nordic countries is equal to a certain share (i.e. use 209 

mandate) of the diesel, gasoline, and jet fuel consumed in the Nordic countries in 2017, which 210 

was about 29.1 billion litres [40-43]. The analysed scenarios of 0%, 10%, 20%, 30%, and 40% 211 

of current fuel consumption thus represent 0, 2.9, 5.8, 8.7, and 11.6 billion litres of biofuel 212 

produced annually. The amount of biofuel is implemented as quota obligations, and the 213 



model finds the most competitive location and plant size for each given production level—214 

i.e., minimizing the costs of reaching the production target.  215 

 216 

 150 MW 300 MW 450 MW 600 MW 

Labour input [h/1000 L] 0.57 0.44 0.38 0.42 

Fixed costs [€/L/year] 0.56 0.49 0.45 0.42 

Investment costs [€/L/year] 0.40 0.34 0.31 0.29 

Production [million L/year] 79 157 236 315 
Table 2. Labour, fixed costs, investment costs, and production level for the different plant sizes [input feedstock]. Source: 217 
Serrano et al. [34]. 218 

 219 

 Denmark Finland Norway Sweden 

Labour [€/hour] 27 18 39 20 

Electricity [€/MWh] 54.5 42.9 39.9 41.3 

Natural gas [€/MWh] 36.1 36.1 36.1 36.1 
Table 3. Costs of labour, electricity, and natural gas used for biofuel production in the Nordic countries [44-48]. 220 

 221 

3 Scenario description 222 

3.1 Baseline scenario 223 

In the base scenario, we mainly use data described in Mustapha [26]. However, we have made 224 

some changes to the NFSM, and the changes are described here, as well as in chapter 2 and 225 

the appendix.  226 

We have doubled the price elasticity of roundwood supply compared to values found in 227 

Mustapha [26]. The reason for this is that different studies report different values of elasticity 228 

of roundwood supply. For example, Tian et al. [49] found high uncertainties for the level of 229 

elasticity of roundwood supply, while Bolkesjø et al. [50] found high price elasticity of 230 

roundwood supply. There are thus considerable uncertainties regarding the level of price 231 

effects on the roundwood supply in the Nordic countries; as such, this study assumes that the 232 



elasticity of roundwood supply may be higher than the level used in the data report for the 233 

NFSM [26].  234 

Harvest residuals may be important as raw materials for biofuel production in the future; in 235 

Norway, harvest residuals are not currently used, but Finland and Sweden are utilizing some 236 

harvest residuals for energy purposes. In all scenarios, we allow the model to use harvest 237 

residuals for biofuel and heat production—within the constraint mentioned above.  238 

 239 

3.2 Alternative scenarios  240 

In addition to the base case, we analyse the effect of different alternative scenarios regarding 241 

techno-economic developments in the forest and bioenergy sectors. These scenarios are 242 

divided into five groups. In group A, we analyse the effect of changing the elasticity of 243 

roundwood supply: doubling (A3) and halving (A2) the elasticities compared with the base 244 

(A1) case. This is done because of the considerable uncertainty regarding the elasticity of 245 

roundwood supply and may actually have quite different level than that assumed in A1.  246 

In group B, we test different levels of biomass consumption in district heating. The 247 

implications for the forest sector will likely be affected by competition over low-grade 248 

biomass usage (i.e., competition with the district heating sector). Biomass used for heating 249 

today may be used as raw material for biofuel plants in the future. For this reason, in scenario 250 

B1, we assume no use of biomass for district heating. On the other hand, increasing the CO2 251 

price may increase the utilization of biomass in district heating. For this reason, we double 252 

the biomass consumption from today’s level in scenario B2.  253 



Since year 2000, the Nordic pulp and paper industries has undergone a transition. For some 254 

paper grades, demand has reduced dramatically due to increased digitalization, while for 255 

other paper grades, demand has increased due to globalization. In group C, we cover both 256 

these cases, targeting what happens if the demand for Nordic pulp and paper reduces (C1) 257 

and increases (C2) by 50%, respectively. 258 

Reducing GHG emissions from the construction sector may increase the production of 259 

sawnwood in the future. We therefore run a scenario with a 50% reduction (D1) and 50% 260 

increase (D2) in sawmill capacity.  261 

Finally, in group E, we assume that each country has individual national consumption and 262 

production mandates for forest-based biofuel (E1). This means that there will be no trade of 263 

biofuels between the Nordic countries in these scenarios.  264 

As mentioned above, all scenarios are run for five levels of biofuel production: 0%, 20%, 30%, 265 

and 40% of the total fossil fuel consumption. Table 4 shows a summary of the scenario used 266 

in this study.  267 

  268 



Scenario 
name 

Description Changes  

A1 Base   

A2 Low timber price supply elasticity Halving the value of the price elasticity 
of roundwood supply 

A3 High timber price supply elasticity Doubling the value of the price 
elasticity of roundwood supply 

B1 Low level of biomass use in district 
heating 

No use of biomass in district heating 

B2 High level of biomass use in district 
heating 

Doubling the amount of biomass in 
district heating 

C1 Reduced demand for pulp and 
paper   

Reduced demand for pulp and paper 
by 50% in the Nordic countries  

C2 Increased demand for pulp and 
paper   

Increased demand for pulp and paper 
by 50% in the Nordic countries 

D1 Reduced demand for sawnwood Reduced demand for sawnwood by 
50% in the Nordic countries 

D2 Increased demand for sawnwood Increased demand for sawnwood by 
50% in the Nordic countries 

E1 Each country has their own quota 
obligation  

Each of the Nordic countries produces 
their own biofuel  

Table 4. Summary of the different scenarios. All changes are relative to the base scenario (A1). 269 

  270 



4 Results  271 

4.1 Base scenario  272 

4.1.1 Changes in biomass supply and biomass prices 273 

The overall harvest level in the Nordic countries is about 145 million m3 (table 1), of which 72 274 

million m3 is used by the pulp and paper industries [26]. Biofuel production corresponding to 275 

40% of the current total fuel use in the Nordic region would require roughly 100 million m3 of 276 

biomass. This represents a substantial increase in demand for wood (figure 1). As expected, 277 

the wood consumption for biofuel production comes from multiple sources: increased 278 

roundwood harvest, increased harvest of harvest residuals, and increased imports from other 279 

countries. In addition, increasing wood demand from the biofuel industry causes a significant 280 

reduction in wood use in the pulp and paper industries due to increasing wood prices (figure 281 

1). Of the 98 million m3 wood consumption in the 40% scenario, only about 25 million m3 282 

originates from increased domestic roundwood harvest in the Nordic countries. According to 283 

the model results, the average pulpwood price in the Nordic countries increases by 20–25%, 284 

while the total harvest increases by 17%. The combined effect of the increase in harvest and 285 

price significantly increases revenues for forest owners.  286 



 287 

Figure 1. Modelled sources of wood consumption for biofuel production, values show increase from 0% scenarios for harvest 288 
(blue), harvest residual (orange), import (grey), and reduced consumption in other industries (yellow) (left axis) and 289 
corresponding pulpwood prices (right axis) in the Nordic countries for the five base scenarios. 290 

 291 

Figure 2. Modelled change of wood consumption in sawmills, the pulp and paper industries, and biofuel production in the 292 
Nordic countries, for the different base scenarios. 293 
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At 40% biofuel production, the increase in available roundwood in the Nordic countries (figure 294 

1) is around 120 million m3, while only 98 million m3 is consumed for biofuel production 295 

(figure 2). The reduction in pulp and paper occurs simultaneously with an increase in the use 296 

of harvest residuals (figure 1). For this reason, the surplus of 20 million m3 available 297 

roundwood from pulp and paper mill closures is higher than the actual need of roundwood 298 

for biofuel production. This is because biofuel producers use more harvest residuals than pulp 299 

and paper producers, which means that in the Nordic countries, traditional forest industry 300 

production becomes less competitive compared with the rest of the world due to increased 301 

pulpwood prices.  302 

 303 

4.1.2 Economic effects to forest industries  304 

Increased biofuel production affects the economy of sawmilling in multiple ways. The overall 305 

quantified effects on Nordic sawmilling profits are shown in table 5. Total sawnwood 306 

production increases by 2.8% and board production increases by 0.6% when the biofuel share 307 

increases from 0% to 40%. This is due to increased revenue from sale of by-products. The pulp 308 

and paper industries reduce their production by 32%, due to higher raw materials costs. 309 

 310 

 
0% 10% 20% 30% 40% 

Sawlogs purchases 4 392  4 563  4 559  4 654  4 740  

Sawnwood sales 7 010  7 103  7 061  7 105  7 095  

Sales of by-products 1 009  1 111  1 163  1 247  1 347  

Profit 1 969  1 969  1 979  1 991  1 993  
Table 5. Modelled purchasing sawlogs costs, sales revenue of sawnwood and by-products, and changes in profit in the Nordic 311 
countries for the different base scenarios, in million €. 312 

The market value of wood by-products from sawmilling increases rapidly with increased 313 

production of biofuel (table 5), whereas the market price for sawnwood decreases only 314 



slightly. In total, the sawmill profit increases by 24 million € when the biofuel production 315 

increases from 0% and 40%.  316 

In the pulp and paper industries, the profit reduces by 3 billion € in the 40% scenario 317 

compared to the 0% scenario, due to a large reduction in sales revenue caused by a reduction 318 

in the production level. The reduction in cost is lower than the reduction in production due 319 

to the increasing pulpwood prices, while the market prices for pulp and paper only slightly 320 

increase.  321 

 322 

 
0% 10% 20% 30% 40% 

Sales revenue 35 852  33 988  31 877  29 707  28 271  

Cost of importing 
pulp and purchasing 
pulpwood 

14 275  13 702  12 964  12 078  11 562  

Profit 13 163  12 350  11 507  10 697  10 149  
Table 6. Modelled cost of purchasing pulp and wood, sales revenue, and changes in profit for the pulp and paper industries 323 
in the Nordic countries for the different base scenarios, in million €. 324 

 325 

4.1.3 Biofuel production 326 

Table 8 shows how the modelled production of biofuel is distributed between countries. 327 

Sweden produces the largest amount of biofuel in all scenarios, followed by Finland. Some 328 

production is allocated to Norway in all scenarios, while biofuel production is only allocated 329 

to Denmark in the scenarios with more than 20% overall biofuel obligation. Norwegian 330 

production stabilizes at 10% biofuel production, while production in Finland and Sweden 331 

increases almost linearly. 332 

 333 



4.2 Alternative scenarios  334 

4.2.1 Changes in biomass supply and biomass prices 335 

Table 7 shows the changes in harvest levels, use of harvesting residuals, import of sawlogs 336 

and pulpwood, reduced consumption of roundwood in other industries, and pulpwood prices 337 

for biofuel production from the base scenarios (A1) for each of the scenarios (A2–E1). For the 338 

scenario with low elasticity of roundwood supply (A2), we observe (as expected) higher 339 

pulpwood prices and lower harvest levels than in the base case. The reduction in harvest is 340 

substituted by harvest residuals and a larger reduction in consumption in the rest of the forest 341 

industry. High elasticity of roundwood supply (A3) provides lower pulpwood prices and an 342 

increase in consumption for other industries and thereby an increased harvest. 343 

Without the use of biomass in the district heating sector (B1), the use of harvest residuals is 344 

substantially reduced compared to the base scenario, especially at high biofuel production 345 

levels, due to the lower pulpwood prices. Harvest residuals are substituted by increased 346 

import. Simultaneously, the harvest and use of roundwood in the other industries increases 347 

compared to the base. When doubling the use of biomass in the district heating sector (B2), 348 

the use of harvest residuals increases in the 20% and 30% scenario at the expense of import 349 

and use of biomass in other industries. 350 

As expected, when reducing the pulp and paper demand (C1), we observe a reduction in 351 

pulpwood prices and reduced use of harvest residuals. The new biomass for the 30% and 40% 352 

biofuel scenarios comes mainly from increased import. With increased pulp and paper 353 

demand (C2), we find increased pulpwood prices and increased harvest levels. 354 

When reducing the sawnwood demand (D1), we find increased pulpwood import and more 355 

roundwood consumption in other industries, while increasing the sawnwood demand (D2) 356 



leads to reduced pulpwood prices. Finally, forcing each country to produce according to their 357 

own biofuel consumption (E1) causes minor effects only to the biomass balance compared to 358 

the base.  359 

  360 



  
Increased 
harvest 

Harvest 
residuals 

Increased 
import 

Reduced 
consumption 

Pulpwood 
price 

0 % A1     - 

A2     - 

A3     -0.2 

B1     -7.6 

B2     4.0 

C1     -1.1 

C2     0.3 

D1     0.5 

D2     -0.6 

E1     - 

10 % A1 - - - - - 

A2 -2.2 0.5 -1.3 2.7 1.4 

A3 0.7 -0.5 1.0 -0.8 -1.9 

B1 3.7 -7.6 3.3 -4.2 -3.9 

B2 -2.6 -0.3 2.6 -0.7 2.8 

C1 -0.5 -0.3 2.6 -1.5 -1.1 

C2 0.1 -0.5 -0.3 0.5 0.4 

D1 -0.7 -0.1 -0.1 0.8 0.5 

D2 -1.4 0.4 0.4 1.0 -1.0 

E1 0.1 -2.3 2.5 4.4 - 

20 % A1 - - - - - 

A2 -2.1 1.4 -4.2 8.1 2.7 

A3 2.8 -3.2 3.4 0.3 -1.9 

B1 6.5 -7.7 2.0 -5.7 -2.4 

B2 0.1 2.4 -4.8 6.4 4.0 

C1 0.3 -2.3 3.5 0.3 -0.8 

C2 0.8 -0.4 0.6 1.5 0.8 

D1 0.2 -1.7 1.3 2.6 1.0 

D2 -0.5 -1.9 2.2 1.8 -0.6 

E1 0.4 - 0.3 5.6 0.1 

30 % A1 - - - - - 

A2 -4.1 2.7 -1.6 4.3 3.3 

A3 3.2 -2.7 1.5 -2.8 -2.8 

B1 4.9 -9.9 5.8 -7.1 -3.4 

B2 0.9 5.5 -7.7 8.4 4.7 

C1 -0.7 -1.6 1.8 0.2 -1.3 

C2 1.0 1.0 -1.7 0.4 1.0 

D1 -0.2 -0.8 -2.0 2.8 0.7 

D2 -1.6 0.9 1.2 0.5 -1.0 

E1 -0.1 2.7 -0.2 0.4 -0.4 

40 % A1 - - - - - 

A2 -5.3 1.7 -0.3 4.6 4.2 

A3 4.4 -2.2 1.4 -3.8 -3.8 

B1 2.9 -11.6 10.3 -9.5 -4.4 

B2 2.0 1.3 -1.2 4.0 5.0 

C1 -1.2 -0.4 3.4 -0.9 -1.9 

C2 1.4 1.2 -0.8 -0.8 1.4 

D1 - -1.8 2.4 -1.6 0.2 

D2 -1.4 0.4 1.4 0.8 -0.7 

E1 0.7 0.9 1.4 0.1 -0.2 

Table 7. Modelled differences between base case (A1), and the other scenarios for wood consumption for biofuel production. 361 
Values represent difference for harvest, harvest residual, import, reduced consumption in other industries (million m3), and 362 
corresponding difference for pulpwood prices (€/m3) in the Nordic countries for the five different production levels for biofuel. 363 
“-“ means no change from base.  364 



4.2.2 Changes in biofuel production  365 

Table 8 shows the changed biofuel production from the base (A1) for the different cases. 366 

Small changes occur, with the exception of cases where biomass is not used in district heating 367 

(B1), where more of the biofuel production is allocated to Finland. In the case of self-368 

production of biofuel (E1), biofuel production in Norway and Denmark increases by 100% and 369 

84%, respectively, compared to the base (A1) 40%. In the same scenario, production in 370 

Sweden and Finland reduces by 21% and 33%, respectively. Hence, according to this study, 371 

biofuel production in Finland and Sweden is more cost competitive than production in 372 

Norway and Denmark.  373 

 374 

Country Scenario A1 A2 A3 B1 B2 C1 C2 D1 D2 E1 

Norway 0% 0 - -  - -  -  -  -  - -  

10% 0.32  - -  -  -0.08  -  -  -  - 0.32  

20% 0.32  - - -  - -  - -  -  0.87  

30% 0.32  0.32  - -  0.32  -  0.32  0.32  0.24  1.42  

40% 1.18  -0.08  - -0.55  -  -0.08  -  -0.08  -0.08  1.18  

Finland 0% 0 -  - - -  - - -  -  -  

10% 0.55  0.08  - 0.39  0.08  0.08  -  0.08  0.08  0.08  

20% 1.89  -0.32  0.08  0.32  - -  - 0.08  -  -  -0.63  

30% 2.60  0.24  0.08  -0.08  0.08  0.39  0.16  0.39  0.32  -0.79  

40% 3.62  -0.16  - 0.39  -0.32  -0.24  -  0.08  -0.24  -1.18  

Sweden 0% 0  -  - -  - - - -  -  -  

10% 2.13  -0.08  -  -0.39  -  -0.08  - -0.08  -0.08  -1.02  

20% 3.70  -0.32  -0.55  -0.32  -0.63  -0.63  -0.24  -0.63  -0.32  -1.58  

30% 4.65  -0.55  -0.08  0.39  -0.71  -0.39  -0.47  -0.71  -0.55  -1.50  

40% 5.36  0.24  - 0.16  0.32  0.32  -  -  0.32  -1.10  

Denmark 0% 0  -  - - - - -  -  -  - 

10% 0  -  - - - -  - -  - 0.79  

20% 0  0.63  0.63  -  0.63  0.63  0.32  0.63  0.32  1.50  

30% 1.26  -  - -0.32  0.32  - - -  -  0.95  

40% 1.58  -  - - - - - -  -  1.34  

Table 8. Modelled production of biofuel in the base scenario (A1) and modelled changes from base for all scenarios and cases, 375 
in the different countries, all numbers are in billion litres annually. “-“ means no change from base. 376 

 377 



4.2.3 Harvest level and wood prices 378 

The base scenario increases the pulpwood prices at mill gate from 50 €/m3 with 0% biofuel to 379 

61 €/m3 with 40% biofuel. The prices deviate from -15% to 8% with 0% biofuel and from -7% 380 

to 8% with 40% biofuel: the highest is for high use of biomass in district heating (B2) and the 381 

lowest for low use of biomass in district heating (B1). Sawlogs prices increase from 74 €/m3 382 

to 78 €/m3 for the base case (A1). The scenarios can be divided into three groups: group 1 has 383 

a high sawnwood demand (D2) that starts at 82 €/m3 and ends at 84 €/m3; group 2 has a low 384 

sawnwood demand (D1), starting at 68 €/m3 and ending at 72 €/m3; and the rest of the cases 385 

(group 3) have a maximum deviation of ±4% from the base case for all biofuel production 386 

levels. Generally, the modelled roundwood prices are robust to changes in the scenario 387 

parameters. The flexibility in wood supply from different wood sources (roundwood, harvest 388 

residuals, by-products, and imports), as well as changes in wood consumption from different 389 

wood consumer sectors, reduces the influence from the scenario parameters. 390 

The modelled harvest levels follow the same pattern as prices. Again, we find that the 391 

pulpwood harvest is highest for high use of biomass in district heating (B2). For sawlogs, 392 

harvest is almost constant across scenarios. The highest sawlogs harvest is with high 393 

sawnwood demand (D2), at a constant level of +7% from the base level, while the lowest 394 

harvest is with low sawnwood demand (D1), with a harvest that deviates from -7% to -9%. 395 

The rest of the cases deviate at a maximum of ±2% from the base case.  396 

 397 

4.2.4 Production levels 398 

The scenarios affect different parts of the forest industry differently. The changes between 399 

the base (A1) 0% and the different cases for sawnwood production are shown in figure 3. In 400 



most cases, the production of sawnwood increases in Sweden, while the production in Finland 401 

slightly decreases for the cases with low use of biomass in district heating (B1). This shows 402 

that countries with high pulpwood demand also have high production of sawnwood. The 403 

largest changes appear for low sawnwood demand (D1) and high sawnwood demand (D2). 404 

The board production is almost unchanged across all scenarios and cases. 405 

Since the pulp and paper industries are major consumers of pulpwood, their production 406 

reduces with increased biofuel production (figure 4), especially in Finland and Sweden. The 407 

introduction of biofuel will directly compete with pulp and paper for the pulpwood, resulting 408 

in a reduction of pulp and paper production. In the simulations, the model is forced to 409 

produce biofuel to fulfil a given consumption or blending requirement. The competitiveness 410 

of pulp and paper versus biofuel production, or Nordic biofuel production versus imported 411 

biofuels, is not analysed in this study. 412 

 413 

Figure 3. Modelled change in sawnwood production compared to base (A1) 0%, split by countries, for the different cases and 414 
scenarios.  415 
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 416 

Figure 4. Modelled change in pulp and paper production compared to base (A1) 0%, for the different cases and scenarios, 417 
split by countries. 418 

 419 

4.2.5 Cost, revenue and profit 420 

Increased production of biofuel increases the market price of by-products from sawmills, 421 

which increases profits and production. The increased sawnwood production increases the 422 

consumption of sawlogs and therefore sawlogs unit prices, as shown in table 9. The highest 423 

sawlogs unit costs are observed when we also increase the demand for sawnwood (D2). 424 

Revenues from by-product sales (table 9) increase when more biomass is demanded in biofuel 425 

production. In total, the market price of sawnwood (table 9) is almost constant when 426 

increasing biofuel production—major changes happen only when we increase/decrease the 427 

sawnwood demand (D2, D1). Profit for sawmills (table 9) increase with the production and 428 
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the market price of sawnwood. If the sawnwood demand increases by 50% (D2), we find the 429 

unit production profit increases by 7% compared to the base scenario.  430 

The raw material costs for pulp, paper, and board industries rise with increasing biofuel 431 

production (table 9). The highest unit costs are in the cases where pulp and paper demand is 432 

also increased (C2) and/or there is an increased amount of biomass in district heating (B2) 433 

due to increased competition for biomass.  434 

The average unit market price for pulp and paper products rises with increasing biofuel 435 

production (table 9), due to the increased competition for biomass between the pulp and 436 

paper industries and biofuel producers, which lowers production in the pulp and paper 437 

industries. The unit profit is relatively stable for all cases (table 9). 438 

  439 



 440 

 Sawmills Pulp, paper, and board industries 

Case Scenario Profit  
Sales 

revenue  
Sales revenue 
by-products  

Cost of 
sawlogs  

Profit  
Sales 

revenue  
Cost of raw 
materials  

A1 0% 63.5  226  32.5  142  270  737  293  
 10% 62.6  226  35.3  145  270  742  299  
 20% 62.9  225  37.0  145  270  749  305  
 30% 62.7  224  39.3  147  271  753  306  
 40% 62.5  223  42.3  149  272  759  310  

A2 0% 61.9  226  32.6  143  271  737  293  
 10% 62.2  226  36.3  147  270  746  302  
 20% 63.1  226  38.8  148  268  749  306  
 30% 62.9  225  41.7  150  269  759  314  
 40% 62.2  224  45.5  154  273  767  316  

A3 0% 63.1  226  32.4  141  271  737  293  
 10% 62.6  226  34.1  143  269  740  298  
 20% 62.9  224  35.6  143  271  744  299  
 30% 62.9  223  37.2  144  272  745  299  
 40% 63.2  222  39.6  144  272  748  301  

B1 0% 61.5  229  25.5  140  276  725  276  
 10% 61.9  227  30.5  142  270  737  294  
 20% 61.7  226  32.4  143  267  740  299  
 30% 62.1  225  34.8  145  269  746  303  
 40% 62.1  225  36.8  146  271  748  302  

B2 0% 62.8  225  35.8  145  270  744  300  
 10% 62.8  224  37.8  145  270  750  306  
 20% 62.9  224  40.4  147  270  756  310  
 30% 62.9  222  43.7  149  275  771  318  
 40% 64.6  224  46.6  152  281  781  323  

C1 0% 62.1  226  31.8  142  266  726  287  
 10% 62.4  226  34.7  145  268  738  296  
 20% 63.1  225  36.4  145  272  740  294  
 30% 63.9  225  38.4  146  273  747  298  
 40% 62.5  223  41.2  148  274  753  303  

C2 0% 63.5  226  32.7  142  274  746  297  
 10% 62.6  226  35.6  145  272  752  306  
 20% 62.9  224  37.5  145  272  757  310  
 30% 63.2  224  40.1  148  270  766  319  
 40% 63.0  222  43.4  149  273  772  321  

D1 0% 59.4  209  32.6  129  270  737  293  
 10% 59.6  208  35.5  131  272  743  298  
 20% 59.4  206  37.6  131  271  749  304  
 30% 59.5  206  39.6  133  268  752  308  
 40% 59.7  208  42.1  138  272  759  310  

D2 0% 67.7  246  32.0  156  271  736  293  
 10% 68.4  246  34.5  158  268  741  300  
 20% 68.8  245  36.4  158  271  747  301  
 30% 69.2  244  38.6  159  269  748  304  
 40% 70.0  243  41.9  160  271  759  312  

E1 0% 63.5  226  32.5  142  270  737  293  
 10% 62.6  226  35.4  145  268  743  302  
 20% 62.6  224  37.2  145  269  748  305  
 30% 62.8  224  39.5  147  271  749  303  
 40% 63.2  222  42.8  148  274  758  309  

Table 9. Modelled unit profit, sales revenue and main products and by-products, and cost of raw materials for sawmills and 441 
pulp, paper, and board industries in €/m3 or €/ton as Nordic average. 442 



5 Discussion  443 

This study demonstrates how biofuel production could influence the Nordic forest sector. One 444 

main finding is that the implementation of large-scale wood-based biofuel plants will 445 

significantly affect the forest and bioenergy sectors in the Nordic countries. The pulp and 446 

paper industries will reduce production volumes and profits, whereas sawmills will tend to 447 

increase their profit due to increased demand for their by-products. The forest owners will 448 

increase their revenue when biofuel production is introduced, as market prices for pulpwood 449 

and the use of harvest residuals will increase. The reduction in profit in the pulp and paper 450 

industries will be greater than the increase in profit for sawmills and the increase in revenue 451 

for forest owners combined. Added together, the net annual profit in the forest sector 452 

(excluding biofuels) will thus be reduced by 400–600 million € compared with the 0% biofuel 453 

production scenario. The effect is largest in the 20–30% scenarios and lowest in the 40% 454 

scenario. The results indicate that the least favourable production volume for the Nordic 455 

forest sector is around 20%, i.e., the same as the Norwegian 2020 goal for renewable fuel in 456 

transportation [36]. For levels above 30%, the increase in revenue for forest owners will occur 457 

faster than the reduction in profit for pulp and paper producers, giving a lower total loss in 458 

profit for the sector.  459 

High levels of biofuel production, especially in the 40% case, will lead to a significant increase 460 

in demand for forest resources. A level of 40% biofuel will demand a 98 million m3 pulpwood 461 

equivalent, which is two-thirds of the reference harvest in the Nordic countries (144 million 462 

m3). The increased consumption for forest-based raw materials will be mainly sourced from 463 

import and harvest residuals, which is in agreement with Lundmark et al. [12]. The sawlogs 464 

consumption will be largely unaffected by the production level of biofuel, in line with 465 



Mustapha et al. [15] and Lundmark et al. [12]. In the reference year (2013), the Nordic 466 

countries harvested 65% of the annual growth; with an increase of 98 million m3, the 467 

utilization of roundwood will be 108% of the growth if we assume no changes in import and 468 

no reduction in consumption in other parts of the forest sector. This would not be sustainable; 469 

thus, the mass balance in the model is reached by increasing the net roundwood import and 470 

reducing the consumption in other industries—mainly in the pulp and paper industries. Forest 471 

owners in the Nordic countries and in the rest of the world will benefit from a high penetration 472 

of forest-based biofuel in the Nordic countries, while the Nordic pulp and paper industries 473 

will meet increased costs and decreased production. This result is supported by Schwarzbauer 474 

et al. [51], although they focus on the Austrian forest sector.  475 

Pulpwood prices will increase by 22%, which is consistent with Mustapha et al. [15] but is 476 

lower than what was reported by Trømborg et al. [10] for the Norwegian market. The 477 

Norwegian roundwood market constitutes about 8% of the total Nordic roundwood markets, 478 

hence the significantly higher roundwood prices in Trømborg et al. [10], which were due to 479 

the lower available amount of roundwood. In the present study, we use a regionalized model 480 

covering all the Nordic countries that is capable of modelling trade across the borders. This 481 

gives a more realistic picture of the roundwood market than in a single country model. 482 

Sawmills in the Nordic countries will tend to benefit from forest-based biofuel production 483 

through increased production and increased unit profit due to increased by-product prices. 484 

However, production of sawnwood will increase only marginally, as is shown in previous 485 

studies [10, 11]. Simultaneously, the pulp and paper industries will reduce their profitability 486 

and production volume, making the implementation of biofuel controversial. Since biofuel 487 

production is not competitive with fossil fuel at today’s costs, biofuel production must be 488 



subsidized. This will be highly controversial, since subsidizing biofuel will lead to reduced 489 

profit in other industries.  490 

The results are stable across the different scenarios. In accordance with our expectations, the 491 

results tend to give higher pulpwood prices if the demand for forest products increases (B2, 492 

C2), while the price and use of harvest residuals decreases if the demand is reduced. Increased 493 

demand will not affect the allocation of biofuel production substantially. A reduction in 494 

demand (B1, C1) will move some production of biofuel from Sweden to Finland.  495 

Increased production of forest-based biofuel will create a substantial reduction in the need 496 

for fossil fuel, but it will also reduce the profitability of pulp and paper producers. Reduced 497 

activity in the pulp and paper industries may reduce the forest sector’s willingness and 498 

opportunity to invest in other types of biorefineries and thus in other green products. Several 499 

biorefinery technologies that use by-products from pulp and paper industries as raw materials 500 

have shown promising results [52, 53]. For those technologies, integration with the existing 501 

pulp and paper industries is essential. This study does not include possible synergy effects of 502 

such technologies. However, one assumption is that the pulp and paper industries will be 503 

unable to restructure from traditional mills into biorefineries with biofuel as a co-product. 504 

Pulp mills that manage this restructuring may not reduce their profit in the same magnitude 505 

as that mentioned in this study. We further assume that residuals from the pulp and paper 506 

industries (tall oil, kraft lignin, black liquor, etc.) will not be used to fulfil the biofuel mandate. 507 

At the moment, only some plants are using residuals from pulping in biofuel production [54]. 508 

Molinder et al. [55] estimate the total potential production of crude tall oil to be 600 000 509 

ton/year in Scandinavia, while Backlund et al. [56] estimate a maximum of 5 TWh/year of 510 

lignin-based biofuel in Sweden. Together, lignin and tall oil will produce a maximum of 1.26 511 



billion L biofuel in Sweden, which corresponds to 4.3% of the current fuel consumption in the 512 

Nordic countries. It is unlikely that the full potential will be reached since both tall oil and 513 

lignin have other higher-value applications than biofuel [57]; as such, we assume that the 514 

share of tall oil and lignin that would be utilized for biofuel production is limited, and 515 

therefore it is not considered in this study. 516 

At present, there are no full-scale stand-alone biofuel plants, leading to uncertainties 517 

regarding the energy efficiency and choice of raw materials for commercial biofuel plants. 518 

Many different technology pathways are under development; however, to analyse the forest 519 

sector impacts we have chosen to use a generic technology in this study with an efficiency 520 

that may be realistic in the future but is still uncertain. A change in the efficiency within the 521 

modelling framework used in this study will only increase/decrease the amount of biomass 522 

needed for producing a certain amount of biofuel. The effects of a given amount of biomass 523 

consumption will be the same for the forest sector as those shown in this study. A significant 524 

strength of the way biofuel production is implemented in the NFSM is that the model can 525 

freely choose the location of the production unit and raw materials mix according to what is 526 

most economical. The assumption that the production unit has a fixed size is reasonable, since 527 

the investors will only consider plants of a certain size. In this study, we assume that biofuel 528 

can be consumed without being mixing with fossil fuel. This has led to 100% biofuel 529 

consumption in some regions, and 0% in others. This assumption might influence the location 530 

of the biofuel plants. As the cost of transporting roundwood exceeds the cost of biofuel 531 

transportation, the effect of this assumption will likely be small. In addition, this study 532 

assumes a fixed demand for biomass in district heating independent of biofuel production. 533 

Some studies have indicated that the integration of biofuel production and heat production 534 

has considerable effect on which technology that will be optimal [58]. However, Börjesson 535 



Hagberg et al. [58] have shown that biofuel production only has a minor impact on heat 536 

production. It can be assumed that flexibility in the heat sector may dampen the price effects, 537 

but the potential influences of reduced bioheat and biopower (co-)generation are not 538 

considered here. Further development of the model will include better representation of the 539 

bioheat sector.  540 

Since the NFSM is a partial equilibrium model, it has the same benefits and limitations as 541 

other partial equilibrium models. These include the fact that the model does not cover the 542 

raw material supply and cost precisely enough, since the model requires regional aggregation. 543 

Because of the aggregation, the NFSM is not able to model forest dynamics at the same 544 

detailed levels as forest models. But we are assuming that the NFSM can model the forest 545 

dynamics precisely enough for industrial studies. The NFSM models only the main industrial 546 

processes and products, because the larger variety in final products, similar products is 547 

aggregated to product groups with same market price. This simplification, together with the 548 

uncertainty in the techno-economic data for each mill, will make it impossible to determine 549 

exact implications for single mills, but on an aggregate level, the NFSM is able to provide 550 

robust result. As with every other partial equilibrium model, the NFSM is highly dependent 551 

on the input data. The NFSM uses the year 2013 as a reference year, but since the forest 552 

sector is under development, those input data may contain small inaccuracies, such as mill 553 

closures and investments that has happen from the reference year and until present. For 554 

example, in Finland, the harvest has increased by 7.2 million m3 [59] since the calibration of 555 

the model, but such minor inaccuracies are not assumed to significantly affect the results of 556 

this study.  557 



This is the first time that the biofuel data used in this study are used in a partial equilibrium 558 

model covering the Nordic forest sector. Together with the implementation of discreet 559 

production unit, this study yields new insights into the connection between the traditional 560 

forest sector and biofuel production.  561 

 562 

6 Conclusion  563 

This study shows that large-scale forest based biofuel production will substantially influence 564 

the economics of the forest sector. Sawnwood producers will increase their profit because 565 

they produce by-products that are suitable for use in biofuel plants, but the overall effects for 566 

sawmills are found to be minor. Forest owners, on the other hand, will benefit substantially 567 

from biofuel production since demand for chips, pulpwood, and harvest residuals will 568 

increase the wood prices. The model’s results indicate an increase in roundwood prices up to 569 

11% when assuming 40% biofuel implementation. On the other hand, implementation of 570 

biofuel will result in large reductions in the production (-25%) and profitability (-23%) in the 571 

pulp and paper industries and lead to mill closures, while harvest levels will increase up to 572 

17% and the use of harvest residuals will increase by 56 TWh from current levels.  573 

The different scenarios show that the total profit for sawnwood, pulp and paper producers, 574 

and forest owners will diverges ±7% from the base case for all scenarios in the Nordic forest 575 

sector, which suggests that the model results are quite robust with respect to the implications 576 

of the biofuel production.  577 

Forest owners and sawnwood, pulp, and paper producers will reduce their total profit when 578 

biofuel production is implemented. The total profit in the Nordic forest sector will be reduced 579 



by 400–600 million € or 1.8–2.2% p.a. The greatest reduction in profit will occur with 20–30% 580 

biofuel implementation, due to a heavy reduction in the pulp and paper industries. This shows 581 

that policy makers should be aware of the reduction in profit for the traditional forest industry 582 

when implementing support schemes for biofuel producers. The total biofuel production 583 

volume in the Nordic countries will affect how much profit the forest sector loses. For higher 584 

volumes of forest-based biofuel, the Nordic pulp and paper industries will reduce their profit 585 

by 3 billion € p.a. This may reduce the traditional pulp and paper industries opportunities to 586 

research and develop new chemical products based on roundwood that, in the future, may 587 

reduce the use of fossil fuel.  588 
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A Appendix 594 

This appendix describes the objective function and constraints used in the Nordic Forest 595 
Sector Model (NFSM). NFSM is a linearized mix integer model with five special ordered sets 596 
of type 2 (SOS2) variable [60], one integer variable and six continues variables. The model 597 
consists of one objective function, 15 constraints used to handle the linearization, and 10 598 
ordinary constraints. All indexes, variables, and parameters used in the model are shown in 599 
table A.1. 600 
 601 
Table A.1, list of indexes, variables, and parameters used in the appendix  602 

Indexes 

𝑖, 𝑗 Region 

𝑘, 𝑘2 All products, i.e., final products, intermediate products, and roundwood 
categories 

𝑓 Final products 

𝑤,𝑤2 Roundwood categories 

𝑙 Final and intermediate products 

𝑛 Linearization numbering 

𝑡 Production activity 

𝑡𝑖 Time step 

𝑝 Pulp and paper categories 

𝑏 Biofuel product 

𝑡𝑏 Biofuel production activity 

𝑟 Recycled paper grade 

𝐹𝑆 Biofuel factory size 

Variables used for linearization SOS2 variable 

𝜆𝑎 Consumption  

𝜆𝑏 Harvest 

𝜆𝑐 Harvest of harvest residuals 

𝜆𝑒 Input of labour 

𝜆𝑓 New investments  

Integer variable 

𝛿 Counting number of biofuel production unit  

Value steps 

𝑥𝑎 Consumption  

𝑥𝑏 Harvest 

𝑥𝑐  Harvest of harvest residuals 

𝑥𝑑 Size of biofuel production unit  

𝑥𝑒 Input of labour 

𝑥𝑓 New investments 

Variable 

𝛾 Consumption 

𝜑 Production 

𝜃 Harvest 

𝜔 Interregional trade 



𝜖 Harvest residues 

Θ Downgrading 

Scalars 

𝑁𝑎 Number of segments for linearization of consumption  

𝑁𝑏 Number of segments for linearization of harvest  

𝑁𝑐  Number of segments for linearization of harvest residuals  

𝑁𝑑 Number of segments for linearization of biofuel production  

𝑁𝑒 Number of segments for linearization of input of labour  

𝑁𝑓 Number of segments for linearization of new investments  

𝐴𝑛 Annuity factor  

𝑁𝑃 Net present value of an investment  

Parameters 

Γ Reference price 

𝜁 Reference consumption 

𝜏 Price elasticity 

𝛼 Roundwood supply shifts periodically according to changes in growing stock 
via this parameter 

𝛽 Econometrically estimated roundwood supply elasticity 

𝜂 Reference roundwood price delivered to gate mill 

χ Reference harvest 

𝑆 Growing stock  

𝜅 Growing stock rate 

𝜇 Intercept for harvest residuals  

𝜈 Slope harvest residuals  

𝐷 Interregional cost for transportation  

𝐼 Investments costs 

𝜄 Exogenous production costs 

Λ Input of products with exogenous costs 

𝑎 Input of product 

𝑅 Recycling rate 

Ξ The technical potential of harvest residuals  

𝜉 Labour costs for biofuel production  

Π Operation cost for biofuel production  

𝜌  Investments cost for biofuel production  

𝜓 Max fraction of pulpwood and sawlogs 

𝜐 Binary parameter counting spruce and pine  

Φ Parameter with costs of new investments  

𝜛 Unit labour costs 

 603 

  604 



A.1  The objective function 605 

NFSM is solved by maximising the objective function: 606 

max [∑𝑅𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑖,𝑓 
𝑖,𝑓

−∑𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑖,𝑤 −∑𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠𝑖
𝑖𝑖,𝑤

− ∑ 𝐶𝑏𝑖𝑜𝑓𝑢𝑒𝑙𝑖,𝑏,𝑡𝑏
𝑖,𝑏,𝑡𝑏

607 

−∑𝐶𝑙𝑎𝑏𝑜𝑢𝑟𝑖,𝑙,𝑡
𝑖,𝑙,𝑡

−∑𝐶𝑡𝑟𝑎𝑛𝑠𝑖,𝑗,𝑘
𝑖,𝑗,𝑘

−∑𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑖,𝑙,𝑡
𝑖,𝑙,𝑡

608 

−∑𝐶𝑁𝑒𝑤𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑠𝑖,𝑙,𝑡
𝑖,𝑙,𝑡

] 609 

Where the first-term represents the inverse demand function, i.e., the consumers surplus. 610 

Second-term represent the harvest supply function. Third-term represents cost of harvesting 611 

harvest residuals. Fourth-term represents the cost of biofuel plants. Fifth-term represents the 612 

labour costs. Sixth-term represents the cost of interregional trade. The seventh-term 613 

represents the maintenance and other exogenous production costs. While the eighth-term 614 

represent the cost of increasing the industrial production capacity. 615 

The values used in the objective function is solved with use of a piecewise linearization [60].  616 

Calculation of sales revenue is shown in equation (𝐴. 1 − 𝐴. 3). Where 𝑅𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑖,𝑓 is 617 

defined as the total revenue of final product 𝑓 in region 𝑖. In the linearization of the revenue 618 

function, two dummy variable are in use: 𝑥𝑖,𝑓,𝑛 
𝑎 and 𝜆𝑖,𝑓,𝑛

𝑎 , where 𝑥𝑖,𝑓,𝑛 
𝑎 is predefined range of 619 

possible consumption levels with 𝑁𝑎 pieces in range from zero to the double of the reference 620 

value and 𝜆𝑖,𝑓,𝑛
𝑎  is a SOS2 variable. The SOS2 variable is used for ensuring one out of two 621 

outcome: (1) if the level of consumption 𝛾𝑖,𝑓 hit exactly a level in 𝑥𝑖,𝑓,𝑛
𝑎 , then only one number 622 

in 𝜆𝑖,𝑓,𝑛
𝑎 , is different from zero (binary case). Or, (2) if the level of consumption 𝛾𝑖,𝑓 hit 623 



somewhere between the levels defined in 𝑥𝑖,𝑓,𝑛
𝑎 , than two neighbouring numbers in 𝑥𝑖,𝑓,𝑛

𝑎  are 624 

different from zero (SOS2 case), with the constraint that they add up to 1 (𝐴. 3).  625 

𝑅𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑖,𝑓 =∑𝜆𝑎𝑖,𝑓,𝑛 ∗

𝑁𝑎

𝑛=1

({Γ𝑖,𝑓 −
Γ𝑖,𝑓

𝜏𝑓
} ∗ 𝑥𝑎𝑖,𝑓,𝑛 +

1

2
{
Γ𝑖,𝑓 

𝜁𝑖,𝑓 ∗ 𝜏𝑓
} ∗ (𝑥𝑎𝑖,𝑓,𝑛)

2
 ) ∀ 𝑖, 𝑓 (𝐴. 1) 626 

 𝛾𝑖,𝑓  = ∑ 𝜆𝑎𝑖,𝑓,𝑛 ∗ 𝑥
𝑎
𝑖,𝑓,𝑛

𝑁𝑎

𝑛=1

 ∀ 𝑖, 𝑓 (𝐴. 2) 627 

∑𝜆𝑎𝑖,𝑓,𝑛

𝑁𝑎

𝑛=1

=  1 ∀ 𝑖, 𝑓 (𝐴. 3) 628 

Where Γ𝑖,𝑓 and 𝜁𝑖,𝑓 are the reference price and reference consumption of final product 𝑓 in 629 

region 𝑖, respectively, while 𝜏𝑓 is the price elasticity. 630 

Cost of harvest (𝐴. 4 − 𝐴. 6), cost of harvesting harvest residuals (𝐴. 8 − 𝐴. 10), cost of 631 

labour (𝐴. 13 − 𝐴. 15), and cost of installing new capacities (𝐴. 16 − 𝐴. 18) are linearization 632 

in the same way as for sales revenue (𝐴. 1 − 𝐴. 3).  633 

The cost of harvesting roundwood (𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡) is calculated using SOS2 variable 𝜆𝑏𝑖,𝑤,𝑛 and 634 

range 𝑥 𝑖,𝑤,𝑛
𝑏  with 𝑁𝑏 segments. 𝛽𝑖,𝑤 is econometrically estimated roundwood supply 635 

elasticity for roundwood category 𝑤 in region 𝑖. 𝛼𝑖,𝑤
𝑡  is estimated with use of equation (𝐴. 7), 636 

for the first year (𝑡𝑖=1) 𝛼𝑖,𝑤
𝑡𝑖  is calculated using reference price 𝜂𝑖,𝑤 and reference harvest χ𝑖,𝑤. 637 

For the second year (𝑡𝑖=2) 𝛼𝑖,𝑤
𝑡𝑖  is calculated using reference standing stock 𝑆𝑖,𝑤 and for the 638 

subsequent years (𝑡𝑖>2) 𝛼𝑖,𝑤 
𝑡𝑖 is calculated with use of the modelled standing stock 𝑆𝑖,𝑤

𝑡𝑖 . The 639 

standing stock is growing at a rate 𝜅𝑖,𝑤 and reduced by harvesting 𝜃𝑖,𝑤. For more detailed 640 

description of 𝛼 and 𝛽 are found in [22]. 641 



 𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑖,𝑤 =∑𝜆𝑏𝑖,𝑤,𝑛 ∗ (
𝛼𝑖,𝑤
𝑡

𝛽𝑖,𝑤 + 1
) ∗ (𝑥𝑖,𝑤,𝑛

𝑏 )
𝛽𝑖,𝑤+1

𝑁𝑏

𝑛=1

 ∀ 𝑖, 𝑤 (𝐴. 4) 642 

𝜃𝑖,𝑤 = ∑𝜆𝑏𝑖,𝑤,𝑛 ∗ 𝑥
𝑏
𝑖,𝑤,𝑛

𝑁𝑏

𝑛=1

 ∀ 𝑖, 𝑤 (𝐴. 5)  643 

∑𝜆𝑏𝑖,𝑤,𝑛 

𝑁𝑏

𝑛=1

 =  1 ∀ 𝑖, 𝑤 (𝐴. 6) 644 

𝛼𝑖,𝑤
𝑡𝑖 =

{
  
 

  
 

𝜂𝑖,𝑤

χ𝑖,𝑤
𝛽𝑖,𝑤

 , 𝑖𝑓 𝑡𝑖 = 1

𝛼𝑡𝑖−1𝑖,𝑤

(
[{((1 + 𝜅𝑖,𝑤) ∗ 𝑆𝑖,𝑤

𝑡𝑖−1) − 𝜃𝑖,𝑤
𝑡𝑖−1} + 𝑆𝑖,𝑤

𝑡𝑖−2] 2⁄

𝑆𝑖,𝑤
𝑡𝑖−2 )

𝛽𝑖,𝑤

  , 𝑖𝑓 𝑡𝑖 ≥ 2
⁄

 , ∀ 𝑖, 𝑤 (𝐴. 7) 645 

 646 

Cost of collection harvest residuals (𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠) is estimated with use of 𝜆𝑐𝑖,𝑛 and 647 

range 𝑥𝑖,𝑛
𝑐  with 𝑁𝑐  segments. Where 𝜇𝑖 and 𝜈𝑖 is the intercept and slope of harvesting harvest 648 

residuals in region 𝑖, while 𝜖𝑖 is the amount of collected harvest residuals. 649 

 𝐶ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠𝑖 = ∑𝜆𝑐𝑖,𝑛 ∗ {𝜇𝑖 ∗  𝑥𝑖,𝑛
𝑐 +

1

2
∗ 𝜈𝑖 ∗ (𝑥𝑖,𝑛

𝑐 )
2
}

𝑁𝑐

𝑛=1

 ∀ 𝑖 (𝐴. 8) 650 

𝜖𝑖  = ∑𝜆𝑐𝑖,𝑛 ∗ 𝑥
𝑐
𝑖,𝑛

𝑁𝑐

𝑛=1

 ∀ 𝑖 (𝐴. 9) 651 

∑𝜆𝑐𝑖,𝑛

𝑁𝑐

𝑛=1

= 1 ∀ 𝑖 (𝐴. 10) 652 

 653 



Cost of producing biofuel (𝐶𝑏𝑖𝑜𝑓𝑢𝑒𝑙) is estimated using the integer variable 𝛿𝑖,𝑡𝑏,𝐹𝑆 where 𝑡𝑏 654 

is the technology used in production of biofuel (𝑏) and 𝐹𝑆 is the name of the discrete biofuel 655 

unit production volume with size 𝑥𝑖,𝑏,𝑡𝑏,𝐹𝑆
𝑑  and 𝑁𝑑 is the total number of factory sizes NFSM 656 

can choose between. Each discrete factory size has their own labour costs (𝜉𝑖,𝑏,𝑡𝑏,𝐹𝑆), 657 

operation costs (Π𝑏,𝑡𝑏,𝐹𝑆), and investment costs (𝜌𝑏,𝑡𝑏,𝐹𝑆), 𝑁𝑃 is used to calculate the net 658 

present value of the biofuel investment, while 𝜑𝑖,𝑏,𝑡𝑏 is the production level of biofuel.  659 

𝐶𝑏𝑖𝑜𝑓𝑢𝑒𝑙𝑖,𝑏,𝑡𝑏 = ∑  𝛿𝑖,𝑡𝑏,𝐹𝑆 ∗  (𝜉𝑖,𝑏,𝑡𝑏,𝐹𝑆  + Π𝑏,𝑡𝑏,𝐹𝑆 +  𝑁𝑃 ∗ 𝜌𝑏,𝑡𝑏,𝐹𝑆)

𝑁𝑑

𝐹𝑆=1

∀ 𝑖, 𝑏, 𝑡𝑏 (𝐴. 11)  660 

𝜑𝑖,𝑏,𝑡𝑏 = ∑ 𝛿𝑖,𝑡𝑏,𝐹𝑆 ∗ 𝑥
𝑑
𝑖,𝑡,𝑡𝑏,𝐹𝑆

𝑁𝑑

𝐹𝑆 =1

∀ 𝑖, 𝑏, 𝑡𝑏 (𝐴. 12) 661 

 662 

Cost of labour input (𝐶𝑙𝑎𝑏𝑜𝑢𝑟) is estimating using the SOS2 variable 𝜆𝑒𝑖,𝑙,𝑡,𝑛 and range 𝑥𝑖,𝑙,𝑡,𝑛
𝑒  663 

with 𝑁𝑒 segments. Labour costs (𝜛𝑖,𝑙,𝑡,𝑛) is divided in to 4 segments with the first segment 664 

represent zero production which lead to zero labour cost, second segments represent 1% of 665 

the reference production capacity for product (𝑙), produced with technology (𝑡) in region (𝑖). 666 

The third segment represents the reference production, for production between the second 667 

and third segment lead to a unit labour cost equal to the reference unit labour costs. Finally, 668 

the last segment represent production above the reference value, this will give a linearly 669 

increased unit cost from the reference labour cost with 1% increase in unit labour cost when 670 

1% increased production above the reference quantity. 𝜑𝑖,𝑙,𝑡 is the production of product (𝑙) 671 

with production activity (𝑡) in region (𝑖). 672 



 𝐶𝑙𝑎𝑏𝑜𝑢𝑟𝑖,𝑙,𝑡 = ∑𝜆𝑒𝑖,𝑙,𝑡,𝑛 ∗ 𝜛𝑖,𝑙,𝑡,𝑛

𝑁𝑒

𝑛=1

 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 13) 673 

 𝜑𝑖,𝑙,𝑡  = ∑𝜆𝑒𝑖,𝑙,𝑡,𝑛 ∗ 𝑥
𝑒
𝑖,𝑙,𝑡,𝑛

𝑁𝑒

𝑛=1

 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 14) 674 

∑𝜆𝑒𝑖,𝑙,𝑡,𝑛

𝑁𝑒

𝑛=1

 =  1 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 15) 675 

 676 

The costs of new production facility (𝐶𝑁𝑒𝑤𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑠) is estimated with use of the SOS2 677 

variable 𝜆𝑖,𝑙,𝑡,𝑛
𝑓

 and range 𝑥𝑖,𝑙,𝑡,𝑛
𝑓

 with 𝑁𝑓 segments. The range 𝑥𝑖,𝑙,𝑡,𝑛
𝑓

 consists of the reference 678 

production capacity for production of 𝑙 with use of technology 𝑡 in region 𝑖 or the new 679 

production capacity with the previous period investment. Φ𝑖,𝑙,𝑡,𝑛 is zero for segments (𝑁𝑓) 680 

that represent production less than 120% of reference production for pulp and paper industry 681 

and 140% for rest of the model. For production over the threshold, Φ𝑖,𝑙,𝑡,𝑛 is estimated as a 682 

unit increase cost. If the production level for two subsequent year is far below the installed 683 

capacity will the model, assume that the production unit has been partly or fully closured, it 684 

will then have a cost to increase the production level in a following year.  685 

𝐶𝑁𝑒𝑤𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑠𝑖,𝑙,𝑡 = 𝐴𝑛 ∗∑𝜆𝑓𝑖,𝑙,𝑡,𝑛 ∗ Φ𝑖,𝑙,𝑡,𝑛

𝑁𝑓

𝑛=1

 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 16) 686 

𝜑𝑖,𝑙,𝑡  = ∑𝜆𝑓𝑖,𝑙,𝑡,𝑛 ∗ 𝑥
𝑓
𝑖,𝑙,𝑡,𝑛

𝑁𝑓

𝑛=1

 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 17) 687 

∑𝜆𝑓𝑖,𝑙,𝑡,𝑛

𝑁𝑓

𝑛=1

 =  1 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 18) 688 



In addition to the linearized costs, the objective function include two parts which are 689 

calculated directly, this is (1) 𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝐴. 19) that represent the annuity (𝐴𝑛) of the 690 

investment cost (𝐼𝑙) of product (𝑙) and exogenous given production costs, where 𝜄𝑖 and Λ𝑖,𝑡 691 

represent the exogenous price and input of exogenous product in region 𝑖, respectively, 692 

produced with use of technology 𝑡. In addition to (2) 𝐶𝑡𝑟𝑎𝑛𝑠 (𝐴. 20) that represent the 693 

transportation cost of transporting quantity 𝜔𝑖,𝑗,𝑘 with unit costs 𝐷𝑖,𝑗,𝑘 for product (𝑘) 694 

between region 𝑖 and region 𝑗.  695 

𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑖,𝑙,𝑡 = [𝐴𝑛 ∗ 𝐼𝑙 + 𝜄𝑖 ∗ Λ𝑖,𝑡] ∗ 𝜑𝑖,𝑙,𝑡 ∀ 𝑖, 𝑙, 𝑡 (𝐴. 19) 696 

𝐶𝑡𝑟𝑎𝑛𝑠𝑖,𝑗,𝑘 = 𝜔𝑖,𝑗,𝑘 ∗ 𝐷𝑖,𝑗,𝑘 ∀ 𝑖, 𝑗, 𝑘 (𝐴. 20) 697 

 698 

A.2  Constraint  699 

The objective function is solved with following constraints: 700 

𝜃𝑖,𝑘  +∑Θ𝑖,𝑘,𝑘2
𝑘2

−∑𝜑𝑖,𝑙,𝑡 ∗ 𝑎𝑘,𝑙,𝑡
𝑙,𝑡

− 𝛾𝑖,𝑓 + 𝜖𝑖 +∑𝜔𝑗,𝑖,𝑘
𝑗

 −∑𝜔𝑖,𝑗,𝑘
𝑗

 =  0 ∀ 𝑖, 𝑘 (𝐴. 21)  701 

∑Θ𝑖,𝑘,𝑘2
𝑘,𝑘2

= 0 ∀ 𝑖 (𝐴. 22) 702 

𝜃𝑖,𝑤 ∗ 𝜐𝑤,𝑤 ≤ 𝜓𝑖,𝑤 ∗∑𝜐𝑤,𝑤2 ∗ 𝜃𝑖,𝑤2
𝑤2

 ∀ 𝑖, 𝑤 (𝐴. 23) 703 

∑ 𝜑𝑖,𝑝,𝑡 ∗ 𝑎𝑟,𝑝,𝑡
𝑖,𝑝,𝑡

 ≤ ∑𝑅𝑝 ∗ 𝛾𝑖,𝑝
𝑖,𝑝

 ∀ 𝑟 (𝐴. 24) 704 

 𝜖𝑖  ≤ Ξ∑𝜃𝑖,𝑤
𝑤

 ∀ 𝑖 (𝐴. 25) 705 

𝜑𝑖,𝑙,𝑡, 𝛾𝑖,𝑓 , 𝜃𝑖,𝑤, 𝜖𝑖, 𝜔𝑖,𝑗,𝑘 ≥ 0 ∀ 𝑖, 𝑗, 𝑓, 𝑙, 𝑘, 𝑤 (𝐴. 26) 706 



Where 𝑎𝑘,𝑙,𝑡 is the input of product 𝑘 in production of product 𝑙 with use of technology 𝑡. 707 

Θi,k,k2 is the amount of product 𝑘 that are downgrading to product 𝑘2 in region 𝑖. 𝜐𝑤,𝑤 is a 708 

binary parameter that relates spruce sawlogs and pulpwood and pine sawlogs and pulpwood. 709 

𝜓𝑖,𝑤 are the max amount of sawlogs and pulpwood allowed in each region 𝑖, while 𝑅𝑝 is the 710 

assumed recycling rate of paper grade 𝑝.  711 

Equation (𝐴. 21) ensure that every product and roundwood have to be used as either input in 712 

industry, consumption by final consumer, downgraded, or traded with other regions. 713 

Equation (𝐴. 22) ensure that the amount of original product is equal the amount of the 714 

downgraded product. Equation (𝐴. 23) ensures that harvest of pulpwood and sawlogs not 715 

exceed the possible fraction of each of the quality. Equation (𝐴. 24) ensure that the use of 716 

recycling paper grade (𝑟) not exceed a predefined recycling rate. Equation (𝐴. 25) ensure that 717 

the harvest of harvest residuals not exceed the theoretical limit (Ξ) as a function of harvest, 718 

and finally (𝐴. 26) ensure that every variable is non-negative. In this study, the total 719 

production of bioheat and biopower assumed equal to the reference demand in each regions. 720 

  721 
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