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Abstract

Stump harvesting for enerqy has decreased in Finland, and many heat and power plants no
longer accept stumps in their fuel portfolio due to fuel quality problems. However Finland is
a forested country, and land clearing stumps need to be extracted, e.g. in infrastructure con-
struction projects. If stumps cannot be used for energy production, they are dumped in land-
fills, where they start to decay and release CO, into the atmosphere. One option to avoid CO,
emissions would be the burying of stumps underground so that the decaying process of wood
would be inhibited in anaerobic conditions. The aim of this study was to define the carbon
sequestration potential of stump burying logistics and calculate their CO,-eq emissions to
compare them with the emissions of decaying stumps in piles. The analysis was performed as
a spreadsheet-based system analysis at a worksite level as a function of time and size of ex-
tracted stumps. As a result of the analysis, the emission effiency of the logistics chain based
on stumps stored below the ground was good. The net carbon stock varied between 743.7 and
775.0 kg CO,-eq/m’ as a function of stump diameter, when the emissions of the stump burying
logistics chain were 49.0 and 17.7 kg CO,-eq/m’ respectively. In the case of a Finnish mu-
nicipality with an annual accumulation of 1000 m’ of land clearing stumps, the carbon se-
questration potential of stumps buried underground is equivalent to the emissions of between
280,000 and 290,000 liters of diesel fuel consumption, depending on the diameter of the ex-
tracted stumps and the diesel fuel emission factors for different engine and diesel fuel types.

Keywords: carbon storage, climate change, mitigation, CO, emissions, logistics, stump and

root biomass, fuel consumption

1. Introduction

Harvesting of tree stumps for energy generation
has been done on a large scale for more than fifteen
years in Finland in the 2000s (Hakkila 2004, Persson
2012, Laitila and Nuutinen 2015). The environmental
benefit of stump harvesting is that it can contribute to
the replacement of fossil fuels and thus reduce carbon
dioxide (CO,) emissions (Jappinen et al. 2015). The
benefit of replacing fossil fuels with stumps increases
in the long term, because the combustion of harvested
stumps releases the CO, locked in stumps through the
photosynthesis process immediately, unlike slow de-
composition in the forest (Sathre and Gustavsson 2011,
Melin 2014, Repo 2015). However, stumps have been
found to be challenging feedstock for energy mainly
because of the high proportion of soil and stone par-
ticles, causing problems in comminution and combus-

tion processes (Anerud and Jirjis 2011, Anerud 2012,
Laitila and Nuutinen 2015, Laitila et al. 2019). Stump
extraction also causes physical disturbance to the soil
and the forest floor through the mixing and redistribu-
tion of the soil material, raising concerns about erosion,
rutting, and soil compaction (Berg 2014, Helmisaari et
al. 2014).

Stump harvesting for energy has decreased in
Finland, and many heat and power plants no longer
accept stumps in their fuel portfolio (Official Statistics
of Finland 2020). Compared with roundwood, stumps
have received fluctuating interest, following raw ma-
terial shortages and changes in demand for certain
products (Lindroos et al. 2010). During the 1970s, co-
nifer stumps were harvested for pulp production and
biorefining, but the cost was found to be excessive
(Hakkila 2004). However, stumps need to be extracted
in infrastructure construction projects, and when the
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land use of forest land or other wooded areas are
changed to other purposes, e.g. farmland (Laitila et al.
2013). After trees are cut down and land clearing
stumps are uprooted, they start to decay. If stumps are
not used for energy production, they are often dumped
in landfills or piled somewhere, after which they start
to release CO, »without giving anything in return«.
One option for avoiding CO, emissions would be the
burying of stumps underground so that the wood de-
caying process is halted or markedly inhibited in an-
aerobic conditions (Kuptz et al. 2020).

This study was instigated by a Finnish municipal-
ity (Kontiolahti) with 1000 m’ of stumps accumulating
annually through infrastructure development and
with no option to utilize them for energy. Kontiolahti
is located in a region of North Karelia (63°00'N
30°00'E), in eastern Finland, where 89% of total land
area are covered by forests (Wallius et al. 2020). Cur-
rently, land clearing stumps are dumped in landfill.
On the way to carbon neutrality, the municipality
wanted to avoid emissions from decaying piles of
stumps and decrease fire load. In an uncontrolled fire,
all the carbon stored in the stump wood is released
into the atmosphere in a brief moment. The burying
of biomass will decrease the emissions of dumped bio-
mass if decaying can be halted or markedly inhibited.
In Finland, cutaway peatlands offer an option where
the groundwater level is so close to the surface that
burying below the groundwater line can be done eas-
ily. Wetlands can store wood without marked decay
for hundreds or even thousands of years (Koivisto
2017).

The aim of this study was to define the carbon se-
questration potential of stump burying logistics and
calculate the CO,-eq emissions of burying logistics to
compare them with the emissions of decaying stumps
in piles. The analysis was performed as a spreadsheet-
based system analysis at a worksite level as a function
of time and size of the_extracted stumps. Emissions
from land-use and land-cover change were excluded
from the analysis (Houghton et al. 2012).
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2. Materials and Methods

2.1 Productivity and Fuel Consumption

The production stages of this study are demon-
strated in Fig. 1. The logistics system starts with stump
extraction at the land clearing site and ends when the
stumps have been delivered to the storing site, where
they are stored either above or below the ground in
aerobic or anaerobic conditions. The cubic meters pre-
sented in the calculation are solid cubic meters (m’),
and the operating time consumption of machines is
gross effective time (E;sh), i.e. working hours include
breaks of up to 15 minutes (Uusitalo 2010). The system
comparison was made as a function of stump diameter
in the range of 15-45 cm. The CO,-eq emissions of the
work phases were calculated on the basis of the
amount of diesel fuel consumed per m’, and the quan-
tities are therefore directly proportional to each other.
The harvesting volumes of Norway spruce (Picea abies)
stumps were determined from stump diameters, using
the stump mass model of Hakkila (1976), and the den-
sity was 500 extracted stumps per hectare at the land
clearing site. The main productivity and fuel con-
sumption parameters of production stages, based on
the study Laitila et al. 2015, are described in Table 1.

The productivity of Norway spruce stump extrac-
tion was modeled with a crawler excavator equipped
with an extraction device (Laitila et al. 2008). Forward-
ing productivity for stumps was obtained from a
study by Laitila (2010), and the payload (Table 1) was
set in line with the work of Laitila et al. (2010). At the
stump extraction site, the strip road network was as-
sumed to be 450 m per ha due to the pre-piling of
stumps during stump extraction (Laitila 2010). The
forwarding distance was set at 350 m from the land
clearing site to the roadside landing (Phase I in Fig. 1).

From the roadside, landing stumps were trans-
ported to the storage site using a biomass truck with
a payload of 32 m® (Ranta and Rinne 2006, Kirhi et al.
2011, Palander et al. 2011). The time consumption of
driving, with full and empty loads, was calculated as
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Fig. 1 Flow chart for logistics chains of stumps stored below and above ground
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Table 1 Productivity and fuel consumption parameters for logistics chains of stumps stored below and above ground

Stumps stored below the ground Stumps stored above the ground
Diameter of uprooted Norway spruce stumps, cm 15-45 15-45
Initial density of uprooted stumps per hectare 500 500
Gross effective time (Esh) coefficient 1.3 1.3
Excavator fuel consumption per operating hour, litres 16.7 16.7
Fuel consumption per uprooted stump m?, liters 2.1-13.1 2.1-13.1
Forwarding distance at the worksite, m 350 350
Harvesting removal of stumps at the worksite, m*ha 5111 5-111
Payload of forwarder, m’ 8.6 8.6
Gross effective time (Esh) coefficient 1.2 1.2
Forwarder fuel consumption per operating hour, litres 12.0 12.0
Fuel consumption per forwarded stump m?, litres 1.0-1.8 1.0-1.8
Truck transporting distance of stumps to storing site, km 40 40
Payload of stump truck, m’ 32 32
Fuel consumption of stump truck per 100 km, litres 58.0 58.0
Fuel consumption of truck during loading & unloading, litres per h 8.0 8.0
Fuel consumption per transported stump m?, litres 1.9 1.9
Forwarding distance from the stump pile to the trench, m 150 -
Payload of forwarder, m’ 8.6 -
Gross effective time (Esh) coefficient 1.2 -
Forwarder fuel consumption per operating hour, litres 12.0 -
Fuel consumption per forwarded stump m?, litres 05 -
Stump burying capacity of excavator, m’ per operating hour 16 -
Excavator fuel consumption per operating hour, litres 16.7 -
Fuel consumption per buried stump m?, litres 1.04 -

a function of transportation distance (40 km), accord-
ing to the speed functions by Nurminen and Heinonen
(2007). The loading time at the roadside landing was
62 minutes, and the unloading time at the storage site
landing was 56 minutes per load (Ranta and Rinne
2006, Kérha et al. 2011a, Palander et al. 2011).

After truck transportation, the stumps were for-
warded from the storage site landing to the trench,
where the system was based on stumps stored below
the ground (Phase II in Fig. 1). The forwarding dis-
tance was set at 150 m (Table 1), and the work elements
were included in the forwarding time consumption in
loading at the pile, driving with a load, unloading at
the trench, and driving with an empty load (Laitila
2010). The trench was made and filled with an excava-
tor with an estimated stump wood burying capacity
of 16 m’ per operating hour (Table 1).

2.2 Emissions of Storage and Logistics Chains

Carbon locked in stumps through photosynthesis
is released back into the atmosphere as carbon dioxide
when the wood biomass decays in the above ground
storage. In this study, the annual CO,-eq emissions
were calculated for a twenty-year period, and the an-
nual decomposition rate of Norway spruce stumps
was 4% of the dry mass (Nylinder and Thornqvist
1981). To convert the carbon locked in one solid cubic
meter of fresh stumps (gross carbon stock) with the
carbon dioxide equivalent (kg CO,-eq/m°), the follow-
ing equation was used:

(432/2)*3.67 = 792.7 kg CO,-eq/m’ 1)

In the equation above (cf. Karjalainen et al. 1994,
Melin et al. 2010, Repo 2015), the carbon content of the
stump wood was assumed to be_ 50% dry mass (Repo
et al. 2011), the basic density (dry matter) of fresh
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Table 2 Diesel fuel emission factors for different machines or ve-

hicles
One diesel litre produces CO,-eq emissions in
grams, g
Crawler excavator 2672
Forwarder 2673
Stump truck 2660

Norway spruce (Picea abies) stumps was 432 kg/m’
(Hakkila 1975) at the time of harvest, and one kg of
carbon 3.67 kg of carbon dioxide equivalent (Melin et
al. 2010). At the below ground storage, stumps were
kept in anaerobic conditions, and no CO,-eq emissions
occurred during storing.

The CO,-eq emissions of the work phases were cal-
culated based on the amount of diesel fuel consumed
per m’. The data source of the emission factors for diesel
fuel was VTT’s LIPASTO —a calculation system for traf-
fic exhaust emissions and energy use in Finland (http://
www lipasto.vtt.fi/en/index.htm). Table 2 presents the
diesel fuel emission factors (g CO,-eq/diesel fuel litre)
for the crawler excavator, forwarder, and stump truck.

3. Results

Fig. 2 illustrates the carbon emissions for the logis-
tics chains of the stumps stored below and above the
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ground (kg CO,-eq/m’) by work phases as a function
of stump diameter. An increase in the stump diameter
increased stump extraction and forwarding productiv-
ity at the land clearing site and decreased the emis-
sions. Stump harvesting productivity increased rap-
idly until the stump diameter reached 35 cm. The total
carbon emissons for the logistics chain of stumps
stored below the ground were between 49.0 and
17.7 kg CO,-eq/m’, when the diameter of the extracted
stumps was between 15 and 45 cm. For the logistics
chain of stumps stored above the ground, the total
amount of emissions was between 44.9 and 13.6 kg
CO,-eq/m’, when the respective emissions of addi-
tional forwarding (Phase II) and stump burying at the
storage site were excluded. The truck transportation
emissions of the stumps were 5.2 kg CO,-eq/m’ when
the distance from the land clearing site to the storage
site was 40 km (Fig. 2).

Fig. 3 illustrates both the net carbon stock of the
stumps stored below the ground (kg CO,-eq/m’) and
the emissions of the logistics chain as a function of
stump diameter (1545 cm). The gross carbon stock of
stumps at the time of harvest was 792.7 kg COz—eq/m3
(Eq. 1). The net carbon stock varied between 743.7 and
775.0 kg CO,-eq/m’, and was at its lowest in small
stump diameter classes due to the highest emissions
of the logistics chain and especially stump extraction
(Fig. 3).

The impact of stump wood decomposition on the
net carbon stock of the stumps stored above the
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Fig. 2 Carbon emissions of logistics chains of stumps stored below and above ground (kg CO,-eq/m®) by work phases for varying values of
stump diameter (15-45 cm). Note that the two last work phases are not included in the logistics chain of stumps stored above the ground
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m’) as a function of storage time

ground and annual emissions (kg CO,-eq/m’) as a
function of storage time are shown in Fig. 4. During
the twenty-year storage period, the net carbon stock
of the stumps stored above the ground declined from
792.7 to 350.4 kg CO,-eq/m’, and the total emissions

were 442.3 kg CO,-eq/m’. The annual emissions varied
between 14.6 and 31.7 kg CO,-eq/m’. The emissions
decreased steadily and were at their highest during
the first storage years (Fig. 4).

The first-year emissions from stumps due to de-
composition (kg CO,-eq/m’) were higher than the
emissions of the stump burying logistics chain when
the stump diameter was 18 cm or more (Fig. 5). When
the gross emissions of one year of the storage of
stumps above the ground were taken as a reference
level (= emissions of the logistics chain & decomposi-
tion), the benefits of stump burying for anaerobic con-
ditions were already 27.6 kg CO,-eq/m’ in the first
reporting year in all stump diameter classes (Fig. 5).
The first year’s gross emissions can be considered the
most realistic reference level, because the stumps must
in any case be transported from the land clearing site
to the storage site, e.g. landfill.

4. Discussion and Conclusions

The emission effiency of the logistics chain based
on stumps stored below the ground was good. The net
carbon stock varied between 743.7 and 775.0 kg
CO,-eq/m’ as a function of stump diameter when the
emissions of the stump burying logistics chain were
between 49.0 and 17.7 kg CO,-eq/m’, respectively (Fig.
3). These emission parameters for the work phases of
the logistics chain were at the same level as earlier

Croat. j. for. eng. 44(2023)1

115



J. Laitila et al.

90

Pre-Feasibility Study of Carbon Sequestration Potential of Land Clearing Stumps Buried ... (111-119)

= — — = One year of carbon emissions from the stumps stored above the ground
o 80 One year of gross carbon emissions for the logistics chain of the stumps stored above the ground
@ it s . )
oy ——— Carbon emissions from the logistic chain of the stumps buried below the ground
O
E 70
o
=
S 60
& ~
0] T
& 50 —
S \ i
w
o
N\

5 ? \
w
2 e e e ) s PR I S s "l I | Sy | (S ) I ) (e
ol ~
5 ~—
g \--_._____‘_l
el —~—
a 20
kel
E
@
© 10
K]

0 T T T T T

1% 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Stump diameter, cm

Fig. 5 The first-year total emissions from stump wood decomposition compared with emissions from logistics chain of stumps stored below
and above the ground (kg CO,-eq/m?) as a function of stump diameter, cm. One year of gross carbon emissions = emissions of logistics

chain & decomposition

studies of the energy efficiency of stump and root
wood chips procurement for fuel in Finland or Sweden
(Kariniemi et al. 2009, Lindholm et al. 2010, Jappinen
et al. 2014, Ovaskainen 2017). Naturally, the parame-
ters influencing machines’ fuel consumption and pro-
ductivity are crucial. In addition, many conversion
factors related to units of volume or emissions, for
example, can afffect the precision of results.

In this study, in which a static spreadsheet-based
system analysis was applied, the emissions from ma-
chine relocations were excluded from the analyses,
because the influence was considered case-specific
(size of worksite), and the effect on final results nomi-
nal. To obtain more realistic information about the
real-life situation, including the locations and sizes of
sites, discrete-event modeling of logistics systems in
the prevailing operating environment with spatial
data will be required to study the topic more compre-
hensively (Vaatainen 2018).

The reliability of the current results critically de-
pends on the decomposition estimates for the stumps
stored above the ground. Factors affecting the decom-
position rate of stumps and CO,-eq emissions are e.g.
the size of pieces in the storage above the ground, the
amount of contaminants, fungal growth, climate con-
ditions, storage location, and the chemical quality of
wood, which is associated with tree species and age.
Dry matter losses occur in all forest fuel systems, but

are less well known in stump systems (Eriksson and
Gustavsson 2008).

In this study, the annual decomposition rate of
Norway spruce stumps was 4% of the dry mass
(Nylinder and Thornqvist 1981). Compared with other
decomposition rates from the litreature, the annual
relative Norway spruce decomposition rate recorded
for logs, snags, and stumps (not uprooted) was in the
range of 3.2-5.2% (Krankina and Harmon 1995,
Naesset 1999, Harmon et al. 2000, Yatskov et al. 2003,
Anerud and Jirjis 2011, Shorohova et al. 2008, Melin et
al. 2009). Further research is needed to define the ac-
tual emissions from stumps by tree species in each
supply situation and logistics scenario as a function of
time. The basic density (dry matter) of Norway spruce
stumps is 432 kg/m’ (Hakkila 1975). The correspond-
ing values for the other main Finnish tree species,
Scots pine (Pinus sylvestris L.) and birch (Betula spp.),
are 475 kg/m’ and 490 kg/m’ (stemwood), respectively.

Anaerobic storage below the ground and water
table is a secure way to protect stumps against decay
agents in Finnish cutaway peatlands. When develop-
ing anaerobic storage systems for sawlogs, where tim-
ber is bundled within a double layer of polyethylene
tarps, it has been found that the oxygen content must
always remain below a 2% threshold to guarantee op-
timal conservation (Mabhler et al. 1998, Riguelle et al.
2017). Today, stationary wooden structures associated
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with fishing sites represent the most typical wetland
archaeological resource in Finland (Koivisto 2012,
Koivisto et al. 2018). These wooden archaeological re-
mains yield valuable evidence for the investigation of
fishing methods, technological adaptations, and
modes of subsistence among prehistoric populations
(Koivisto 2017). Further evidence of the good storage
properties of wetlands is provided by stump and moor
wood lying below the ground in peatland forests and
peatlands (Makela 1973).

The carbon sequestration potential of the land
clearing stumps stored below the ground was investi-
gated in this study. In the case of a Finnish municipal-
ity with an annual accumulation of 1000 m® of land
clearing stumps, the carbon sequestration potential of
stumps buried underground was equivalent to the
emissions of 280,000-290,000 litres of diesel fuel con-
sumption, depending on the diameter of the extracted
stumps (Fig. 3) and the diesel fuel emission factors for
different engine and diesel fuel types (Table 2).

The study utilized the results from previous stud-
ies examining stump harvesting and procurement
costs (Laitila et al. 2015), energy efficiency (Jappinen
et al. 2014), climate impacts (Repo 2011), and ways to
prevent energy wood dry matter losses (Laitila et al.
2017). Globally, the climate change mitigation poten-
tial of land clearing stumps stored above the ground
is almost indistinguishable. Locally, however, storing
below the ground improves carbon neutrality, and
especially reduces the fire load and the risk of fire in
landfill sites, as well as the demand for landfill sites if
the stumps cannot be used as a raw material for en-
ergy production or biorefining to replace original un-
derground reservoirs of fossil raw materials. Still more
powerful actions, such as emission and deforestation
cuts or reforestation, must be implemented to see real
climate effects globally.
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