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ABSTRACT
The increasing need to reduce greenhouse gas emissions to slow down climate change requires
more effective and versatile methods for producing energy. In Finland forest biomass and
common reed are used for energy production. There are efforts to increase the utilisation of
renewable energy resources. The potential intensification of renewables utilisation may result in
changes to the landscape’s structure and functions. The objective of this study was to develop a
method for energy biomass mapping in landscapes using high resolution remote sensing data
from an unmanned aerial vehicle. It was possible to develop an accurate three-dimensional
model of the biomass distribution within the landscape. The error in height measurements of
common reed plants and forest trees was 0.044 m. The error in common reed biomass
measurements using the UAV data obtained was 0.096 m3.

Keywords: biomass, UAV, forest inventory, common reed, remote sensing, classification,
segmentation, photogrammetry.
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1. Introduction

Global energy use projections predict that biomass will be an important source of renewable
energy in the coming decades (Parry, 2007). The development and use of biomass resources for
bio products and bioenergy has become a critical priority in Europe. This is driven by growing
concerns about environmental impacts associated with the use of fossil fuels, national energy
security, the sustainability of natural resources, and the need to revitalise rural economies.
Biomass can derive from a number of different sources, including forests, agricultural crops,
various residue streams, and dedicated woody or herbaceous crops. There has been increasing
interest in developing dedicated woody crops grown on short rotations, primarily because of the
multiple environmental, rural development, and social benefits associated with their production
and use (Volk, 2004). Biomass currently provides about 10.5% of the global primary energy
supply (Ferrentino, 2007), although some is not being produced and used sustainably. Most
projections of global energy use predict that in the future biomass will be a more important
component of primary energy sources, and that woody crops will be the primary source of
biomass (Berndes and Broek, 2003).
The development of EU policies is targeted at a reduction of greenhouse gas emissions of at least
20% below the 1990 level; achieving 20% of EU energy consumption from renewable resources
and a 20% reduction in primary energy, meaning an improvement in energy efficiency
(European Union, 2009). The 20% minimum of total primary energy consumption in Finland is
already met by bioenergy. However, the National Action Plan for Renewable Energy Sources
(RES) aspires to a further increase in the use of biomass: stating that by 2010 the use of
bioenergy energy sources should be 30% higher than in 2001. The National Action Plan for
Renewable Energy Sources is a key objective in Finland’s energy policy. It was launched in
1999 and updated in 2002. The RES National commitments for the years 2015 and 2025 aim to
increase the share of bioenergy in electricity and heat production by 25% and 40% respectively.
The European Landscape Convention – also known as the Florence Convention – promotes the
protection, management and planning of European landscapes and organises European cooperation on landscape issues. The convention was adopted on 20 October 2000 in Florence
(Italy) and came into force on 1 March 2004 (Council of Europe Treaty Series no. 176). It is
open for signature by member states of the Council of Europe and for accession by the European
Community and other European non-member states. It is the first international treaty to be
exclusively concerned with all dimensions of the European landscape (European Landscape
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Convention, 2000). The development of new approaches to landscape planning is needed for
implementation in the European Landscape Convention (2000). Intensification of energy
extraction from renewables in the future will affect the structure and functions of the landscape.
Therefore the tools are needed for energy biomass and energy content assessment within the
landscapes.
In Finland there are two main sources of renewables that are used for heat energy production:
common reed and forest biomass. Very often both sources of renewable energy are used
together.
1.1.Application of UAV for biomass inventory
Vegetation monitoring typically relies on collecting field data on the presence, abundance and
health of plant species. However, in wetlands, difficult access limits the collection of classical
botanical data, and airborne or satellite imaging is widely used for monitoring. In addition to
classical aerial photography, the potential of multispectral and hyperspectral methods for
vegetation classification and mapping has also proved successful in many surveys (Zlinszky,
2012).
During the last 20 years, UAV technologies have developed rapidly and now, due to the high
flexibility of the systems employed in UAVs, these vehicles can be useful in civil fields. For
instance, UAVs are employed in land monitoring, remote sensing, agriculture and public
security. Technological progress in the electronic and aerospace engineering fields has allowed
the development of low-cost small sized UAVs (mini-UAVs), which can carry on-board imaging
or non-imaging sensors. These technological advantages have led the civil community having an
increasing interest in mini-UAVs.
Existing UAV systems can be useful for different scales of application. The cost of the systems
can vary between €100 up to several millions of Euros. The major advantages of UAV systems
compared with manned aircraft systems are that UAVs can be used without risk to human life in
different situations and in inaccessible areas, at low altitudes, and close to objects where manned
systems cannot be flown. For instance, for obtaining images at an altitude of 100 m to map
biomass resources or flying above the lake areas. Furthermore, in cloudy and rainy weather
conditions when the wind and rain is not too intense and when the distance to the object permits
flying below the clouds, data acquisition using UAVs is still possible. Such weather conditions
do not allow data acquisition (Fig. 1) using large and heavy cameras integrated into manned
aircraft due to the greater flight altitude required. In addition, one fundamental advantage of
using UAVs is that they are independent of the physiological limitations and economic expense
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of human pilots. Moreover, additional advantages are the real-time variability and the ability for
fast data acquisition, while transmitting the image, video and orientation data in real time to the
ground control station (Hassinen, 2008).

Figure 1. Unmanned aerial vehicle during imagery acquisition at Mekijarvi Research station.
Current standard Unmanned Aerial Vehicles (UAV) permit the registration and tracking of the
position and orientation of the implemented sensors in a local or global coordinate system.
Hence UAV photogrammetry can be understood as a new photogrammetric measurement tool.
UAV photogrammetry offers various new applications in the close range domain, combining
aerial and terrestrial photogrammetry and introducing new (near-) real time applications and
low-cost alternatives to classical manned aerial photogrammetry (Eisenbei, 2009).
UAV is considered an important tool with great potential in resources inventory. As it can fly at
low height, its gives very high resolution data from which very detailed information extraction is
possible with high accuracy. An aerial photograph is a useful and illustrative means of observing
the terrain and its details. The automatic methods of image interpretation provide unique
opportunities for the rapid assessment of energy content in standing biomass (reed grass and
forest stands, etc). An aerial photograph is a useful and illustrative means of observing the terrain
and its details. In an aerial photo you can see the vegetation, buildings, roads and other details
that do not stand out in maps. During 2007, technology for obtaining very high resolution aerial
7

images using an unmanned radio-controlled airplane was tested at the Mekrijärvi Research
Station by a group of researchers coordinated by Prof. Taneli Koström. The CropCam UAV was
used to obtain images of the study area. The CropCam is a radio-controlled model glider plane
equipped with a GPS, a miniature autopilot and digital camera. Hand launched, and automatic
from take-off to landing, the CropCam provides high resolution GPS based images on demand.
With this UAV the images from various spatial resolutions can be obtained, from 2 cm up to 20
cm per pixel.
1.2.Utilization of common reed biomass for energy production
Common reed (Phragmites australis) is a tall grass species of great economic and ecological
importance that is widely distributed in European wetlands (Haslam, 1972). The fuel properties
of common reed are close to the Reed canary grass (Phragmites arundinacea). In Finland,
common reed has been cofired with wood chips or peat to generate electricity since the late
1990s (Pahkala et al., 2008). Common reed harvesting was never easy due to its relation with
water ecosystems. Shore wetland vegetation plays an important role in the functioning of lake
systems. The ecotone between land and water creates a large variety of microhabitats, and the
high biomass production of wetland vegetation feeds energy into the food web (Strayer, 2010).
Being a rotting stationary biomass, reed beds reduce water quality, deplete oxygen supplies in
the water and release methane into the atmosphere. The expanse of reed beds also has an adverse
effect on the landscape and biodiversity. Many people have wondered whether the reed beds
could be utilised in some way to provide bioenergy (Hagelberg, 2007).
In Finland a hectare of reed generates approximately 5 tons of dry reed material. The fuel value
of dry reed is about 4.5 MWh/t, which means that the annual energy potential of reed beds is
more than 20 MWh per hectare. This corresponds to the heating needs of an average-sized
family home (Pahkala et al., 2008). When dry, reed is very light and therefore, without
preliminary treatment, its transportation costs are high. Therefore one of the crucial questions in
the management of reed grass fields is resources assessment. Reed could be used as an additional
local source of energy in coastal areas. The balance between the preservation, utilisation and
management of coastal areas is a fundamental question and is one that is related to the creation
of strategy in Finland (Pahkala et al., 2008).
The quality of reed and its biomass may vary greatly depending on location. Different locations
set their own challenges for the utilisation of bioenergy; it is difficult, or impossible, to use the
same equipment in all reed beds. Reed can be collected for energy production throughout the
year. The way in which reed is used for energy depends on the time of harvesting and the boiler
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used. During summer, the green, wet reed is suitable for producing biogas and biofuels (Fig.2).
Reed harvested during winter can be burned in different types of boilers, for instance as shreds
(mixed with woodchips), or as pellets, briquettes or bales (Fig. 3). Ashes generated by burning
can be spread on fields as a fertiliser.

Figure 2. Summer reed cutting with a boat-mounted mowing machine, Finland. Photo: Helena
Sarkijarvi (Hagelberg, 2007).

Figure 3. Winter reed harvesting by tractor in Hamina, Finland. Photo: Teemu Kettunen
(Hagelberg, 2007).
If reed is finely shredded and mixed with woodchips it works well as a fuel in modern boilers.
The key is to chop the reed short enough and mix it with the other material in the correct ratio for
the boiler type and intended burning process (Fig. 4). Reed can also be mixed with cereal dust
and peat. Using straw bales as a source of energy is also common, and there are many kinds of
boilers available for different users. Perhaps the most cost-effective way of burning reed is to
burn it in bales; the reed then needs very little processing. Modern straw bale boilers, in which
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the bales are shredded and then fed into the boiler by blowing them into the flames, may also be
suitable for burning reed bales. These boilers can also cope with the volume of ash generated by
burning reed (Hagelberg, 2007; Pahkala et al., 2008).

Figure 4. Chipping dry reed for burning tests in Halikko, Finland. Photo: Eija Hagelberg
(Hagelberg, 2007).

Figure 5. Reed sent to a boiler together with woodchip. Finland. Photo: Eija Hagelberg
(Hagelberg, 2007).
Hay and manure are used as energy in biogas installations elsewhere in the world, and also
increasingly in Finland. Common reed is also suitable for the production of biogas (Seppala et
al., 2009). Reed that is to be turned into biogas must be collected in the summer, when the plant
is green. The by-product of the biogas production process is pure fertiliser, which can be spread
on fields. Besides providing energy, this process will return the nutrients to the fields that have
been washed from the field to the shoreline waters. When planning new biogas installations, the
availability of reed should be considered when selecting the location of the plant. Suitable
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locations for biogas installations are areas with plenty of reed beds, or areas in which the
decision has been made to reduce the number of reed beds (Hagelberg, 2007).
The use of reed as an energy source may be cost-effective and useful, or it may be too expensive,
labour-intensive and waste energy. In order to maximise the use of reed, an optimal user chain
must be established from the point of collection to eventual use as an energy source. Therefore
tools for the rapid assessment of available reed biomass are needed.
It is not sensible to burn reed to create heat if the chain of collection itself uses more energy than
the plant actually produces. An optimal chain requires the collection to take place locally; it is
not sensible to transport the reed dozens of kilometres from one place to another. There is no
single optimal chain, however the user chain is affected by factors such as the size of the
incinerator, the size of the harvesting area and the machinery used for harvesting (Hagelberg,
2007).
1.3.Utilization of forest biomass for energy production
In Finland the wood residuals and fuel wood are utilised at heat and combined heat and power
plants (Palander and Voutilainen, 2013). The wood is utilised in the form of chips, pellets and
briquettes.
The best thing about tightly compressed pellets is their energy density and their ease of handling.
It is easier to transport compressed pellets over longer distances the transport costs do not
become such a constant. Pellets require less storage space and are ideally suited for heating
residential properties. The popularity of wooden pellets is growing steadily in Finland, and
alternative pellet materials are actively being sought. Briquettes resemble pellets; they have been
compressed into small blocks of reed by a compressive force method. The problem with
briquettes is the accumulation of ash that collects on top of the briquettes, which affects their
burning. This is not a big problem in modern woodchips boilers since the air that is blown into
the boiler will also get rid of the ash from the surface of the briquettes. Compared to pellets it is
sometimes easier to make briquettes, but their market is more limited and they attract a lower
price (Hagelberg, 2007).
Information regarding energy wood resources (their exact location and magnitude) is important
for strategic and operational decision-making, e.g. for locating potential heating sites and for the
harvesting of fuelwood (Malinen et al. 2001; Masera et al. 2006; Ranta et al. 2007). The method,
consistently used in Finland for identifying stands for energy wood thinning and for estimating
the numbers of trees to be removed, is based on visual field assessments (Heikkilä et al. 2007;
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Malinen et al. 2001). The general problems with this method are its subjectivity, inaccuracy and
inflexibility in the sense that the future development of resources cannot be predicted (Kotamaa
et al., 2010).
Remote sensing makes it possible to gather objective data, to increase the efficiency of
inventories and to meet new information needs at reasonable costs. Remote sensing is also a
potential way of identifying fuelwood resource sites and estimating the amounts of biomass
obtainable. Satellite imagery has been widely used to predict forest volumes and biomasses over
large areas. The biomass estimates have been obtained by means of using variables derived from
optical remote sensing data (Kotamaa et al., 2010).
1.4.Aims of the study
The intensification of energy extraction from renewables in Finland requires low cost precise
information about the quantity and quality of the renewable biomass resources. At the same time
sustainable development targets require the preservation of landscape values. The balance
between the intensification of renewables utilisation and landscape structure preservation can
only be found when low cost tools for landscape assessment are developed.
The aim of the study is to develop a method for accessible energy biomass mapping in the
landscape using high resolution remote sensing data from UAV.
This main aim is divided into the following research tasks:
1. To develop a universal algorithm for forest biomass and common reed biomass mapping.
2. To test the application of low-cost UAV for forest and reed biomass resources assessment.
3. To evaluate the accuracy of forest and reed biomass resources assessment based on data
from UAV
4. To evaluate the speed and efficiency of UAV-based biomass assessment.

2. Data
2.1.UAV data
The UAV flight was organised on the 15th October 2012 at Ojalahti, Lipperi, Finland (Fig. 6). In
the study area aerial images were taken with a CropCam plane (see Fig. 7). The plane was
equipped with a Canon IXUS 960 digital camera (see Table 1). In total 173 photographs were
taken at an altitude of 109 metres with an overlap of 60%.
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Figure 6. Map of the study area and flight plan
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Figure 7. Example of an image obtained from the UAV flight.

Table 1. Digital camera characteristics
Parameters
Sensor

1/1.7" Type CCD, 12.1 million effective pixels

Image sizes

4000 × 3000; 3264 × 2448; 2592 × 1944; 1600 ×x 1200; 640 ×
480 pixels

Lens

36–133 mm, 3.7× optical zoom, F2.8–5.8

Digital zoom

Up to 4×

Focus distance

Closest focus distance 5 cm

Shutter speed

15–1/1600 sec

Flash

Range (Auto ISO): 50 cm–4.6 m (wide) / 2.4 m (tele)

Connectivity

USB 2.0 Hi-Speed

Weight (without batteries)

165 g

Dimensions

95.9 × 59.9 × 27.6 mm
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Within the study area image acquisition was performed using a CropCam UAV system
manufactured by Micropilot, Canada (Fig. 8).

Figure 8. CropCam UAV system with ground station (Hassinen, 2008).
The CropCam radio-controlled model glider plane comprises an autopilot and camera system
integrated into a stock radio-controlled (R/C) model airplane, with a total weight of
approximately 2.75 kg. The airframe used is the Electra Pro by Topmodel; an electric glider
sailplane, 1.23 m long with a 2.55 m wingspan, equipped with a full set of control surfaces,
including rudder, elevator, ailerons and flaps. Take-off thrust is provided by a small brushless
electric motor at the nose, powered by four interchangeable, rechargeable lithium-polymer
batteries. The fuselage construction is epoxy fibreglass covered with gelcoat, while the wings are
made of balsa wood covered with polystyrene and wrapped in smooth polyvinyl sheeting. Built
into the fuselage is a MicroPilot MP2028g programmable autopilot system. This has an
integrated 3-axis accelerometer-gyro system for sensing yaw, pitch and roll, together with a
pressure altimeter for airspeed and altitude sensing (30 Hz control system response), a GPS
receiver and antenna for navigation (1 Hz GPS update), and a radio modem and antenna for
communication with the ground control station (2.4 GHz frequency). The on-board camera
system comprises a downward-pointing compact digital camera (Canon IXUS 960) housed in a
15

removable protective box fixed under the wing. It has a 12.1 megapixel 1/1.7 CCD sensor with
an image size of 4000 × 3000 pixels, an 8 mm focal-length objective, a manually-adjustable F
number from 2.8 to 8, a shutter speed of up to 1/1600 s and the capability to save jpeg images
with 8-bit colour depth. The total weight of the camera is approximately 165 grams. An infrared
remote switch connected to the autopilot system runs into the camera box and serves to trigger
the camera’s shutter during flight. The aircraft can carry a maximum camera payload of 450
grams. Depending on weather conditions, the CropCam can fly for 45–55 min at an average
airspeed of 60 km/h (45–55 km total distance covered) on a single battery charge, at a functional
flight altitude range of 120–670 m. It is unsafe to operate this particular aircraft in precipitation
or winds exceeding 30 km/h (Hassinen, 2008).
To prepare the flight plan, the Lentsika computer programme was used. The programme allows
the selection of an area on the map, the setup of the required spatial resolution of the resulting
data and the overlap between the images. Once completed, the programmed flight files are
simulated in Horizon using the same interface environment as used to track the plane in real time
in the field. Throughout the entire flight, the aircraft is tracked in real time from the ground
control station via a radio link with the autopilot (maximum range ≈ 3 km). This is accomplished
in Horizon using an interactive virtual-cockpit environment presenting the operator with a map,
which dynamically updates the plane’s position and heading along the programmed course. Also
displayed are the familiar airspeed and altitude dials and artificial horizon, as well as several
other virtual instruments that report on parameters, such as throttle force, groundspeed, total
distance travelled and flight time, GPS position and signal status, battery levels, camera system
activity and any system errors or failures (Kuzmin, 2011).
The chain of data collection consists of the following steps: preparation of the flight programme,
transferring flight programme to the ground control software, launching the UAV, and
processing of the images and flight information. Post-flight data retrieval consists of removing
the camera from the aircraft and transferring the acquired imagery to a computer, as well as
recovering the log file from the autopilot’s flight data recorder using LogViewer. Flight logs
retain an exhaustive report on all system parameters during the flight at a recording rate of 5
cycles per second. LogViewer facilitates the assessment and analysis of flight data through
visual representations, for instance graphically displaying parameter fluctuations throughout a
flight (e.g. altitude, yaw-pitch-roll, camera system activity) and plotting the exact route followed
by the aircraft (Kuzmin, 2011).
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2.2. Field Measurements.
The CropCam UAV has a navigation-quality GPS device installed. The accuracy of the
orthophoto mosaic rectification based on GPS measurements collected during the flight was low
(i.e. less than 15 m). Therefore additional ground control points were collected to reference the
block of images. The coordinates of the clear visible objects were measured by a Trimble
GeoExplorer 2005 GPS device. The field measurements were corrected in the post processing
mode. In total 10 ground control points were collected. During the process of ground control
points collection in the field at least 70 measurements were taken for each point. Altogether 893
collected positions were code corrected by post-processing. From those, 836 (94.0%) positions
were carrier corrected by post-processing. Only positions with an accuracy range of 15–30 cm
were selected for image block rectification (Table 2; Table 3).
Table 2. Estimated accuracy of the collected positions
Range
0–15 cm
15–30 cm
30–50 cm
0.5–1 m
1–2 m
2–5 m
>5 m

Percentage
24.9%
37.1%
26.9%
7.1%
3.8%
0.1%

Table 3. GPS positions collected to rectify the image block

Point
Point 1
Point 2
Point 3
Point 5
Point 6
Point 7
Point 8
Point 9
Point 10

GPS_Date
05.04.2013
05.04.2013
05.04.2013
05.04.2013
05.04.2013
05.04.2013
05.04.2013
05.04.2013
05.04.2013

GPS_Time GPS_Height
08:48:32am
77.484
08:51:19am
77.370
08:54:34am
77.228
08:58:10am
78.168
09:01:37am
79.562
09:05:04am
81.154
09:08:18am
77.596
09:10:55am
74.896
09:16:07am
77.724

Vertical Horizontal
Precision Precision Latitude
0.3
0.3 62.508361217
0.3
0.3 62.508358976
0.4
0.4 62.508353259
0.3
0.5 62.508338200
0.3
0.4 62.508387700
0.4
0.3 62.508411096
0.3
1.0 62.508429079
0.3
0.3 62.508423147
0.3
0.3 62.508519623

Longitude
29.295764483
29.295756983
29.295765578
29.295796554
29.295826740
29.295788784
29.295904147
29.295983901
29.295805480
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3. Methods
The data collection and processing for the biomass assessment using UAV can be divided in the
following steps (Fig. 9):
1. Obtaining UAV data
1.1. Flight planning
1.2. Driving to study area
1.3. Flight execution
1.4. Driving from location
1.5. Image mosaic calculation
2. Obtaining field data
2.1. Field data collection planning
2.2. Driving to location
2.3. Data collection in the field
2.3.1. Ground control points
2.3.2. Common reed biomass samples
2.3.3. Tree measurements
2.4. Driving from location
2.5. Field data processing
3. Data processing
3.1. Calculation of the 3D model
3.2. Calculation of orthophotomosaic
3.3. Segmentation of the orthophotomosaic with 3D cloud point
3.4. Segment classification (common reed, trees, other)
3.5. Measuring the biomass within the segment
3.6. Calculation of the energy content
4. Accuracy assessment
4.1. Quality assessment of 3D model obtained from UAV data
4.2. Comparison of field biomass measurements with field biomass measurements
Collected raw images from UAV were processed in Agisoft PhotoScan software to produce
orthophoto mosaics and a digital elevation model. Then the images were segmented in
eCognition Developer 8.7.2. The segments were classified into objects: common reed plants and
trees. The object’s height was measured by calculating the height difference between the
minimum and maximum points of the object at the digital elevation model. ArcGIS 10.0 was
used for map preparation.
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The first stage of the orthophoto building requires photograph alignment. Agisoft PhotoScan
searches for common points on photographs and matches them, in addition to determining the
camera position for each picture and refining the camera calibration parameters. While carrying
out photo alignment, PhotoScan estimates both the internal and external camera orientation
parameters, including nonlinear radial distortions. For successful estimation, information on the
approximate focal length values is required. Normally this data is extracted automatically from
the EXIF metadata, or the 50 mm focal length (35 mm film equivalent) is assumed if the EXIF
information is insufficient. By default PhotoScan considers specified camera calibration
parameters as the initial guess, and refines them later during the photo alignment; that is
generally desirable behaviour. After the alignment is complete, the computed camera positions
and a sparse point cloud are calculated. During this process, one can inspect the alignment results
and remove any incorrectly positioned photos (Agisoft, 2012).
The orthophotomosaic was segmented and the segments classified. The multi-resolution
algorithm was used for segmentation. The input layers for segmentation were the digital surface
model (DSM), red, green, blue image layers and the slope layer calculated from the DSM.
The segmentation procedure starts with single image objects of one pixel and repeatedly merges
them in pairs, in several loops, into larger units as long as an upper threshold of homogeneity is
not exceeded locally. This homogeneity criterion is defined as a combination of spectral
homogeneity and shape homogeneity. The size of the segments can be changed in this
calculation by modifying the scale parameter. Higher values for the scale parameter result in
larger image objects; smaller values result in smaller image objects (eCognition, 2011). A scale
parameter of 30 was used in this study.
The trees were mapped on the orthophoto mosaics. Single tree segments were automatically
identified on the images. Then the crowns of the trees were delineated by combining the
segments representing the single trees. The tree height was calculated from the 3D model. The
diameter of the trees was calculated from the models based on the height of the trees and crown
size (Feng et al., 2010; Kalliovirta and Tokola, 2005; Makinen et al., 2006). The ForestCalc
programme developed by ForestCalc Consulting Oy (Vesa, 2007) was used for forest biomass
calculation of the single trees. All the steps in data collection are presented in a flowchart (Fig.
9).
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Figure 9. Flowchart of data collection and processing

4. Results
4.1.Three-dimensional landscape model
Based on the results of the photogrammetric analysis of the images from UAV a threedimensional model of the landscape was constructed (Fig. 10).
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Figure 10. Three-dimensional landscape model.
The model was developed in the form of an orthophoto mosaic (Fig. 11) and digital elevation
model (Fig. 12).
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Figure 11. Orthophoto mosaic for the study area
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Figure 12. Reconstructed digital elevation model
The spatial resolution of the orthophoto mosaic was 0.02 m/pixels. The spatial resolution of the
reconstructed digital elevation model was 0.07 m/pixels with a point density of 42.17 points/m2.
4.2.Biomass distribution within the landscape
Energy biomass distribution within the study area was calculated through the process of image
segmentation and segments classification. Only objects with potential biomass utilisation for
energy production were included (i.e. trees of more than 2 m in height and reed grass areas). The
majority of the area was covered by reed grass biomass (Fig. 13).
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Figure 13. Spatial distribution of biomass types within the study area.
The study area was 6.8 ha. The area covered by forest within the study area was 1.5 ha and that
by common reed was 1.7 ha.
4.3.Common reed biomass
The biomass amount within the common reed was estimated using the segmentation of the
common reed fields and estimation of the plant tops and water between the plant tops. Since the
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orthophoto mosaic resolution was 0.02 m/pixels it was assumed that the error in area estimation
covered by common reeds was less than 0.04 m. For each segment, the minimum and maximum
area of the segment was calculated from the digital elevation model. In total 55643 plants or
groups of plants were mapped within the study area (Fig. 14).

Figure 14. Spatial distribution of the common reed biomass within the study area.
The total amount of biomass was 5098 m3 in an area of 8908 m2, i.e. the average amount of
common reed biomass bulk density was 0.57 m3/m2.
4.4.Forest biomass
The stem biomass of the growing trees was estimated through calculation of the height of the
tree, crown area and calculation of the tree diameter using the relationships between the crown
area and tree height. The biomass of the branches was excluded from the calculation. In total 173
trees were mapped within the study area. The trees were represented by birch and Scots pine.
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The height of the trees varied from 2 to 11 m. The total stem volume of the 173 trees was 58 m3.
The total amount of wood biomass within the study area was 37,112 kg.

Figure 15. Spatial distribution of tree heights within the study area.

4.5.Accuracy of forest and reed biomass resources assessment based on data from unmanned
aerial vehicles
The errors in camera locations were even distributed within the image block (Fig. 16; Table 4).
Despite the fact that the average camera location error was 24 m, this error was corrected by
adding ground control points. The images were fit to each other within the block almost pixel to
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pixel. The whole image block was rectified by additionally collected ground control points. The
accuracy of the ground control points measurement was 30 cm (Table 2).

Figure 16. Camera locations and error estimates. Z error is presented by ellipse colours; X, Y
errors are presented by ellipse shapes. Estimated camera locations are marked with a black dot.
Table 4. Average camera location error
X error (m)
12.982529

Y error (m)
20.997241

Z error (m)
3.527081

Total error (m)
24.937331

The accuracy of the forest and reed energy biomass assessment is influenced by the accuracy of
the photogrammetric measurements, camera calibration, and accuracy of the field measurements
(height of the sample trees, height of the common reed). The accuracy of the estimation of the
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camera locations was 1.055 pixels. A practically pixel to pixel fit was achieved during the
process of camera location reconstruction. Most areas were covered by at least 2 images (Fig. 17;
Table 5). Areas with less than 2 images covering the area were excluded from the analysis, since
it was not possible to obtain reliable digital elevation data for those areas.

Figure 17. Camera locations and image overlap
Table 5. Accuracy of the photogrammetric measurements
Flight characteristics:
Number of images
Flying altitude
Ground resolution
Camera stations
Tie-points

171
107.59
0.020854 m/pix
88
80727
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Projections
Error

194978
1.05557 pix

The accuracy of photogrammetric measurements in the x and y directions (i.e. area covered by
common reed plans and tree crowns) was 0.022 m. For the photogrammetric measurements of
the height at least 2 points are needed, therefore the accuracy of the height measurements (z
direction) was 0.044 m. The error in common reed biomass measurements using the obtained
UAV data was 0.096 m3.
The error in forest biomass measurements could be higher since the trees’ dilatometers were
measured indirectly through the crown size. The RMSEs of the diameter models used in this
study for the entire country varied between 7.3% and 14.9% (Kalliovirta and Tokola, 2005).

4.6.Speed and efficiency of the UAV-based biomass assessment
The time consumption required for the UAV-based biomass assessment was recovered during
the process of analysis (Fig. 18).

Flight planning
in Lentsika and
Horizon 10:00

Measuring
coordinates of
reference
ground points
with GPS 42:00

Mosaic
segmentation
15:00

Driving to study
area 63:00

UAV flight 30:00

Image
mosaicking
12:00

Filed data
collection
planning 23:00

Driving from
study area
63:00

Correcting GPS
coordinates
measured in the
field using the
data from base
station 20:00

Calculation of
the image
mosaic with
GPS ground
points 20:00

Images
triangulation
and 3D points
extraction
120:00

Calculation of
the relative
segment height
00:60

Calculating the
amount of
biomass 10:00

Segments
classification
06:00

Figure 18. Time consumption for UAV-based biomass assessment on each data collection and
data processing step in minutes.
The overall time consumption for biomass assessment was 434 minutes (7 hours 23 minutes).
During this time an area of 6.8 ha was mapped. In total 55643 common reed plants or group of
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plants and 173 trees were mapped and measured. The plants were measured with a relative speed
of 128 plants per minute (i.e. 2 plants per second).

5. Discussion
Several studies have estimated agricultural land resource potential for bio-energy at global, EU,
and national scales, but investigations at a more detailed spatial level are limited. Sustainable
bio-energy planning recommendations and related land-use decisions must be made on as
detailed a scale as possible (Kukk et al., 2010).
The study showed the potential and limitations of the method for accessible energy biomass
mapping at an individual plant level. The main limitations to applying this technology for
biomass mapping may be summarised in the following two points: (i) the time and education
required for applying new technological advances; and (ii) the high cost of the technology and
lack of compatibility of the machinery. According to other studies (Lopez-Granados, 2011) there
are a number of solutions which can overcome those limitations. Possible solutions might
include: (i) offering an advisory service that provides technical support, knowledge and specific
training courses; (ii) the development and implementation of uniform and cheaper standards; and
(iii) increased research into both high resolution satellite imagery exploring object-based image
analysis and UAV.
The potential of UAV-based biomass mapping systems is very high. Remote sensing based on
UAV imagery can provide accurate renewable biomass maps, at different phenological stages. In
this study, a small-scale research UAV was used for obtaining images from 6.8 ha. The speed of
plant measurement was very high (2 plants per second), compared with traditional ground-based
measurements. The measurement speed can be increased by using UAVs with a longer flight
duration, which can cover large areas. In this case the productivity of UAV-based biomass
assessment can be increased 10 fold. The results of this study show that UAVs can be
successfully used to obtain imagery for biomass mapping and that the remote sensing approach
can either complement or replace some ground-based measurements in low accessible areas such
as common reed fields on lakes.
A number of studies have applied remote sensing data for reed mapping. The accuracy of reed
fields mapping using Landsat (30 m) was 95.6–96.2% (Ke et al., 2011; Sivanpillai et al., 2006;
Wang et al., 2013), SPOT-5 data (10 m) was 98.1–98.6% (Davranche et al., 2010), MODIS data
(250 m) was 74% (Sivanpillai and Latchininsky, 2007), and QuickBird high resolution (2.8 m)
ranged from 86% to 100% (Everitt et al., 2005). The accuracy of common reed mapping using
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true colour balloon images was 90%, in terms of separating the dominant common reed-invaded
areas from native vegetation (Artigas and Pechmann, 2010). Also (GeoEye-1 image) was tested
to assess the health of common reed beds in the southern part of Lake Garda (Italy) (Bresciani et
al., 2011). All those studies were aimed at mapping the reed beds by interpreting remote sensing
data. In this study a high resolution landscape photogrammetric model was developed. Using the
model the common reed biomass and tree biomass was measured by applying direct
photogrammetric measurements.
From user point of view there are several advantages of utilizing UAV for biomass inventory:
1. Low Cost: UAVs are significantly cheaper to purchase, fuel, and maintain than regular
airplanes or satellites, biomass inventory over the small areas is cheap
2. On demand data: the images can be obtained exactly when its needed, for example at the
end of the growing season
3. Easy to operate: UAV does not contain, or need, a qualified pilot on board
4. Accessibility: can enter environments that are dangerous to human life
5. Systematic sampling: UAV can stay in the air for up to 30 hours, performing a precise,
repetitive raster scan of a region, day-after-day or, in fog, under computer control
6. Relative independency: UAV can be programmed to complete the mission autonomously
even when contact with its GCS is lost.
7. Accuracy: very high spatial resolution of the orthorectified images allowing estimating
the biomass amount with the error 0,04 m3/m2.
8. Operational Hours: without a human pilot, UAVs can stay in operation for significantly
longer hours of operation without fatigue. Additionally, UAVs pilots or operators can
easily hand off controls of a drone without any operational downtime.
9. Deployment: UAVs are significantly easier and faster to deploy than most alternatives.
10. Spatial resolution: the point cloud calculated from UAV data is very dense (up to 600
point per m2), which 10 times higher comparing with modern laser scanners and 300
times higher comparing with modern satellite data.
At the same time there are some limiting conditions for utilizing the UAV for biomass inventory:
1. Skills to operate UAV: the time and education required for applying new technological
advances, the high cost of the technology and lack of compatibility of the machinery.
2. Limited Abilities: UAV have obvious limitations. For example, they cannot communicate
with civilians for more detailed intelligence.
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3. Counterproductive and Destabilizing: Civilian opinions about drones are typically
negative, since they are viewed as an invasion force.
4. Take Over: Finally, the worst case scenario is when drones or a fleet of drones have been
commandeered or taken control by the enemy. While security measures help make this
possibility more difficult, it will never be impossible.
5. Data coverage: the existing civilian UAVs are capable to cover no more than 4 km 2 per
flight with the suitable accuracy for biomass mapping. To cover the big area the costs
will be very high since the big number of flights will be needed.
6. High costs: biomass inventory over large areas (i.e. community or province) will be very
expensive.
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