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ABSTRACT
Residential buildings can play a significant role in
deploying solar technology using their rooftops.
However, shading from trees and surroundings can
limit the access of solar radiation to the building. To
correctly quantify the effect of shading cast by trees and
nearby buildings for medium to large projects, the
method of utlizing Light Detection And Ranging
(LiDAR) and orthophotograph maps to measure
obstruction heights and locations for three-dimensional
modeling is presented. Rooftop shadows from houses in
a neighborhood are simulated and analyzed to quantify
the amount of solar reduction due to the surroundings at
the present time and in the future.

device used to measure elevation angles above
horizontal. The height (H) of the obstructions can be
determined based on the basic trigonometric formula:
H = D(tan θ + tan )

(1)

The traditional measurement methods can introduce
error of 1%-10% of the tree’s height (Andersen,
Reutebuch et al. 2006). Another method is to use handheld laser rangefinders that can yield better
measurement results with errors of 1%–2%. However,
this method cannot be used where obstruction tops are
not easily visible.

INTRODUCTION
To consider putting photovoltaic (PV) or solar electric
systems onto residential building rooftops, shading
analysis from nearby obstructions is among the first
tasks to perform. Shading is the most important factor
in siting PV panels. PV cells within PV panels are very
sensitive to shading. Unlike solar thermal panels used
for hot water production that can tolerate shadings,
many brands of PV modules cannot even be shaded by
the branch of a leafless tree. Because all cells are
connected in series, when one cell’s performance drops
due to shading from tree brances, dust or nearby
structures, it can have a substantial negative impact on
overall energy production that is more than propotional
to its area (Woyte, Nijs et al. 2003), (Vignola 2007).
The locations and heights of nearby obstructions are
recorded in order to quantify the amount and location of
shading on rooftops. Height measurements involve
traditional methods such as measuring the length of the
shadow created by an obstruction and triangulating with
the sun’s position in the sky, or by triangulating the
distance between an observer and an obstruction with
the angles at which the observer sees the highest and
lowest points of the obstruction (Figure 1). The distance
(D) is usually measured by an impulse LR laser, used
for realtime distance measurement, and the angles 
and  are measured using a clinometer, an optical

Figure 1 Traditional method to measure tree heights.
Another approach to identify obstructions that prevent
solar access to rooftops is to use a fisheye photograph
taken upward into the sky from the point of interest.
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The sunpath diagram is overlaid onto the photograph to
identify the date and time that a particular location will
be limited from solar access (Figure 2). This method
requires that the photograph be taken at the area of
interest, meaning it has to be taken on the roof for PV
rooftop applications.

into surface forms and elevations. Each laser pulse has
a beam size or a pulse footprint width typically between
0.3 and 1.5 meter in diameter. LiDAR has been used for
a variety of applications since the late 1960's including
deriving moon surface elevations and tree heights, and
studying volcanic hazards, coastal erosion, and
environmental impacts of hydro-electric power dams
and transmission lines.

Figure 2 A fisheye picture is overlaid on top of a
sunpath diagram showing the date and time that
sunlight will be blocked at the particular location.
The use of remote sensing techniques in recent years
have provided economical and efficient means for
obtaining accurate height measurements of manmade
objects, such as buildings, and natural objects, such as
trees, over large areas of coverage. Remote sensing is
the discipline involving the acquisition of earth’s data
by observing from above its surface. Balloons, kites,
messenger pigeons and rockets were used to acquire
early images in the 19th century. Systematic aerial
photography was developed for military uses by
mounting cameras on aircraft during World War I.
Remote sensing progressed to the global scale with the
availability of satellite images in the latter part of the
20th century. The advance of remote sensing technology
has led to great advances in our ability to monitor and
model land surfaces.
Today, remote sensing technology not only uses light as
a medium to collect images of the area, as in the past,
but also uses other sources of electromagnetic energy
such as microwaves, infrared radiation, and radio waves
to obtain and record data from distant areas. Light
Detection and Ranging (LiDAR) is an active remote
sensing technology recently developed using laser light
pulses emitted at a rate between 5,000 and 50,000
pulses per second in a scanning array to the area of
interest from a plane or helicopter (Figure 3). The time
delays between the emitted signal and the detection of
the reflected signal are recorded and later interpreted

Figure 3 LiDAR system
For urban areas, LiDAR is a fast and reliable method
that can be used to map ground elevations and building
and tree height. However, LiDAR-derived tree height
measurements appear to underestimate the height of
trees, especially when data are collected in the winter or
leaf-off period in order to have the visibility to the
ground. Andersen et al (2006) compared the heights of
Douglas-fir and ponderosa pine trees obtained from
LiDAR data with field measurements in the forest
canopy and found that the narrow beam (0.3-0.5 m)
error in measurements of tree height is -0.73 m with a
standard error of 0.43 m. The mean error of wide
beam measurement (0.8 m) is -1.12 m with a standard
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error of 0.56 m. High-density (6 points/m2) narrow
beam LiDAR is significantly more accurate than widebeam LiDAR for measuring individual tree heights in
forest application. For urban application, it has been
found that LiDAR data of high resolution (1 m) shows
higher measuring accuracy for conifers. For trimmed
broadleaf trees, on the other hand, the LiDAR data of
low resolution (2 m), which has a low probability of
penetration between branches, showed higher
measuring accuracy. This indicates that the tree-height
measuring accuracy of LiDAR data does not
necessarily depend on the resolution (Imai, Setojima et
al. 2004). Although LiDAR has been used for some
time in other applications, until recently it was not
introduced as a method to generate obstruction data for
PV systems installed in residential communities
(Levinson, Akbari et al. 2009).
LiDAR data become easier to interpret when examined
together with orthophotographs of the same area. An
orthophotograph is an aerial photograph that has been
corrected to eliminate perspective view and ensure that
the ground features are in their true positions, thus
constructing a map-like aerial photograph.
The first step in using LiDAR data is to find out if it is
available for the area of interest. With growing interest
in and application of LiDAR, the data are increasingly
available both with and without fees.

EXPERIMENT
Study area
A neighborhood in Toledo, Ohio has been selected for
this study mainly because there is a large set of LiDAR
data available on the area from the Center for LiDAR
Information Coordination and Knowledge (CLICK).
CLICK is the U.S. Geological Survey service that aims
to provide free access to LiDAR data for research and
educational communities. This data was originally
collected by the Ohio Statewide Imagery Program
(OSIP) which aims to provide accurate imagery and
elevation data for government decision makers and the
public (State of Ohio Office of Information Technology
2007).
LiDAR data and Orthophotograph
The Ohio LiDAR data was collected using Leica
ALS50 digital LiDAR systems during leaf-off
conditions in March and April of 2006. Adjacent flight
lines overlap by an average of 30 percent. The average
post spacing between LiDAR points is 7-feet. The
flying altitude was 7,300-feet AMT, with a targeted
flying speed of 170 knots. The vendor performed a GPS
validation survey concurrent to the LiDAR acquisition
and was able to constrain the absolute accuracy of the
LiDAR coordinates to 22 cm in the vertical direction
and 1 m in the horizontal direction.

The 2006 OSIP digital color infrared orthophotography
was also collected during the months of March and
April at a minimum resolution of 3-feet statewide.
Methodology
The obtained LiDAR data were processed using
ArcGIS 9.3.1 software to produce both a Digital
Surface Model (DSM) and a Digital Terrain Model
(DTM), which is also known as Digital Elevation
Model (DEM). Construction and tree heights are
derived from the subtraction of the DTM from the DSM
(Figure 4).

Figure 4 Schematic shows how the heights of trees and
buildings are derived.
LiDAR point clouds are first loaded into the ArcGIS
program. The ground return points were converted to a
bare earth raster to generate the DSM (Figure 5). To
generate the DTM, the first return points were
converted to a raster representing the tree canopy and
building surface (Figure 6). The height raster is then
produced from the subtraction of these two layers
(Figure 7).

Figure 5 Bare earth point cloud derived from LiDAR
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Pixel value 47.9

Figure 6 Buildings and tree canopy point cloud

Figure 9 Raster of building and tree heights overlaid on
top of orthophotograph of the same area.

The raster of building and tree canopy height is overlaid
onto an orthophotograph of the same area (Figure 8).
The height of obstructions can be obtained by looking
at the pixel value of the point that is on top of that
obstruction (Figure 9).

The heights of obstructions were checked against
ground measurements. Good agreement between the
heights from LiDAR data and ground measurements is
found for buildings and conifers. Whereas the accuracy
of tree heights derived from LiDAR data are
significantly reduced with deciduous trees because the
data were collected during a leaf-off period.
Applications
Models of areas of interest can be generated by
extracting building locations from orthophotographs
and height information from LiDAR data to evaluate
the potential of rooftops for PV applications. Google
Sketchup can directly import orthophotographs of areas
of interest from Google Earth (Figure 10). In Google
Sketchup, buildings and trees can be modeled at their
true locations when their heights are entered manually
from LiDAR data rasters modeled in ArcGIS (Figure
11). The finished model can be exported to analysis
software, such as Ecotect or EnergyPlus, to evaluate
solar potential.

Figure 8 Orthophotograph

Figure 10 Models in Google Sketchup overlaid on an
orthophotograph imported from Google Earth

Figure 7 Raster of building and tree heights
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Figure 11 3- dimentional modeling of the study area
Orthophotographs can also be obtained from the
national map seamless server available at
http://seamless.usgs.gov/ or local government agencies
as raster files to be used in the ArcGIS program. In the
ArcGIS program, buildings and trees can be manually
traced using orthophotographs. The height raster
created from LiDAR data and the hillshade function can
be used to quantify the annual amount of shade falling
onto each building.
Using LiDAR data and orthophotographs to create 3dimentional models will save time and expense over
taking measurements in the field. Many solar PV
mapping tools, such as the In My Backyard (IMBY)
tool, utilize orthophotographs for location and building
boundary information. Some tools, such as the Solar
Boston Map, also utilize a DSM model to predict
shading interactions with surroundings.

DISCUSSION AND RESULT ANALYSIS
A block of neighborhood is modeled in Ecotect 5.6 to
give a quick visual examination of where solar radiation
is available and the optimal places to locate PV
systems. Screen shots of the results are presented in
figures 12 through 15.

Figure 13 Cummulative solar irradiation during winter.

Figure 14 Cummulative solar irradiation over one year
if all trees are 20% taller than the current condition.

Figure 15 Cummulative solar irradiation at 0.2 m from
the ground.
Figure 12 Cummulative solar irradiation over one year
given the current conditions.

From insolation analysis, potential rooftops for PV
systems can be identified along with ways to improve
the solar access by modifying trees that create shade on
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rooftops. Potential sites for PV placement on the
ground can also be determined.

CONCLUSION
In this study, the use of LiDAR data and
orthophotographs to aid solar access simulation on
residential building rooftops is presented. LiDAR data
is found to underestimate the height of trees, especially
deciduous trees when the data are collected during the
leaf-off period. However, LiDAR data can give
reliable height information of conifers and manmade
obstructions reducing the amount of time required for
measurements in the field.

REFERENCES
Andersen, H.-E., S. E. Reutebuch, et al. (2006). "A
Rigorous Assessment of Tree Height
Measurements Obtained Using Airborne
LiDAR and Conventional Field Methods."
Canadian Journal of Remote Sensing 32(5):
355-366.
Imai, Y., M. Setojima, et al. (2004). Tree-Height
Measuring Characteristics of Urban Forests by
LiDAR Data Different In Resolution. ISPRS
2004
International
Society
for
Photogrammetry and Remote Sensing
Istanbul, Turkey.
Levinson, R., H. Akbari, et al. (2009). "Solar Access Of
Residential Rooftops in Four California
Cities." Solar Energy 83(12): 2120-2135.
State of Ohio Office of Information Technology, O. G.
R. I. P. (2007). OSIPCIRIMAGESERVICE
Geospatial Data Presentation Form: raster
digital data.
Vignola, F. (2007). Shading on PV Systems: Estimating
the Effect. The SOLAR 2007 National
Conference, Cleveland, Ohio.
Woyte, A., J. Nijs, et al. (2003). "Partial Shadowing of
Photovoltaic Arrays with Different System
Configurations: Literature Review and Field
Test Results." Solar Energy 74(3): 217-233.

243

