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ABSTRACT

There is an increasing demand for biofuel to replace fossil fuels. One of the key elements in this transition is the securing of a large supply of sustainable biomass. In
this study, the feedstock potential of long rotation poplar plantations (12-30 years with diameter of 15 of 30 cm) was determined and the properties of poplar
biomass fuel were analyzed with the aim of using thermochemical conversion methods to produce biofuel. Our results demonstrate that Sweden has great potential
for producing biofuels from long rotation poplar plantations, with a total of 1.8 million hectares (ha) consisting of arable (0.5 million ha) and forested arable land
(1.3 million ha). Based on available land and biomass production potential, our results indicate that 10 million Mg DW could be produced annually. Regions in mid/
southern Sweden have the largest potential (larger areas and higher biomass production. Our results further suggest that poplar biomass from these plantations has
fuel characteristics similar to forest fuels from other conifer tree species, making the biomass suitable as feedstock for biofuel production based on thermochemical
conversion methods. If 25% of the available land were used, 7.6 TWh methanol biofuels could be produced annually from 16 biofuel plants, using 160,000 Mg DW
yr~!, primarily located in the southern part of Sweden. Two counties (Skine and Vistra Gotaland) would be able to support their biofuel plants using poplar
plantations as feedstock. Stable biofuel production in the other counties would depend on collaborating with neighboring counties.

1. Introduction

The challenges of the increasing global demand for energy,
decreasing use of fossil fuels, increasing fuel prices and global warming
have led to the search for alternative strategies for energy supply. The
substitution of fossil fuels for biofuel is one key method. In this transi-
tion, biomass can serve as a renewable feedstock for producing liquid
and gaseous biofuels. In the European Union (E.U.), the Renewable
Energy Directive II (REDII) set an overall renewable energy target of
32% and a 14% target for the transport sector by 2030 [1]. Sweden
stands out among the E.U. member states, using more than 20%
renewable fuels for domestic transport in 2015, with 85% imported [2,
3]. In addition, the Swedish government has decided that, by the year
2030, CO2 emissions from domestic transport i.e. road, railway and
shipping, should be reduced by 70% compared to those in 2020 [4], be
carbon neutral by 2045 and after that have negative CO, emissions [4].
In this transition, biomass usage could be an important component in
reaching the goal of a carbon neutral energy system.

Biofuel production depends on large stable biomass supplies from
agricultural or forest resources. However, the currently available
biomass from forest/agricultural land may not be enough for biofuel
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production or current and future forest industries (paper and saw
products), and the development of new industrial products such as
dissolving pulp, and carbon neutral steel production. Overall, this means
there could be a lack of available woody biomass.

Several investigations have reported a variation between 88,000 and
466,000 ha suitable for fast growing trees (FGT), mainly on available
arable land, areas that are not used for food or feed production of [5-7].
In addition, over 1 million ha of forested arable land has been recorded
[71, which currently has plantations of Norway spruce (Picea abies L.).
However, as Norway spruce is damaged or killed by pests and pathogens
as an effect of climate change, reforestation using other tree species is an
attractive alternative when these plantations reach their rotation age,
especially given that this land is suitable for high tree growth.

In several parts of the world, planting fast-growing trees of the genus
Populus (Poplar and hybrid aspen) is one alternative to increase the
feedstock of woody biomass, and is therefore frequently used in plan-
tation forestry [8-13]. Currently, these plantations are mostly located
on floodplains [14] and marginal abandoned agricultural land [8,
15-20] but rarely planted on recently harvested forestland [21-23].
Poplars, P. trichocarpa (and their hybrids) are generally nutrient
demanding [24] and suffer from growth reduction if soil pH is lower
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than 5 [8,20,24,25]. In Sweden, the arable/forested arable land are sites
that show site conditions suitable for poplar plantations, such as high
soil fertility and soil pH suitable for poplar and several studies has re-
ported that poplars can be established at these sites [26,27] with a high
biomass production.

At present, Swedish poplar plantations have a tree density of
1100-1600 plants per hectare and a rotation of approximately 20 years.
A previous study has shown that, when grown on arable land, poplars
have an annual mean biomass production of between 3.3 andto 9.2
Megagrams (Mg) dry weight (DW) ha! yr’1 [15,28]. Similar variation
in production can be found from hybrid aspen, being 3-12 Mg DWha!
yr~! [29,30]. This level of biomass is produced by poplar and hybrid
aspen plantations with long rotations e.g. 20 years, resulting in trees
with tree diameters of about 20 cm [28].

The use of poplar plantations on both arable and forested arable land
does not conflict with RED II, as these areas are not being considered, or
used, for food or feed production [1], making biomass production from
poplar plantations an interesting option as a resource for biofuel pro-
duction in these areas. The Swedish government highlighted in 2022
[31] that forested arable land should be considered for planting with
species other than conifers, such as broad-leaved tree species, including
poplars and hybrid aspen.

However, to make good predictions of biomass supply from these
plantations, reliable biomass production numbers need to be combined
with available land areas, something currently lacking. Thus, it is not
known how poplar plantations can contribute as a feedstock for biofuel
production and where such production might be based in each county,
resulting in uncertainty in the potential of domestic biofuel production
using cellulose-based biomass from poplar plantations as feedstock.

Downstream conversion of biomass to biofuel depends on several
components, including biomass quality. Such conversion can be divided
into methods based on thermochemical, biochemical and oleo-chemical
processes. Earlier studies using poplars have focused on biomass from
short rotation forestry (SRF) i.e. dense plantations (5000-10,000 trees
ha’l) that are harvested after 4-5 years. The characteristics of fuel
derived from SRF are somewhat similar to those of willow [32], while
the characteristics of poplar biomass produced from long rotation
forestry have not previously been evaluated. As thicker trees should
contain more stem wood and a smaller proportion of ash-rich compo-
nents such as bark and branches, this should positively affect the fuel’s
properties. It is, above all, concerning the fuel’s concentration of
ash-forming elements that SRF poplars differ from traditional conifer
stem wood and forest fuel-based assortments. SRF poplar’s fuel ash is
dominated by calcium (Ca), and potassium (K) and has a moderate
content of phosphorus (P).

As the Swedish biomass production system with poplars uses long
rotation plantations, i.e., trees with larger diameters compared to other
SRF biomass production systems, it is not obvious how biomass from
long rotation poplar plantations would function in biofuel production
systems based on thermochemical conversion methods.

The objectives of this study were to.

i) identify and describe the geographical location of available
arable and forested arable land areas in Sweden

ii) estimate biomass production potential in Sweden from long
rotation poplar plantations in the different geographic regions
(counties) and for different land types (arable and forested arable
land)

iii) determine the fuel composition of biomass produced from long
rotation poplar plantations with biofuel production using ther-
mochemical conversion methods as a target process

iv) identify possible biofuel plant locations in Sweden based on
available biomass feedstock from long rotation poplar
plantations.
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2. Materials and methods
2.1. Identification of available land

To identify arable land that could be used for poplar plantations at
the county level, that is land not used for food or feed production, sta-
tistics from the Swedish Board of Agriculture were used. These statistics
contain only the land that meets the requirements for financial support
from the Swedish Board of Agriculture, thus identifying land areas that
include fallow, extensive ley, and unspecified arable land. This type of
land is referred to here as “unused arable land”. To identify arable land
areas that are not included in the Swedish Board of Agriculture support
system, comparisons between statistics from the Swedish Board of
Agriculture (total of agricultural area that is part of the support system
[33] and total agricultural area from Lantmateriet’s property database
[34] were used. This type of land is referred to as “Abandoned arable
land”, and includes areas not considered as forest or arable land. Unused
and abandoned arable land areas are referred to as “arable land” in this
study.

The areas of forested arable land were identified by comparing
current (2019) total agricultural land areas [ 33] with historical agri-
cultural land areas (1919 and 1937) [34], using statistics from the
Swedish Board of Agriculture. The two time points selected represent the
year when the highest arable land area was recorded: 1937 for the
counties in Northern Sweden (county code BD., AC., Z, Y, W) and 1919
for the remaining counties. These areas are referred to as “forested
arable land”. At both arable and forested arable land, several poplar
planation’s have previously been established [26-28], demonstrating
that soil fertility, water supply and the soil pH is suitable for poplar
plantations at these sites.

In this study, all land areas were included for both arable and forest-
arable land, as detailed statistics of area sizes are not available for all
land types.

2.2. Biomass production from long rotation poplar plantations

The production capacity of poplar plantations on arable land and
reforested arable/marginal land was determined by using information
from scientific articles/reports, theses (bachelor and master) and re-
ports. From this literature, studies that used known genetic material,
similar age and stem density were included. OP42 was used in southern
and mid Sweden as this clone has been shown to have high sustainable
production and high vitality in various site conditions; it is the most
planted clone in Sweden. In northern Sweden, we chose to include
stands with clone mixtures as there is a lack of knowledge related to
specific clones. For stem density, we included stands with similar stem
numbers (549-1200 ha~!) and similar stand ages (18-20 years). This
stand age represents the threshold at which plantations need to be
harvested in order to maintain agricultural subsidies [35]. For deter-
mining the production of plantations located on forested arable land,
results from stands with a lower age (10 years) were included as reports
of stands aged 18-20 years were lacking.

2.3. Regional biomass and biofuel production potential

The total biomass supply from the different counties was calculated
by using the available land identified (Table 1) combined with annual
biomass production (Table 2) In county U, C, T, D, E, O, AB, H, K, N, M
(counties located in southern Sweden) an annual biomass production
per hectare of 8 Mg DW for arable land and 6 Mg for forested-arable land
were used. For counties BD, AC, Z, Y, W, X, (located in northern Sweden)
and counties S, F, G (located in Souther/mid Sweden but with a northern
climate condition), an annual biomass production of 6 Mg DW per
hectare for arable land and 4 Mg DW for forested arable land were used.
Results are presented as Mg dry weight (DW) ha~! yr~! In a report to the
Swedish energy agency [36], it was suggested that 25% of the unused
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Table 1

Poplar samples prepared for fuel analysis.
Fuel sample Abbreviation
Site 1: 12-year-old stand
Stem/Round wood - stem + bark Pl2r
Branches with leaves P12br +1
Branches without leaves P12br
Site 2: 30-year-old stand
Stem/Round wood - stem + bark P30r
Stem/Round wood - without bark P30s
Stem/Round wood - only bark P30b
Branches without leaves P30br

arable and marginal land could be considered for poplar plantations.
Thus, in this work, 25% of the total available land was used to identify
possible locations of biofuel plants. For conversion from biomass to
energy (MWh), 4.8 MWh per Mg DW was used [35]; for conversion from
biomass (MWh) to biofuel (MWh), e.g., methanol, a 61% conversion
level was used, as described in Hannula and Kurkela [37].

2.4. Biomass samples collected from long rotation poplar plantations

In the analysis of the quality of biomass produced from poplar
plantations, we analyzed the stem and branches from two different types
of plantations to represent the possible biomass types that might be
produced under Swedish and international conditions. The plantations
were located in mid-Sweden N58 29.309 E13 48,960) county Vastra
Gotaland (county code O) (Fig. 1). Clone OP42 (P. trichocarpa x P.
maximowiczii) was planted at both sites. Both sites were similar in site
conditions and showed similar site conditions within the sites. At the 12
year old stand, the stem density was 800 trees ha ' with a mean
diameter of 15 cm with a mean height of 18 m, and the soil was of sandy
loam type. At the 30 year old stand, stem density was 408 trees ha !,
with a mean diameter of 30 cm and 28 m in height. This stand was
located on clay soil. Earlier studies have shown that there is a low
variation in ash forming elemental composition between tress of similar
sizes within sites [38], and thus, one tree representing a typical tree at
the two sites was selected for the biomass sample; site one (12 years old
plantation) tree diameter of 16 cm and site 2 (30 years old plantation)

Table 2
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tree diameter was 32 cm. The selected trees was located within the stand
to avoid edge effects and showed no sign of branch or stem damage. At
both sites, stem samples were collected by cutting a four cm trunk disk
every 5 m, thus containing both bark and stem wood. After air drying,
wood discs were divided into wood chips (1 x 2 cm) and then ground to
a fine powder before analysis. From the 30-year-old tree, the bark was
also separated from the stem sample. Samples were also taken from six
typical branches from the trees selected from sites 1 and 2. Two different
samples were prepared from the branches from site 1, both with and
without leaves. From site 2, only one sample without leaves was pre-
pared. After air drying, the branch samples were also ground to a fine
powder before analysis. Table 1 shows the analyzed samples. The stem
trunk discs were also dried and weight to be able to calculate the average
stem trunk bulk density resulting in a bulk density for both round wood
samples of 350 kg/m>, which also were used in the biomass calculations
converting m® to kg.

2.5. Fuel analysis of poplar biomass samples

All samples were analyzed for the following parameters using the
standard procedures shown in parentheses: total moisture (CSN EN ISO
18134-1), ash (SS-EN 15934 and CSN ISO 562), carbon (C) and nitrogen
(N) (CEN/TS 15104), sulfur (S) (SS EN ISO 11885 mod), chlorine con-
tent (C1) (SS EN ISO 17294-1 mod), heating value (CSN ISO 1928) and
the concentrations of the main ash-forming elements sodium (Na), po-
tassium (K), calcium (Ca), magnesium (Mg), aluminum (Al), iron (Fe),
phosphorus (P) and silicon (Si) (SS EN ISO 11885 mod). In addition, the
fuel characteristics of the samples were compared with poplar sample
analysis results reported in one of the most up-to-date biomass fuel
database [32].

3. Results and discussion
3.1. Available land area for poplar plantations in Sweden

The total available area that can be used for planting fast-growing
broad-leaved tree species (FGB.) i.e. poplars and hybrid aspen, is
approximately 479,000 ha of arable land and 1,200,000 ha of forested
arable land (Table 2). The “Arable land” consists of “unused arable land”
(289,000 ha) and “abandoned arable land” (190,000 ha). It should be

Available land areas for poplar plantations as a resource for biofuel production. Data shown are in hectares (ha).

County Code County name Unused arable land Abundant arable land Forested arable land Total available land
B.D. Norrbottens lan 4,600 2,700 38,200 45,500
AC Visterbottens lan 14,300 5,700 47,400 67,400
Z Jamtlands lan 2,000 1,700 28,200 31,900
Y Vasternorrlands 1an 11,800 8,500 53,200 73,500
W Dalarnas lan 6,900 6,000 49,900 62,800
X Gévleborgs ldn 6,600 14,800 49,600 71,000
S Varmlands 1dn 16,600 11,000 90,300 117,900
C Uppsala lan* 21,000 7,600 —7,700 20,900
U Viéstmanlands lan 12,000 3,100 66,300 81,400
AB Stockholms lan 17,200 8,600 86,500 112,300
D Sodermanlands lan 16,400 6,500 58,200 81,100
T Orebro lin 12,300 6,400 59,500 78,200
E ()stergétlands lan 16,700 7,700 59,600 84,000
(0] Vastragotaland lan 58,300 34,600 200,400 293,300
F Jonkopings lan 7,000 8,600 54,500 70,100
H Kalmar lan 9,600 10,100 78,400 98,100
G Kronobergs ldn 3,600 7,200 55,800 66,600
K Blekinge ldn 3,500 3,000 32,600 39,100
N Hallands l4dn 10,600 8,100 40,000 58,700
M Skéne lan 31,000 22,200 157,400 210,600
I Gotlands lan** 7,000 5,600 —2,000 10,600
Total area 288,900 189,700 1,296,500 1,775,000

Note: The areas in the table are located within growing zones 1-6 in Sweden, and correspond to a growing season of 140 days or more. * The municipality, Heby, was

transferred from Uppsala to Vastmanland, affecting the land area.
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Fig. 1. Letter code for Swedish counties.
Letters represent the county codes for all counties in Sweden. The blue bullet
point shows the location of the two sites selected for biomass analysis.

noted that unused arable land is not used at present to produce food or
feed. There are, though, large regional differences in the area available.
For example, unused arable land in Skane and Véstra Gétaland counties
cover 31,000 and 58,000 ha respectively, while 10 counties have an area
available between 10,000 and 21,000 ha. The remaining nine counties
have available areas of 4,000 to 9,600 ha. Similar variations were found
for “abandoned arable land” but the areas are smaller (2700-34,600 ha).
Together, these land types have available areas in excess of 18,000 ha in
13 counties (varying between 92,900 and 18,700 ha). Five counties have
areas between 10,000 and 18,000 ha. The large available areas are
found in the mid and southern parts of the country.

The total forested arable area is approximately 1,300,000 ha
(Table 2). For this land type, Skéne and Vastra Gotaland counties have
157,000 and 200,000 ha, respectively (Table 1). Of all 21 counties, there
are 14 counties with more than 38,000 ha available. In the remaining
counties, five contain about 30,000 ha (Table 2). Like arable land,
forested arable land is mainly found in the middle and southern part of
Sweden.

Our findings relating to available land are in line with an earlier
study [5], which identified a total of 446,000 ha of abandoned farmland.
In contrast [6], identified only 88,000 ha of available abandoned arable
land using GIS analysis of agricultural blocks. Moreover, this study has
shown that an additional 1.3 million ha (Mha) of available land consists
of arable land that has been reforested (“ara-for”) over the last 100 years
(Table 1). This means that Sweden has a potential of establishing poplar
plantations on 1.8 million ha without interfering with food production.
Internationally, different numbers of the available land for non-food
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crops have been reported. Krasuska et al. [39] recorded up to 13.2
million ha in the European Union, mostly located in eastern Europe, and
[40] reported more than 20 million ha of agricultural land that risked
being abandoned [41]. calculated that there are 9.5 million ha of such
land in Canada.

It is often suggested that bioenergy production could use abandoned,
marginal and degraded land [42,43] but often constraining factors, such
as water, productivity, social aspects or nature conservation are not
considered [44-47], resulting in difficulty in establishing large-scale
poplar plantations.

One of the first problems is that the soil pH might be such in forested
arable land that poplars have difficulty growing (soil pH needs to be
higher than 5.5) [25,49]. However, Falvik et al. [26] suggested that
cultivation of poplars on forested arable land is possible. In addition,
recent studies [48] have shown that applying lime during establishment
efficiently increases growth in acidic forest soils, thus making planta-
tions on forested arable land possible.

Second, the Forest Stewardship Council (FSC) have rules concerning
the replanting of natural forest land with non-native tree species (hybrid
poplars are not native to Sweden). However, the FSC standard particu-
larly highlights the potential for using non-native tree species, such as
poplar, as a replacement for plantations on former arable land where
intense forest management has been carried out, where trees have been
planted in rows and where trenching has been done. Moreover, there is
support from the Swedish government as planting broad-leaved tree
species in these areas is favored [31]. On arable land, poplar plantations
are not affected by FSC rules as they considered an energy crop.

Third, a land-use change is required, meaning that the reasons given
by individual landowners for avoiding the establishment of poplar or
other fast-growing broad-leaved tree species need to be resolved. Similar
to other short rotation crops (SRCs), the lack of relevant knowledge of
practitioners, a high initial investment cost [49,50] uncertainty of eco-
nomic profitability or political aspects related to the introduction of
certification systems [51-53] might all influence the potential use of the
available land. In contrast to other biomass production systems (willow
plantations, short rotation forestry of poplar plantations, energy
grasses), increasing the rotation age (20 years) would increase the
flexibility of biomass harvest time points, thus having a positive effect on
available land area. In this respect, a possible scenario is that a larger
proportion of the available area might be established with poplar
plantations compared to other SRCs.

Compared to other SRF, long-rotation poplar plantation has the
advantage that they can be managed by using existing forest operation
machinery and transportation logistics. However, management of small
plantation areas might result in a higher cost for biomass production as
biomass transportation and transport of operation machinery might
increase, thus reducing the available land areas. There could also be an
increased transportation costs of the biomasses from small plantations
resulting in an economically insufficient transportation chain to wood
processing places. However, for Sweden, there is already a well-
developed logistics including transportation and harvest operations for
woody biomasses, thus, biomasses form small plantation areas can be
integrated the current system.

Earlier studies into introducing biofuel production using SRCs have
suggested that it might stimulate a land-use change leading to large
amounts of carbon being released into the atmosphere. When consid-
ering land-use change, a distinction between direct and indirect land-use
needs to be made. Converting land from one state to another (forested
arable land to forested arable land with FGT or arable land to arable land
with FGT) would be referred to as a direct land-use change. However, if
agricultural land is used for food production, this might displace crop
production in other areas elsewhere, resulting in an indirect land-use
change (iLUC). iLUC can be coupled with the demand and supply of
agricultural products, which can ultimately lead to market changes. In
contrast, the establishment of poplar on arable land and forested arable
land would be a direct change in land-use, resulting in a smaller system
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change than if agricultural land were to be used.
3.2. Biomass production from poplar plantations in Sweden

Table 3 shows a biomass production of 8 MMgg haha™! yr™! per ha
and 9 Mg DW ha~! yr! in Skane county (M) when poplar plantations
are located on arable/marginal land. In Uppland (O) and Vastra
Gotaland (C) counties, located in mid Sweden, the production was 9 Mg
DW ha! yrl. This suggests that biomass production in the south
(Skéne) and mid Sweden (Uppland and Vastragétaland) can reach a
similar level, 8 and 9 MMgg haha~! yr! respectively after 20 years of
growth. For plantations located in the northern part of Sweden
(Vasterbotten (AC) and Vasternorrland (Y) counties) mean biomass
production was 4 Mg DW ha~! yr~! when grown on arable/marginal
land (Table 2). For plantations located in forested arable land, mean
biomass production was 6 Mg DW ha~! yr—! (Table 3) when planted in
Halland county (N) in southern Sweden.

Biomass supply potential depends on several aspects: available land
and accurate production for each land type/geographic location are the

Table 3

Biomass production of poplar plantations in Sweden. Data shown are stem
numbers, trees ha~!, biomass production ton dry weight (D.W.) ha~lyr ! land
type, agricultural land (ara) and foresed arable land (For-ara). Stand age is given
as years after planting.

Poplar Age  Stem Production  Site County  Reference

genotype numbers type

Poplar 20 549 11 Ara M [28]
(0OP42)

Poplar 19 440 6,3 Ara M [28]
(OP42)

Poplar 18 750 7 Ara M [15]
(OP42)

Poplar 18 670 8 Ara M [15]
(OP42)

Poplar 18 625 9 Ara M [15]
(OP42)

Poplar 18 707 8.5 Ara M [28]
(OP42)

Mean 19 624 8

Poplar 12 1000 4 For- N [26]
(0OP42) ara

Poplar 10 1200 6 For- N [26]
(OP42) ara

Mean 12 1100 5

Poplar 19 1250 14,7 Ara C [28]
(0OP42)

Poplar 18 1026 6,3 Ara C [57]
(OP42)

Poplar 23 1005 7,8 Ara C [28]
(OP42)

Poplar 18 909 5,5 Ara C [28]
(OP42)

Poplar 30 650 10,15 Ara (0] [57]1
(OP42)

Poplar 27 850 8,4 Ara C [57]1
(0P42)

Mean 23 948 9 Ara

910 and 58 27 600 5 Ara AC [56]

910 and 58 16 900 3 Ara AC [56]

910 and 58 18 900 4 Ara AC [56]

910 and 58 20 600 4 Ara AC [55]

Mixture 9 1100 6 Ara Y [54]

Mixture 9 1100 4 Ara AC [54]

Mean 17 968 4
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most important parameters. Our results indicate that, for arable land in
southern Sweden, biomass production of 8 Mg DW ha lyr™! can be
expected. However, when plantations are located on arable land in
northern Sweden, there was an annual production of 4.0 Mg DW ha™*
yr~! (Table 2). However, comparisons between new poplar plantations
[54] and older plantations [55,56] indicate that the mean biomass
production of 4 Mg DW ha~'yr~! after 20 years is probably an under-
estimation (new plantations showed a biomass production of 6 Mg DW
ha~lyr™1). The reasoning behind this is that, young plantations are still
before the maximum production capacity that is found when plantations
become older. In line with this argument plantations on forested arable
land, a yearly biomass production of 4.5 Mg DW ha lyr~! (Table 2) is
probably also an underestimation, as the plantations have a stand age of
10 years. In fact, the production level is comparable to plantations on
arable land with similar ages [57]. However, a recent biomass produc-
tion in Falhvik et al. [26] indicated that biomass production of poplar
planation’s on forested arable land is possible and that biomass pro-
duction is slightly lower compared to plantations located at arable land.
It should be noted that these plantations are still young, e.g., 10 years,
thus differences occur later in the rotation period.

The availability of poplar biomass for biofuels is also dependent on
price and competition for the biomass where the woody biomass is
currently used as pulpwood. However, as these poplar plantations have
a long rotation period (15-20 years), it is likely that the biomass will be
used for several other purposes. A recent publication Adler 2023 [58]
suggests that poplar biomass can be used to produce cellulose fibers to
displace cotton. Thus economic viability is probably dependent on the
products that are produced from the biomass, and as this biomass are
produced from trees with large diameter (>15 cm), there is several more
options for the biomass than only conversion to energy or biofuels.

3.3. Swedish feedstock resources from poplar plantations in different
regions

In total, the biomass supply from poplar plantations in Sweden when
using available arable land and forested arable land could be up to 10.9
Million Mg DW (Table 3). This corresponds to 52.6 TWh that can be
produced from poplar plantations. The biomass and energy production
can be twice as high when plantations are located on forested arable
land, reaching 35.1 TWh and 7.3 million Mg DW of biomass (Table 4),
while for arable land 3.7 million Mg DW could be produced, corre-
sponding to 17.6 TWh.

Assuming a 25% usage of the available land, arable land could pro-
vide a total biomass supply of about 914,000 Mg DW yr~! (Fig. 3A).
However, there are large variations in each county. Vastra Gotaland and
Skéne (county C and M) have a biomass production potential of 186,000
and 106,000 Mg DW yr~ respectively. There are 11 counties, mostly
located in the mid/southern part of Sweden, with annual biomass pro-
duction of between 25,000 and 60,000 DW In counties located in
northern areas, biomass production is the lowest, from 3,700 to 20,000
Mg DW yr~! (Fig. 3A).

On forested arable land, biomass production can provide approxi-
mately 1,825,000% Mg DW yr™! year (Fig. 3B). Similar to arable land,
potential biomass production is largest in Skane and Véastra Gotaland
counties, followed by counties in mid/south Sweden, producing about
100,000 Mg DW yearly. In the northern counties, biomass production
potential is about half, so 50,000 Mg DW yr! (Fig. 3B). Thus, the large
potential for poplar plantation is not on arable land, but on arable land
that was reforested during the 20th* century.

3.4. Fuel characteristics of woody biomass from long rotation poplar
plantations

From previous poplar sample analyses reported in the Phyllis 2
database [32], the ash, N, S, and Cl concentrations vary greatly between
the analyzed samples (see Table 5). The major reason for this is probably
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Table 4
Total biomass production potential from poplar plantations in 1000 tons and
TWh per county.

Code County Arable land Forested arable land
(1000 Mg) (TWh) (1000 Mg) (TWh)
BD Norrbotten 44 0.21 153 0.73
AC Vasterbotten 120 0.58 190 0.91
Z Jamtland 22 0.11 113 0.54
Y Vasternorrland 122 0.58 213 1.02
w Dalarna 77 0.37 200 0.96
X Gévleborg 128 0.62 198 0.95
S Varmland 166 0.76 361 1.73
C Uppsala* 229 1.10 0 0.00
0) Vastmanlands lan 121 0.58 398 1.91
AB Stockholm 206 0.99 519 2.49
D Sodermanland 183 0.88 349 1.68
T Orebro 150 0.72 357 1.71
E Ostergotland 195 0.94 358 1.72
(0] Vastragotaland 743 3.57 1202 5.77
F Jonkoping 94 0.45 218 1.05
H Kalmar 158 0.76 470 2.26
G Kronoberg 65 0.31 223 1.07
K Blekinge 52 0.25 196 0.94
N Halland 150 0.72 240 1.15
M Skéne 426 2.04 944 4.53
I Gotland 100 0.48 0 0.00
Total 3,550 17 6902 33

Note: * The municipality Heby was transferred from Uppsala to Vastmanland,
affecting the total biomass production.

because different parts from the tree/bush have been analyzed, and bark
and branch parts from trees have significantly higher ash, N, S, and Cl
concentrations than, for example, the stem wood part. Differences in the
age of the tree (since young trees possibly have a greater proportion of
bark than stem wood), the clone, and the stand location probably also
contribute to differences in these levels. Few analyses of the concen-
trations of main ash-forming elements in poplars can be found in the
Phyllis 2 database (only four samples are reported) [33]. From reports in
the Phyllis 2 database [32], it appears that the fuel ash of the analyzed
samples was dominated by Ca (30-50% by weight calculated as Ca0O), K
(10-24% by weight calculated as K20), and P (0.2-15% by weight
calculated as P205).

Table 5
Fuel characteristics of earlier published poplar samples [32]. Results show are
mean values of 6-17 samples.

Fuel Min Max  Median  Average SD Number
characteristics of
samples
Ash content (wWt%, 0.4 2.7 1.22 1.28 0.69 17
dry basis)
Volatile content 71.8 87.5 84.8 82.6 6.11 6

(Wt%, dry and
ash-free basis)
Lower heating 17.3 195 184 18.5 64 12
value (MJ/kg,
dry and ash-free

basis)

C (wt%, dry and 44.8 53 49.7 49.8 1.92 13
ash-free basis)

H (wt%, dry and 5.6 6.34 6.07 6.05 0.2 13
ash-free basis)

O (wt%, dry and 41.6 48.6 439 43.8 1.95 13
ash-free basis)

N (wt%, dry and 0.1 1.02 0.32 0.39 0.28 11
ash-free basis)

S (wt%, dry and 0.001 0.05 0.03 0.03 0.02 10
ash-free basis)

Cl (wt%, dry and 0.008 0.1 0.012 0.034 0.039 9

ash-free basis)

Note: Standard deviations are given in the column SD.
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Based on both the poplar analyses reported in the Phyllis 2 database
(Table 5) and the analyzed samples from this work (Table 6), it appears
that the C, H, and O concentrations, as well as the volatile component
concentrations and the heating value, do not vary significantly
compared to other wood fuel-based assortments (e.g. conifer stem
wood) calculated on a dry and ash-free basis. The ash content, however,
varies considerably between the different poplar samples analyzed in
this work. The ash content in the stem wood of the analyzed poplar
sample (P30s) was similar to conifer stem wood, while the two analyzed
round/stem wood fractions (P12r and P30r) were more similar to willow
(see Table 6 and 7). However, it should be noted that the analyzed
poplar branch fractions (P12br, P12br + 1, and P30br) had lower ash
contents than typical conifer branches, with an ash content similar to
willow. However, the analyzed poplar bark fraction (P30b) had a higher
ash content than typical conifer bark. An interesting observation is that
the round/stem wood fraction from the older poplar stand had a
significantly higher ash content than in the younger stand, which may be
because the bark was significantly thicker in the older stand. Based on
the differences in the analyzed Ca and K concentrations of the round
wood (stem + bark), stem wood, and bark of the older poplar (P30), the
proportion of bark was estimated to be 15-18% by weight on a dry basis
in the round wood.

The analyzed stem wood fraction from poplar (P30s) had similar N,
S, and Cl concentrations as typical conifer stem wood (see Table 6 and
7). The N concentration of the analyzed branch poplar samples was
similar to that of traditional conifer branch samples. The N concentra-
tion of the bark fraction (P30b) was similar to that of typical conifer
bark. Cl levels were surprisingly low in all analyzed poplar samples and
on a par with typical conifer stem wood. The S concentration of the
poplar samples matched that of similar typical forest fuel fractions.

The dominant ash-forming elements in the studied poplar samples
were Ca and K, similar to other conifer forest fuels (Fig. 2). Unlike
typical conifer branches and bark, the poplar samples contained very
little Si and other anions, but some P. The levels of trace elements such
as Cd were of the same order of magnitude in the poplar samples as in
typical forest fuels (0.2-0.5 mg/kg dry substance). By way of compari-
son, in willow, the Cd levels are often 10 times higher [59].

To summarize, the ash, N, S, and Cl concentrations of the studied
poplar samples were similar to those of traditional conifer forest fuels,

Table 6
Fuel composition of the analyzsed poplar samples (P12/P30).
Fuel P12r P12br P12br P30r P30s P30b P30br
characteristics +1
Ash content (wt 1.5 1.6 1.7 2.3 0.7 5.7 1.7
%, dry basis)
Volatile content 84.9 83.2 81.3 83.4 86.8 75.8 85

(wWt%, dry and
ash-free basis)

Lower heating 18.1 18.6 18.7 18.7 18.1 18.7 18.6
value (M.J./kg,
dry and ash-
free basis)

C (wt%, dry and 48.5 50 49.9 50.2 48.6 53 49.8
ash-free basis)

H (Wt%, dry and 6.6 6.3 6.5 6.4 6.6 6.5 6.4
ash-free basis)

O (wt%, dry and 44.5 432 42.1 43.4 44.7  40.3 43.6
ash-free basis)

N (wt%, dry and 0.18 0.25 0.41 0.15 0.14 0.36 0.12

ash-free basis)

S (Wt%, dry and 0.02  0.02 0.036 0.011  0.01 0.04 0.01
ash-free basis)

Cl (wt%, dry and 0.01 0.008 0.01 0.008 n.a. 0.02 0.01
ash-free basis)

Note: Analyzed samples are stem/Round wood - stem + bark (P12r), branches
with leaves (P12br + 1), branches without leaves (P12br), Stem/Round wood -
stem + bark (P30r), stem/Round wood - without bark (P30s), stem/Round wood
- only bark (P30b), branches without leaves (P30br + 1).
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Table 7

Fuel composition given as median values of more than 12, 6, 8, 11 and 12
characterized fuel samples of willow, straw, stem wood, bark and branches,
respectively, reported in Ref. [59].

Fuel characteristics Willow Conifer
! Straw  Stem Bark  Branches
wood

Ash content (wt%, dry basis) 2.1 4.95 0.6 3,0 2.65

Volatile content (wt%, dry 81.6 n.a. 84.3 n.a. 75.6
and ash-free basis)

Lower heating value (M.J./ 18.6 17.6 19.1 20.3 195
kg, dry and ash-free basis)

C (Wt%, dry and ash-free 49.7 48.3 50.9 53.7 51.1
basis)

H (wt%, dry and ash-free 6.1 5.9 6.1 6.1 6.1
basis)

O (Wt%, dry and ash-free 43.6 44.8 42.8 39.8 40.1
basis)

N (wt%, dry and ash-free 0.5 0.6 0.1 0.3 0.4
basis)

S (wt%, dry and ash-free 0.04 0.08 0.01 0.03 0.04
basis)

Cl (wt%, dry and ash-free 0.02 0.12 0.01 0.02 0.02
basis)

where the stem wood fraction has very low concentrations, and the
branch and bark fractions have significantly higher concentrations. The
fuel ash of the poplar samples was dominated by Ca, K and, to a certain
extent, P. Similar to previously characterized woody biomass fuels [61],
the stem wood-based poplar fraction sample is the only fuel fraction that
potentially meets the requirement for use as raw material in pellets for
producing class A pellets according to ISO 17225-2:2014 or EN plusAl
standard. Thus, poplar grown with a 10 or 20 year rotation probably has
similar fuel conversion behavior to traditional conifer forest fuels.
However, this needs to be verified experimentally, especially concerning
the reactivity of the char formed during gasification.

3.5. Potential locations for biofuel production plants

When converting biomass to biofuels, the amount of biomass that
can be supplied is one of the most important parameters in deciding the
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location of the associated industrial plants. There are several publica-
tions [59,60] describing examples of biofuel plants using a biomass
supply of 160,000 Mg DW yr . Based on the possible biomass supply
from poplar plantations located on both arable and forested arable land
(Fig. 3 A and B), there could be 16.4 industrial sites, with most located in
the mid and southern parts of Sweden. Only a few counties, such as
Skéne and Vastra Gotaland (Fig. 2), could supply their own biofuel in-
dustry (160,000 Mg DW yr™1), with the rest of the counties dependent
on sharing biomass with neighboring counties. In the northern counties
(BD, AC, Z, Y), biomass supply could only supply one biofuel plant using
160,000 Mg DW yr L.

The geographic location of a biofuel plant/industrial site depends on
several factors, including energy supply, export of biofuel products, the
technological maturity of the production method, and large amounts of
high quality biomass. Currently, there are biofuel plants under con-
struction based on thermochemical (gasification) conversion methods,
with an estimated biomass usage of approximately 160,000 Mg DW yr!
[60,61]. By using this figure as an indicator of the need for biofuel
plants, our results suggest that most counties in mid and southern
Sweden could supply a biofuel plant using 160,000 Mg DW annually.
There are, though, counties (Skane and Véastra Gotaland) that could
support several biofuel plants with 160,000 Mg DW annually. However,
additional sites would be possible, either by using a larger proportion of
the land or by increasing biomass production. There is also potential to
increase the biomass supply by increasing growth. Several studies have
shown there is a large variation in growth between clones [62-64] in
Scandinavian climate conditions. Thus, new and better-performing
clones might increase biomass production. There has also been a
development of management methods e.g. vegetation control treat-
ments, plant types, or application of lime that changes soil pH, that can
increase biomass production [19,22,48].

Our results do suggest that biofuel production based on thermo-
chemical (gasification) methods using 25% of the available land with
long rotation poplar could produce 7.7 TWh bio-methanol, with each
biofuel plant producing 0.47 TWh. In comparison, Prade et al. [65]
demonstrated a straw feedstock potential of 10 TWh biogas or 4.0 TWh
ethanol from agricultural land. There is also available forest biomass for
biofuel purposes that has been estimated to be 18 TWh [65]. Using
biofuel production such as thermal gasification (with high energy and
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samples) taken from [16]. Analyzed samples are stem/Round wood - stem + bark (P12r), branches with leaves (P12br + 1), branches without leaves (P12br), Stem/
Round wood - stem + bark (P30r), stem/Round wood - without bark (P30s), stem/Round wood - only bark (P30b), branches without leaves (P30br).
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Biofuel industries

Fig. 3. Biomass production potential using 25% of available land and location of biofuel plants

A, Biomass production potential of arable land. B, Biomass production potential of forested arable land. Biomass production potential shown is in 1000 ton DW yr™".

1

C, biofuel plant location (160,000 ton DW yr~') based on biomass supply from poplar plantation at each county.

resource efficiency) in the future, this biomass would yield a maximum
theoretical biofuel production of 11-12 TWh. However, considering
technical development and economic conditions, 4-6 TWh from biofuels
has been suggested to be a more realistic production level [66]. Thus, a
large proportion of the expected biofuel demand in 2030, that is, 20
TWh yr! [68] could be covered by production from poplar plantations.
However, if plantation areas or biomass growth were to be increased,
that proportion would increase and, together with forest, agricultural
residues, Sweden could become a net producer and not an importer of
biofuels.

4. Conclusion

This study estimated the potential of using poplar biomass as feed-
stock for domestic biofuel production. The results suggest that there are
1.8 million ha of land available, with forested arable land having the
largest potential, with 1.3 million ha. When combined with production
capacity for the different land types (arable land and forested arable
land) and geographical regions, a total biomass production of 53 TWh is
possible. However, a more realistic feedstock would be the usage of 25%
of the available land areas: approximately 13 TWh biomass could be
available mainly produced in the southern part of Sweden (Gotaland).
This feedstock can, on its own, support up to 16.4 biofuel plants (using
160,000 Mg DW yearly), resulting in 0.47 TWh biomethanol produced at
each plant and a total production of 7.7 TWh. Fuel analysis of the
biomass produced from poplar grown with a 10 or 20 year rotation
length suggests that poplar stem wood is similar to the stem wood of
other conifer tree species, allowing for multiple downstream biofuel
conversion processes. This study was, nevertheless, only the first
attempt to estimate the biomass potential at a geographical scale on
available arable and forested arable land for poplar plantations in
Sweden to meet the Swedish and E.U. climate and renewable biofuel
targets.
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