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*  The impact of increasing forest chip demand in 2030 was analyzed in Finland.
* Demand of small trees may exceed potential at the national level.

*  Surplus potential will remain in logging residues and stumps.

*  Hot spots of demand call for efficient logistical solutions.

According to the National Energy and Climate Strategy of Finland in 2016, the demand for forest
chips, that is, wood chips made of forest biomass directly for energy use, could even double by
2030 compared to the present situation. A spatially explicit impact analysis of regional supply and
demand balances for forest chips was carried out. The balances were calculated as the difference
between technical harvesting potentials and demand. First, the technical potentials were estimated
based on the national forest inventory data. Secondly, three demand scenarios were defined for
2030 and subsequently deducted from the potentials. The results suggested that there would be
increasing competition for feedstock in southern and western Finland, whereas in eastern and
northern Finland there would still be surplus potential. Moreover, due to the remarkable deficit
of small trees in southern Finland, there might be pressure towards using more pulpwood-sized
and/or imported wood in energy production. The results also showed that, in particular, large
new plants consuming substantial amounts of forest chips could have a significant effect on the
regional availability of forest chips. Moreover, with increasing transport distances, new logistical
solutions will be needed.
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1 Introduction

The National Energy and Climate Strategy of Finland in 2016 outlines the actions that will enable
Finland to attain the targets of the Government Programme and those of the EU to meet the chal-
lenging 80-95% reduction in greenhouse gas emissions by 2050 (Huttunen 2017). Finland has
already achieved the 2020 renewable energy target, where wood-based fuels, such as bark, sawdust,
black liquor, logging residues, and wood from early thinnings, have played a key role in replacing
fossil fuels in the energy system. In 2015, a total of 26% of the net primary energy production was
wood based and thus wood is already the most important fuel in the Finnish energy mix (Official
Statistics of Finland 2016).

In addition to the industrial residues, the shift from fossil fuels to renewables also requires
more biomass that can be sourced directly from the forest. According to the impact assessment for
the Energy and Climate Strategy (Koljonen et al. 2017), the consumption of forest chips (i.e. wood
chips made of forest biomass directly for energy use) could rise to 13—15 million solid cubic metres
(Mm?). Since the year 2000, the use of forest chips has been increasing rapidly, and in 2015 their
consumption in heating and combined heat and power (CHP) plants totalled 7.3 Mm? (Official
Statistics of Finland 2016). Besides the fact that forest chips are renewable, their utilization can
have positive effects on, for example, the national balance of trade and rural employment. In order
to ensure sustainable level of forest chip consumption, targets or scenarios in which it is increased
should be contrasted with estimates of sustainable harvesting potential.

Geographical Information Systems (GISs) are a feasible tool for assessing the technical
harvesting potentials of forest chips as both the amount of biomass and many of the constraints
on harvesting are location specific. Indeed, several studies have utilized GIS in the estimation of
potentials at national, regional, or plant level (see for example Nord-Larsen and Talbot 2004; Rerstad
et al. 2010; Yoshioka et al. 2011; Bouchard et al. 2013; Fernandez-Lacruz et al. 2015; Castellano
et al. 2009; Muinonen et al. 2013; Lundmark et al. 2015; Noon and Daly 1996).

In the framework of the above-mentioned studies, the utilization of forest chips for energy
had not yet been initiated or non-overlapping supply regions for the individual plants were assumed.
However, with increasing demand, competition between users starts to play a significant role.
For example, Viana et al. (2010) noted that the procurement regions overlapped, which would in
practice increase the assumed 35-km radius and thus the transport costs. Different approaches have
been taken to consider competition in the assessment of supply potential. Harvesting potential
can be allocated by minimizing transport costs (Nord-Larsen and Talbot 2004; Ranta 2005) or the
demand can be totalled if the supply regions overlap (Goerndt et al. 2013; Sanchez-Garcia et al.
2015; Nivala et al. 2016). Furthermore, regional balances of supply potential and demand can be
gauged (Ranta 2005; Emer et al. 2011; Masera et al. 2006; Sanchez-Garcia et al. 2015; Nivala et
al. 2016; Ranta et al. 2012). The regional balance estimates are very advantageous in indicating
the hot spots of supply and demand (Masera et al. 2000).

Nivala et al. (2016) assessed the regional balance of the technical potential and the demand
according to the Finnish national target for 2020. What sets the method presented in their paper
apart from the other studies is the level of details: in practice all plants using forest chips are
included in the analysis. However, also several weaknesses can be identified. The potentials were
estimated at regional or municipality level and further distributed evenly on forest land available
for wood supply (FAWS). The small-tree potential was based on a set of national forest inventory
(NFI) plots for which thinning was estimated to be possible. The downside of this approach was
that the data described growing stock at the time of the inventory, as no growth was predicted for
the trees. The targeted demand was first distributed to individual facilities and then to facilities’
supply regions, whose sizes were proportional to demand. The balances were then obtained by
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subtracting the supply regions from the polygons containing the potential data. Finally, supply
regions containing negative values were “filled”; that is, the regions were extended as long as there
were no negative values. Even though the assessment revealed hot spots in 2020, the extension of
supply regions blurred them to some extent. Moreover, the vector-based method turned out to be
computationally rather heavy and therefore calls for improvement.

The objectives of this study were 1) to assess regional balances of forest chips in 2015
and with respect to demand scenarios for 2030 as an impact analysis of the National Energy and
Climate Strategy, and 2) to improve the methodology developed by Nivala et al. (2016). The
balances for 2030 were calculated according to three demand scenarios. Furthermore, sensitivity
analyses were performed to assess the effects of some of the assumptions made. The improvements
to the methodology were as follows: a) the even spatial distribution of potential was changed to
a biomass weighted distribution, b) the estimation method of small-tree potential was developed,
c) the extension of negative supply regions was abandoned, and d) the approach was changed to
a raster-based one.

2 Material and methods
2.1 Technical harvesting potential

In this study, the technical harvesting potential of forest chips was defined as the maximum potential
procurement volume of chips available from the Finnish forests based on the prevailing guidelines
for harvesting of energy wood (Koistinen et al. 2016). Technical potential was estimated for three
assortments:

* Small-sized trees from early thinnings (hereafter, small trees)

* Crown biomass (i.e. branches and needles) and stemwood loss (i.e. defective wood, under-

sized tops, and small-sized stems) from final fellings (hereafter, logging residues)
* Wood from stumps and roots from final fellings (hereafter, stumps).

Within each assortment, the results were classified according to tree species group as follows:
* Scots pine (Pinus sylvestris L.)

* Norway spruce (Picea abies [L.] H. Karst.)

* Broadleaved species.

The potentials were first calculated for fifteen NUTS 3 based Finnish regions portrayed
in Fig. 1 and later distributed on a raster grid at 1 km x 1 km resolution as described below. The
results are presented as average annual potentials in dry tonnes.

To begin with the estimation of the region-level potentials, technical harvesting poten-
tials on FAWS were estimated using the sample plots of the eleventh national forest inventory
(NFI11) measured in the years 2009-2013. First, a large number of sound and sustainable
management schedules for five consecutive ten-year periods were simulated for each sample
plot using a large-scale Finnish forest planning system known as MELA (Siitonen et al. 1996;
Redsven et al. 2013). MELA simulations consisted of natural processes and human actions.
The ingrowth, growth, and mortality of trees were predicted based on a set of distance-inde-
pendent tree-level statistical models (Hynynen et al. 2002) included in MELA and the simula-
tion of the stand (sample plot)-level management actions was based on the current Finnish
silvicultural guidelines (Aijila et al. 2014) and the guidelines for harvesting of energy wood
(Koistinen et al. 2016).
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Fig. 1. The regional division in the study and the selected
biorefinery locations. For the region names, see Table 3.

Simulated management actions for the small-tree fraction consisted of thinnings that fulfilled
the following stand criteria:

* mean diameter at breast height > 8 cm

* number of stems > 1500 ha!

* mean height < 10.5 m (in Lapland) or mean height < 12.5 m (elsewhere).

Harvesting of energy wood was simulated as delimbed (i.e. including the stem only) in
spruce-dominated stands and peatlands and as whole trees (i.e. including stem and branches)
elsewhere. When harvested as whole trees, a total of 30% of the original crown biomass was left
onsite (Koistinen et al. 2016). Energy wood thinnings could be integrated with roundwood logging
or carried out independently.

Second, the technical energy wood potential of small trees (ST) was operationalized in
MELA by maximizing the removal of thinnings in the first period. In this way, we were able to
pick out all small tree fellings simulated in the first period despite, for example, the profitability of
the operation. However, a single logging event was rejected if the energy wood removal was lower
than 25 m* ha™! or the industrial roundwood removal of pine, spruce, or birch exceeded 45 m* ha™!.
The purpose of the latter constraint was to leave out stands targeted by forest industries. However,
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the ST calculated in this way contained some amount of timber suitable for industrial roundwood.
Therefore, we also calculated a small tree estimate (ST10.5) that consisted only of the trees with
diameters below 10.5 cm at breast height.

Third, the potentials for logging residues and stumps were calculated based on the final
fellings. Final fellings consisted of clear cutting, seed tree cutting, and shelter-wood cutting, but
only the clear-cutting areas were utilized for energy wood harvesting. As both logging residues and
stumps are byproducts of roundwood removals, the technical potentials of chips have to be linked
with removals of industrial roundwood. Future potentials were assumed to materialize when the
industrial roundwood fellings followed the level of maximum sustainable removals.

The maximum sustainable removals were calculated in the linear programming module
of MELA system such that the net present value (NPV) calculated with a 4% discount rate was
maximized (Eq. 1) subject to non-declining periodic industrial roundwood (Eq. 2) and energy
wood (Eq. 3) removals and net incomes (Eq. 4), and subject to the saw log removal remaining at
least at the level of the first period (Eq. 5). For each stand (calculation unit) the optimisation chose
the schedule that maximized the total NPV. There were no constraints concerning tree species
selection, cutting methods, age classes, or the growth/drain ratio in order to efficiently utilize the
dynamics of forest structure. The felling behaviour of the forest owners was not taken into account
either. For the present situation in 2015, the removal of industrial roundwood was assumed to be
the same as the average level in 2009-2013.

Sustainability constraints were for 50 years (five 10-year periods), but the NPV calculations
were carried out beyond this period by continuing each schedule j without splitting until the man-
agement unit was regenerated or 150 years was reached whichever was shorter.
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where xij is the area of management unit i (=1, ...,m) managed according to management sched-
ulej (j=1,...h); wgt is the amount of timber or energy wood assortment g (¢=1, ...,k) produced if
management schedule / is employed for the area of calculation unit i at period 7 (¢1=1,..., T); wif is
the amount of industrial roundwood (saw timber and pulpwood) harvested if management sched-
ule j is employed for the area of calculation unit i at period z; Wjj’ is the amount of energy wood
harvested if management schedule ;j is employed for the calculation unit i at period ¢; W;’, is the
amount of saw timber harvested if management schedule j is employed for the area of calculation
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unit i at period ¢, p,, ¢, are roundwood (as road-side) and energy wood (at mill yard) prices and
corresponding costs of procurement by assortments ¢, (¢=1,...,k); SEV; is the estimate of the soil
expectation value for management unit i calculated according to the Faustmann formula; and a; is
the area of management unit i.

Fourth, the technical harvesting potentials were derived by retention of 30% of the logging
residues onsite (Koistinen et al. 2016) and respectively by retention of 16—18% of stump biomass
(Muinonen et al. 2013; Anttila et al. 2013). The logging residue potential assuming maximum
sustainable removals is later referred to as ResMax and the corresponding stump potential as
StuMax. The potentials assuming the realized harvesting level are referred to as ResBAU and
StuBAU, respectively.

Subsequently, the region-level potentials were spread on a raster grid at 1 km x 1 km
resolution. Only grid cells on FAWS were considered in this operation. In this study, FAWS was
defined as follows: First, forest land was extracted from the Finnish Multi-Source National Forest
Inventory (MS-NFI) 2013 data (Mékisara et al. 2016). Second, restricted areas were excluded from
forest land. The restricted areas consisted of nationally protected areas (e.g. nature parks, national
parks, protection programme areas) and areas protected by the State Forest Enterprise. In addition,
some areas in northernmost Lapland restricted by separate agreements between the State Forest
Enterprise and stakeholders were left out from the final data. Furthermore, for small trees, FAWS
was further constrained by the stand criteria presented above to represent similar stand conditions
for small-tree harvesting as in MELA.

Next, the region-level potentials were distributed to the grid cells by weighting with MS-NFI
biomasses:

Bi,c?SP

—_— % Psc,sp (6)
Z?;] Bi,c,sp

Pisc,sp =

where

Discsp = potential in grid cell i, of scenario sc and species sp

sc¢ € {ST, ST10.5, ResBAU, ResMax, StuBAU, StuMax}

sp e {pine, spruce, broadleaved}

Bisp = biomass in grid cell i, of component ¢ and species sp

¢ € {stem and bark | s¢c € {ST, ST10.5}, living branches| sc € {ResBAU, ResMax}, stump | sc
€ {StuBAU, StuMax} }

n = number of grid cells within the region

Py, = region-level potential of scenario sc and species sp

ST = technical potential of small trees

ST10.5 = technical potential potential of small trees with diameters below 10.5 cm at breast height

ResBAU = residue potential corresponding to realized harvesting level

StuBAU = stump potential corresponding to realized harvesting level

ResMax = residue potential corresponding to maximum sustainable removals

StuMax = stump potential corresponding to maximum sustainable removals.

2.2 Demand

Demand for forest chips in the heat and power sector and for liquid biofuel production was based
on the actual consumption in 2015 and on three future scenarios of consumption in 2030 (Fig. 2).
In 2015, a total of 7.3 Mm? of forest chips, corresponding to 3.1 million dry tonnes (Mt), was used
in heating and CHP plants in Finland (Official Statistics of Finland 2016). Of this, 52% originated
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Fig. 2. The consumption of forest chips in heat and CHP plants realized in 2015 and in the demand scenarios for 2030
assessed in this study.

from small trees, 37% from logging residues, and 11% from stumps. In practice, the small-tree
fraction included an unknown amount of pulpwood.

The scenarios for 2030 were obtained from two different sources. The first one was the
impact assessment for the Energy and Climate Strategy (Koljonen et al. 2017). In the assess-
ment, the development of the Finnish energy system following two scenarios was modelled using
the TIMES-VTT integrated energy system model (Koljonen and Lehtild 2012), which is based
on the IEA-ETSAP TIMES energy system modelling framework and the global ETSAP-TIAM
model (Loulou and Labriet 2008; Loulou et al. 2016). In the basic scenario, WEM (With Existing
Measures), the national targets for energy and climate policy in 2020 will be met, but the policies
or targets will not be tightened after this (Koljonen et al. 2017). Instead, in the so-called policy
scenario WAM (With Additional Measures), the energy and climate policies and targets are stricter
after 2020 to fulfil both proposed EU 2030 targets and additional national policy targets for 2030.
The results from TIMES-VTT modelling specify the consumption of forest chips at the national
level in heat and power production and in biofuel production and the amount of chips imported.
In the scenario WEM, these values were 4.7, 0.5, and 0.4 Mt, and in the WAM scenario they were
4.3, 1.5, and 0.5 Mt, respectively.

The second source for the 2030 estimates was the Ministry of Economic Affairs and Employ-
ment, which provided an earlier scenario version in September 2016 (referred to hereafter as TEM).
This scenario was added as an alternative, because it assumed no use of forest chips in biofuel
production and 100% domestic feedstock. The total consumption of chips in heat and CHP plants
was 5.7 Mt in this scenario.

Next, the national totals were divided into individual heat plants, CHP plants, and biomass-
to-liquid plants (hereafter referred to as biorefineries). The following procedure was applied for
the heat and CHP plants. For the scenario WEM, the plant-specific forest chip demands were
determined by assuming first that the given national target will be met and then distributing the
additional forest chip supply to the plants having the technological potential to increase the share
of forest chips. Most of the additional potential was allocated to large-scale plants in which forest
chips can substitute for peat up to a certain limit without any major operational risks.
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The analysis was based on the heat and power plant databases of Natural Resources Insti-
tute Finland (Luke) and VTT Technical Research Centre of Finland Ltd (VTT). Luke’s database
consisted of 1065 demand points of wood fuels with location and consumption data. Of these, 669
had used forest chips in 2015. VTT’s database, on the other hand, contained information on more
than 1000 plants (e.g. plant type, capacity, commissioning year, annual production, and fuel use
statistics). The remaining lifetimes of the plants or the uncertain future plant investments were not
considered in this study. The plants currently under commissioning in Naantali and Lahti (Kymijarvi
IIT) and Helen Ltd’s planned “Vuosaari bioheating plant” were, however, included in the analysis.
This study thus assumed that the future plants will have demands for forest chips similar to those
of the plants they will replace. The annual utilization hours for forest chips at the plants were then
checked based on the plant-specific data and adjustments to the demands were made if necessary.

For the scenarios WAM and TEM, the each plant’s demand for forest chips was derived from
the results of the scenario WEM. First, the plants were grouped into four main types: 1) municipal
CHP, 2) industrial CHP, 3) municipal heat plant, and 4) industrial heat plant. Within a group, the
changes in the use of forest chips were assumed to be similar, but between the groups the changes
could diverge due to the different natures of the plants and their operations. Second, the changes
in the use of forest chips in each group were adjusted to meet the targets of the scenarios WEM
and TEM. For the scenario WAM (which had a lower national target in the heat and power sector
than WEM), the use of biomass was assumed to decrease mostly in industrial CHPs, for example.
This was due to the fact that the use of forest chips was assumed to increase quite significantly in
industrial CHP plants in the scenario WEM compared to the current use. For the scenario TEM
(which had a higher national target than WEM), the municipal CHP plants were deemed to have
the most potential to further increase the use of forest chips compared to WEM. The increase
did not yet lead to unrealistic shares of forest biomass in any of the plants. The use of imported
forest chips was assumed to be concentrated in the large plants in the coastal area and in eastern
Finland. Furthermore, the shares of the forest chip assortments were assumed to remain constant
for individual plants. For the new installations, the shares were estimated either based on a priori
information or as an average of existing plants of the same size.

At the moment, there are neither existing plants producing liquid transport biofuels from
forest chips nor investment decisions to establish such plants in Finland. For this reason, a total
of nine locations where such a biorefinery could operate were holistically determined based on
infrastructure and forest resources (Fig. 1). In this study, the demand for domestic forest chips in
the scenario WEM was distributed equally among the plants, resulting in the consumption of 0.06
Mt by each plant. In the scenario WAM, the emphasis of the study was on assessing how one large
demand point would affect the regional balance. Therefore the consumption of all of the plants
except one was kept constant and the remaining demand of 1.02 Mt was allocated to Kemi, where
Kaidi, a Chinese company, is planning to build a biorefinery that will use forest chips. According
to the company the estimated total wood demand of the plant would be 2.8 mill. m? (c. 1.2 Mt)
(Kaidi 2018). However, due to the location next to the Swedish border part of the demand would
probably be fulfilled with imported energywood as well as with sawmill chips. Finally, it was
presumed that the feedstock of the biorefineries would consist of small trees and logging residues
with equal shares.

Finally the demand for forest chips was made spatially explicit by defining a procurement
region for each plant and by distributing the plant’s demand in it (Nivala et al. 2016). For this
purpose, the plants were categorized into five classes based on their demand (Table 1). For each
demand class the maximum transport distance was determined using the results of an earlier
survey (Kurki et al. 2012). Concentric supply circles were defined for the plants so that the higher
the demand, the higher the number of circles and the larger the supply radius. Assuming that the
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Table 1. Assumed supply radius of a plant
as a function of demand (Kurki et al. 2012).

Demand (kt) Supply radius (km)
<13 30
<42 60
<33.6 100
<735 150
>73.5 200

facilities are trying to minimize transport costs, the intensity of demand decreased with increas-
ing supply radius. For this, a share of 1/n, where n is the number of concentric circles, of the total
demand of a plant was allocated to each supply region. A supply region is the supply circle, when
the supply radius is 30 km, and the ring between consecutive supply circles, when the radius is
higher than 30 km. Within each supply region the demand was further distributed to the grid cells
by weighting with MS-NFI biomasses as the region-level potentials (Eq. 6).

2.3 Balance

The forest chip balance of each assortment was calculated as the remainder of the above-described
spatially-explicit potential supply and demand layers. Unlike in Nivala et al. (2016), negative
balance values were also accepted. In addition to the balance calculations of the actual situation
in 2015 and the three scenarios (TEM, WEM, and WAM), sensitivity analyses were performed
to assess the effect of some assumptions made (Table 2). The effect of also including pulpwood-

Table 2. The assumptions of the balance scenarios. Scenarios: “2015” — Actual demand of forest chips in 2015; “TEM”
— estimate of demand in 2030 from the Ministry of Economic Affairs and Employment; “WEM” - estimate of demand
in 2030 “With Existing Measures” from an impact analysis for the Finnish energy and climate strategy; “WAM” — es-
timate of demand in 2030 “With Additional Measures” from the impact analysis; “WAM+” — demand as in “WAM”,
but potential of small trees higher; “WAM_Res100” — demand as in “WAM?”, but only residues used in biorefining;
“WAM_ST100” — demand as in “WAM?”, but only small trees used in biorefining; “WAM_NS” — demand of stumps as
in “WAM?”, but only spruce stumps accepted. Potentials: “ST” — technical potential of small trees; “ST10.5” — technical
potential of small trees with diameters below 10.5 cm at breast height; “ResBAU” — residue potential corresponding to
realized harvesting level; “StuBAU” — stump potential corresponding to realized harvesting level; “ResMax” - residue
potential corresponding to maximum sustainable removals; “StuMax” - stump potential corresponding to maximum
sustainable removals.

Scenario Biomass assortment(s) considered Potential Shares of small trees and residues
of biorefinery feedstock

2015 all ST10.5; ResBAU; StuBAU N/A

TEM all ST10.5; ResMax; StuMax N/A

WEM all ST10.5; ResMax; StuMax 50%/50%

WAM all ST10.5; ResMax; StuMax 50%/50%

WAM+ small trees ST 50%/50%
WAM_Res100 small trees, logging residues ST10.5; ResMax 0%/100%
WAM_ST100 small trees, logging residues ST10.5; ResMax 100%/0%
WAM_NS stumps StuMax (spruce only) N/A
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sized material in the small-tree feedstock was tested in the scenario WAM+. In the scenarios
WAM_Res100 and WAM_ST100, the shares of residues and small trees in biorefinery feedstock
were altered from the 50/50 ratio of the reference scenario WAM. As stumps are currently mainly
harvested from spruce-dominated forests, the scenario WAM_ NS shows the effect of excluding
pine stumps from the potential.

3 Results
3.1 Technical harvesting potential

The total annual technical harvesting potential of small trees (ST) in Finland was estimated at
2.8 Mt (Fig. 3). Nearly half of this amount was made up of broadleaved species, one third of
pine, and the rest of spruce. When only trees with diameters below 10.5 cm at breast height were
counted (ST10.5), the potential dropped to 1.6 Mt. The share of broadleaved species increased
with decreasing diameter: these species comprised 56% of the potential. Altogether 33% of small
tree potential was located on peatlands and 66% on mineral soils.

The annual potential of logging residues (ResBAU) was 2.9 Mt and that of stumps (StuBAU)
was 3.1 Mt when the removal of industrial roundwood was assumed to remain at the level of recent
years (Fig. 3). Spruce was the dominant species for both the logging residue and the stump poten-
tials, as the share of spruce was 60% for both assortments. If the removal of industrial roundwood
were to rise at the maximum sustainable level, the potentials of logging residues (ResMax) and
stumps (StuMax) would increase to 4.6 and 4.7 Mt, respectively. Only 15-17% of the potential
lies on peatlands.

5.0 4

45 -

4.0 -

35 4

3.0 - Broadleaved
E 25 1 " Norway spruce

20 1 - M Scots pine

15 -

1.0 -

05 - .

0.0

S$T10.5 ResBAU ResMax StuBAU StuMax

Fig. 3. Technical harvesting potential of forest chips in Finland.
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Fig. 4. Spatially explicit technical harvesting potentials of small trees (left), logging residues (centre), and stumps
(right).

Regionally, the distribution of small tree potential differs from the distributions of logging
residue and stump potentials (Fig. 4, Table 3). The high potential of small trees in Lapland is
explained by the high share of young forests. On the other hand, the potential of logging residues
and stumps is centred in southern and eastern Finland, where the biggest harvesting possibilities
of spruce logs are located.

Table 3. Technical harvesting potentials by region (1000 t). “ST” — technical potential of small trees; “ST10.5” — tech-
nical potential of small trees with diameters below 10.5 cm at breast height; “ResBAU” — residue potential correspond-
ing to realized harvesting level; “StuBAU” — stump potential corresponding to realized harvesting level; “ResMax”
- residue potential corresponding to maximum sustainable removals; “StuMax” - stump potential corresponding to
maximum sustainable removals.

Region nr Region ST10.5 ST ResBAU ResMax StuBAU StuMax
1 Aland 3 6 16 24 18 24
2 Uusimaa 37 52 129 221 140 212
3 Lounais-Suomi 84 120 188 358 226 375
4 Héame 43 70 222 294 249 296
5 Kaakkois-Suomi 62 91 212 280 235 298
6 Pirkanmaa 68 104 198 323 220 331
7 Eteld-Savo 115 184 298 424 324 442
8 Ostrobothnia 55 86 64 144 69 141
9 South and Central Ostrobothnia 109 168 144 243 159 259
10 Central Finland 104 166 286 422 306 454
11 Pohjois-Savo 137 217 294 433 300 439
12 North Karelia 120 183 223 365 236 375
13 Kainuu 141 269 175 285 180 278
14 North Ostrobothnia 217 402 262 414 238 385
15 Lapland 343 658 163 382 176 381
Total 1638 2775 2874 4611 3077 4689
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Fig. 5. Spatially explicit demand for small trees, logging residues, and stumps according to the scenario TEM in 2030.

3.2 Demand

Presently, the demand for forest chips is concentrated in the largest CHP plants in southern and
central Finland and along the coastal areas. In the future, demand in these regions is expected to
increase even more than elsewhere, as most of the additional use will take place in the large plants
as well as in the new installations in the south (Fig. 5). Logging residues and stumps are mostly used
in southern and central Finland, whereas the consumption of small trees is more evenly distributed.

Table 4. Forest chip balance of small trees in the basic and sensitivity scenarios by region (1000 t). “2015” — Actual
demand of forest chips in 2015; “TEM” — estimate of demand in 2030 from the Ministry of Economic Affairs and
Employment; “WEM?” - estimate of demand in 2030 “With Existing Measures” from an impact analysis for the Finnish
energy and climate strategy; “WAM” — estimate of demand in 2030 “With Additional Measures” from the impact analy-
sis; “WAM+” — demand as in “WAM?”, but potential of small trees higher; “WAM_Res100” — demand as in “WAM?”,
but only residues used in biorefining; “WAM_ST100” — demand as in “WAM?”, but only small trees used in biorefining.

Regionnr  Region 2015 TEM WEM WAM WAM+  WAM_Res100 WAM_ST100
1 Aland -1 -3 -2 -2 1 -2 -2

2 Uusimaa -85 -188 -147 -136 -113 -132 -141
3 Lounais-Suomi -56 -245 -202 -179 -132 -168 -191
4 Héme -70 -153 -134 -119 -100 -110 -128
5 Kaakkois-Suomi -7 -60 -53 -45 -13 -31 -59
6 Pirkanmaa -78 -214 -200 -178 -139 -158 -199
7 Eteld-Savo -24 -95 -81 -68 0 -48 -87
8 Ostrobothnia -17 -54 -49 -43 -12 -32 -54
9 South and Central -37 -124 -111 -99 -32 -80 -118

Ostrobothnia

10 Central Finland -60 -146 -139 -119 -56 -95 -142
11 Pohjois-Savo 31 =27 -36 -25 57 3 -53
12 North Karelia 51 12 4 11 78 33 -10
13 Kainuu 100 70 78 58 185 84 32
14 North Ostrobothnia 74 -36 -23 -144 49 27 -316
15 Lapland 182 103 77 -231 98 139 -601
Total 1 -1159 -1019 -1320 -130 -571 -2069
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3.3 Balance

The technical potential of small trees would barely satisfy the national demand for small trees in
2015 if pulpwood-sized material were excluded from the feedstock (Table 4). The regional balance
was positive in the east and north. This can also be seen on the balance map (Fig. 6), where almost
the whole of the southwestern part of the country is coloured blue and the eastern and northern
parts are green. One can also distinguish some of the individual users as blue circles on the map.

tkm?2a? 2015 TEM
B 500

I -49.9 - -40.0
B -39.9 - -30.0
[ -29.9--20.0
J-19.9--100
[1-99-00
[Jo.1-10.0
[110.1-20.0
[ 20.1-30.0
I 30.1-40.0
[ 40.1 -

] Outside wood production

WEM WAM

Fig. 6. Forest chip balance of small trees in 2015 and according to the scenarios TEM,
WEM, and WAM.
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In the future scenarios, the national balance of small trees was —1.2, —1.0, and —1.3 Mt in the
scenarios TEM, WEM, and WAM, respectively (Table 4). At the regional level, the balance was
positive only in North Karelia, Kainuu, and Lapland. However, in the scenario WAM, the balance
of Lapland was also negative. The large demand of the biorefinery located in Kemi is clearly visible
on the map (Fig. 6). The results of the sensitivity analysis show that the balance of small trees would
be negative (—0.1 Mt) even if the whole potential were in use (WAM+ in Table 4). Furthermore,
the assumption about the shares of residues and small trees in biorefinery feedstock has a radical
effect: if all the feedstock consisted of logging residues, the balance would total —0.6 Mt. Instead,
if the feedstock consisted of small trees only, the balance would be —2.1 Mt.

The balances of logging residues were all positive at the national level (Table 5). At the
regional level, the balance was negative in Uusimaa in the scenario TEM but positive in all regions
in the scenarios WEM and WAM. However, the sensitivity analysis indicates that the balance
would be negative in North Ostrobothnia and Lapland should the feedstock of the biorefineries
consist solely of logging residues (scenario WAM_Res100 in Table 5). The large demand points in
southern Finland and on the northern coast of the Gulf of Bothnia are visible on the maps (Fig. 7).
Especially in the scenario WAM, the biorefinery demand in Kemi, like the small tree balance,
clearly stands out.

Table 5. Forest chip balance of logging residues in the basic and sensitivity scenarios by region (1000 t). “2015” — Ac-
tual demand of forest chips in 2015; “TEM” — estimate of demand in 2030 from the Ministry of Economic Affairs and
Employment; “WEM?” - estimate of demand in 2030 “With Existing Measures” from an impact analysis for the Finn-
ish energy and climate strategy; “WAM” — estimate of demand in 2030 “With Additional Measures” from the impact
analysis; “WAM_Res100” — demand as in “WAM?”, but only residues used in biorefining; “WAM_ST100” — demand
as in “WAM?”, but only small trees used in biorefining.

Regionnr  Region 2015 TEM WEM WAM  WAM_Res100 WAM_ST100
1 Aland 7 11 13 14 14 14
2 Uusimaa 15 -34 14 26 21 31
3 Lounais-Suomi 61 50 95 115 105 126
4 Hame 87 36 63 82 70 94
5 Kaakkois-Suomi 115 101 112 127 113 142
6 Pirkanmaa 98 103 111 127 106 148
7 Eteld-Savo 180 209 230 250 231 268
8 Ostrobothnia 27 83 84 87 75 98
9 South and Central Ostrobothnia 86 154 157 163 148 178
10 Central Finland 174 230 233 252 228 277
11 Pohjois-Savo 205 273 270 281 252 310
12 North Karelia 168 261 266 274 254 294
13 Kainuu 158 242 248 227 201 252
14 North Ostrobothnia 211 301 284 95 -139 329
15 Lapland 153 350 316 53 -254 361
Total 1746 2371 2496 2173 1425 2921
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Fig. 7. Forest chip balance of logging residues in 2015 and according to the
scenarios TEM, WEM, and WAM.

The technical potential of stumps is noticeably higher than the demand in all the scenarios
at both national and regional levels (Table 6). Even if only spruce stumps were included in the
potential, the balance would be positive by 2.3 Mt (scenario WAM_NS). Due to the small demand
in comparison to the potential, some of the demand points can only just be discerned on the maps

(Fig. 8).
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Table 6. Forest chip balance of stumps in the basic and sensitivity scenarios by region (1000 t). “2015” — Actual
demand of forest chips in 2015; “TEM” — estimate of demand in 2030 from the Ministry of Economic Affairs and
Employment; “WEM” - estimate of demand in 2030 “With Existing Measures” from an impact analysis for the Finn-
ish energy and climate strategy; “WAM” — estimate of demand in 2030 “With Additional Measures” from the impact
analysis; “WAM_NS” — demand of stumps as in “WAM”, but only spruce stumps accepted.

Region nr Region 2015 TEM WEM WAM WAM NS
1 Aland 17 22 22 23 10
2 Uusimaa 120 157 176 179 126
3 Lounais-Suomi 191 291 314 319 185
4 Héame 209 235 248 252 197
5 Kaakkois-Suomi 200 248 257 262 163
6 Pirkanmaa 181 265 277 280 191
7 Eteld-Savo 286 395 404 411 265
8 Ostrobothnia 47 111 117 119 68
9 South and Central Ostrobothnia 122 210 218 223 83
10 Central Finland 265 387 398 407 250
11 Pohjois-Savo 271 403 412 414 292
12 North Karelia 218 345 350 352 178
13 Kainuu 159 252 256 255 80
14 North Ostrobothnia 207 345 351 355 112
15 Lapland 159 358 360 361 92
Total 2653 4023 4160 4213 2291

tkm2a' 2015 WAM

B 500

B 49.9--40.0

I -39.9--30.0

[ -29.9--200

[]-19.9--100

[]-99-00

[Jo.1-100

[J10.1-20.0

[ 20.1 - 30.0

I 30.1- 40.0

I 40.1 -

[] Outside wood production

Fig. 8. Forest chip balance of stumps in 2015 and according to the scenario WAM. The maps of
the scenarios TEM and WEM do not noticeably differ from the one of the scenario WAM and
are, thus, not shown.
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4 Discussion

In the scenarios for 2030, the level of removal of industrial roundwood was assumed to be at the
maximum sustainable level (78 Mm? a™!). If the removal stays at a lower level, the potential of
logging residues and stumps will also be lower. Furthermore, technical potentials should not be
taken as availabilities, because eventually the markets will determine the supplied amounts, which
essentially depend on the forest owners’ willingness to sell and energy producers’ capability to
pay for wood. A recent survey looked at the attitudes of forest owners. According to Ramo et al.
(2016), 50% of the forest owners had sold energy wood, while a total of 8% would not sell it under
any condition. Price was seen as the most significant factor explaining willingness to sell. On the
demand side, the capability of energy producers to pay for wood basically depends on the prices
of forest chips and competing fuels at the plant gate after taxes and incentives. Essentially, the
technical potentials indicate only the upper limit of supply from domestic forests.

In the demand analysis for the heating and CHP plants, the side streams from the forest
industry (sawdust, bark, etc.) were included in the analysis and no major changes in the avail-
ability of these streams were assumed in the 2030 scenarios. In addition, the remaining lifetimes
of the plants and uncertain future plant investments were mostly not considered in this study.
It was assumed that the future plants will have forest chip demands comparable to the plants
they will replace. This was seen justified, because even though the new multi-fuel boilers would
almost certainly be designed to use higher shares of woody biomass fuels than the existing ones,
the existing CHP boilers could more and more often be replaced by boilers that will produce only
heat. The replacement of a CHP plant with a heating plant would negate the additional biomass
demand because heating plants will require less fuel to meet the same heat demand. Due to the
low electricity prices in the Nordic electricity market, the trend of CHP plants being replaced with
heating plants can already be seen in Finland.

If the demand for small trees rises to the level anticipated in this study, the deficit will be
largely replaced by pulpwood and/or imported wood. In practise this happens already now, because
part of the consumption of small trees reported by the plants in fact fulfils pulpwood dimensions.
In addition, some transition between the assortments can be expected within the technical limits
of the boilers, because the presumed future shares of forest chip assortments were chiefly based
on the historical shares.

The assumption about procurement areas is based on an earlier survey (Kurki et al. 2012),
and based on practical experiences it reflects the procurement of forest chips with current logistical
alternatives well. If new logistical setups (e.g. large-scale utilization of terminals) emerge, they
should be taken into account in future assessments.

Finally, there are significant uncertainties regarding biorefineries: So far, no investment
decisions have been made concerning biorefineries using forest chips. Therefore, their locations,
number, demand for forest chips, and shares of assortments can only be assumed.

5 Conclusions

In this study a GIS-based method to assess the regional sufficiency of forest chips was implemented.
When adequate data are available, various scenarios of future consumption can be compared and
regional hot spots of supply and demand can be detected. The improvements made in the meth-
odology compared with Nivala et al. (2016) enable the provision of more accurate and visually
appealing results as well as faster computation. Nonetheless, the method is based on several static
assumptions about the future removal level of industrial roundwood, demand for forest chips,
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procurement areas, and operating environment in general. This weakness can be partly overcome
by assessing a number of different scenarios and carrying out sensitivity analyses.

According to the results, the regional competition situation of different forest chip assort-
ments in 2030 seems to be quite similar regardless of the scenario. A surplus potential of small trees
remains in eastern and northern Finland after deducting presumed consumption. Moreover, due to
the remarkable deficit of small trees in southern Finland, there might be pressure towards the use
of more pulpwood-sized and/or imported wood in energy production. If the removal of industrial
roundwood rises at the maximum sustainable level, there will be surplus potential of logging resi-
dues and stumps in almost the whole country, but it will be focused more in central-eastern Finland.

The results also show that, in particular, large new plants consuming substantial amounts
of forest chips could have a significant effect on the regional sufficiency of forest chips. For this
reason, this kind of balance assessment is of utmost importance for any planned large biorefinery,
heat plant, or CHP plant. With the aid of these results, it is straightforward to estimate the technical
and “free” potential as a function of transport distance for any location. The next, logical step of a
feasibility study would entail a comparison of supply chains and compilation of cost-supply curves.

Regarding future development, there is a need to find new logistical solutions to supply forest
chips. As much as one third of the small tree potential is located on peatlands, where harvesting
will be more and more difficult with shortening of the frost season. Furthermore, as the demand
will mostly grow far from the harvesting potential, long-distance transport of energy wood also
calls for cost-effective solutions.
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