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ABSTRACT

Several approaches have been developed to date to
model monthly or annual solar irradiances with
different results in terms of time cost and numeric
accuracy. This paper presents a comparative study of
six irradiation distribution calculation methods of
increasing complexity. The study compares the
different calculation approaches accounting for solar
angles, time series and sensor-grid orientations.
Methods are analyzed in terms of their numeric
accuracy, reliability and appropriateness for
application in architectural practice.

Two test scenes were developed. A first simulation
case compared methods against unobstructed hourly-
measured data for all cardinal orientations in
Freiburg, Germany. The second simulation case
characterized a dense urban context in New York
City and involved calculations at three different
heights (i.e. 2m, 100m, 220m). Significant variation
in MBE and RMSE were reported between the two
test cases. The design practice applications explored
show that these discrepancies may crucially influence
the final design recomendations based on the
different simulations results.

INTRODUCTION

Accurately accounting for solar radiation incident on
the building envelope is an essential component for
any project with a sustainable design aspect
irrespective of its scale. The ability to map
irradiances onto building facades and the overall
urban fabric provides designers with valuable
information for identifying solar energy potentials.
This may include solar heating potentials,
photovoltaic electricity production and daylighting
opportunities (Compagnon, 2004). Furthermore,
quantifying solar radiation at the building scale over
specific periods of time (e.g. summer/cooling season)
may allow designers to identify solar energy surplus
and consequently optimize shading devices to
respondto more specific seasonal performance.

At the urban scale, these methods allow urban
designers to evaluate the impact of specific site lay-
outs for solar access, as well as loss of solar energy
to the surroundings. Landscape architects may better
inform their design processes for green spaces and
human comfort in outdoor environments. At an even

larger scale, municipalities may make a-priori
judgments regarding solar zoning bylaws (Niemasz
et al., 2011), potential locations for supporting the
installation of solar energy conversion plants
(Robinson and Stone, 2004) or estimating the
potential for advanced solar energy technologies (e.g.
building integrated PV). Therefore reducing some of
the uncertainties of policy making.

Several approaches have been developed to date to
model monthly or annual solar irradiances. This
paper compares six solar distribution calculation
methods of increasing complexity in two comparison
cases: unobstructed and obstructed. The study
attempts to consider a wide range of calculation
approaches, ranging from a simplified method
widely-used in practice world-wide, to a detailed
validated hourly simulation, to a novel highly-
resource efficient algorithm.

Calculation procedures for each of the selected
methods together with the configuration of the two
comparison cases are described in the methodology
section. Simulation results for both cases are then
compared in terms of time cost and numeric
accuracy. Finally, the paper dicusses the
discrepancies  between  methods and their
appropriateness for application in architectural
practice. For that purpose the discussion employs
three potential architectural analyses: a photovoltaic
financial analysis, a passive solar heating analysis
and a shading design analysis.

REVIEW OF SOLAR RADIATION
DISTRIBUTION METHODS

Daysim DS and DDS —s Simulations

Daysim (Reinhart and Walkenhorst, 2001) is a
validated Radiance-based program that combines a
backward-ray-tracing  algorithm, a  daylight
coefficient approach and the Perez Sky Model to
simulate time series of solar irradiances. Daysim
allows for two simulation methods. The original
method, referred to in this paper as “DS” method,
and a revised method added in 2008, denominated
“DDS —s” standard daylight coefficient model with
overshadowing (Bourgeois et al., 2008). Both
daylight coefficient methods differ in how direct and
diffuse irradiances are treated. DDS allows for a
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more detailed analysis of direct solar contributions
while sacrificing time and computing resources.

The sky and solar division schemes used by DS and
DDS distinguish between contributions from various
luminous sources as follows:

1. DS: 145 diffuse sky segments, 3 diffuse
ground segments and 65 direct solar
positions.

2. DDS: 145 diffuse sky segments, one diffuse
ground segment, 145 indirect solar positions
and 2305 direct solar positions.

Simulations are basically carried out in two steps. In
a first simulation step a whole set of diffuse, indirect
(DDS only) and direct daylight coefficients are
calculated for all points of interest. Secondly, the sky
luminances/irradiances pertaining to the daylight
coefficients are calculated using the Perez All-
Weather Sky Model (Perez et al., 1993).

Diffuse Sky and Ground Contributions in Daysim

Both DS and DDS methods divide the celestial
hemisphere into 145 sky segments according to the
Tregenza division (Tregenza, 1987) for the diffuse
daylight coefficients. Reinhart however, proposed a
continuous sky patch scheme. For the ground
daylight coefficients the DS method considers three
ground segments according to Reinhart and Herkel
(2000), while the DDS approach considers just one
ground diffuse segment. The 145 sky patches are
later combined with the Perez All Weather luminance
distribution model to derive the luminance/radiance
of these patches.

Indirect Solar Contributions in Daysim

As opposed to DS, DDS considers indirect and direct
solar  contributions  separately. The indirect
contribution comprises only solar rays reflected off
surfaces. DDS evenly distributes 145 indirect solar
positions across the hemisphere; more precisely at
the centre of each of the 145 diffuse sky segments.

Direct Solar Contributions in Daysim

The original DS method defines a set of 65
representative, latitude-dependent solar positions that
form a grid amongst all possible solar positions
throughout the year. In contrast DDS comprises a
default number of 2305 evenly distributed direct
solar positions. In both approaches the positions
nearest to the horizon are set by default at a
minimum altitude of 2°. Below this altitude sky
conditions cannot be adequately captured by the All-
Weather Perez sky model given the significance of
local effects of the atmosphere and surrounding
landscape (Reinhart and Herkel, 2000). Altogether,
the DDS method defines 2596 daylight coefficients
per sensor for a given setting, 89% of which describe
direct solar contributions (Bourgeois et al., 2008).
Finally, for the DDS-s option used in this paper an
individual ray is traced from each sensor to each
exact sun position at each time step. This is done to

avoid any interpolation between neighboring sun
positions. DDS-s has been developed to account for
short time step glare effects for which it is important
that the effect of direct sunlight is not ‘measured
out’.‘-s’ stands for shadow testing.

GenCumulativeSky

The GenCumulativeSky method developed by
Robinson provides a significantly faster alternative
for calculating solar irradiation over a given period of
time. The approach generates a cumulative sky by
adding up multiple individual sky conditions for any
given time period. Given a (solar) climate file and
site coordinates, it can pre-process a description of a
cumulative diffuse radiance/luminance distribution
throughout a discretized sky vault (Robinson and
Stone, 2004). In essence, the program uses a similar
approach to determine the diffuse sky contribution as
Daysim. It divides the sky vault using the Tregenza
scheme and the Perez All-Weather luminance
distribution model to predict the luminance/radiance
of these sky patches. However, computational
efficiency is achieved by the direct solar irradiation
calculation. Direct irradiation is accounted for by
increasing the radiance of the given sky patches in
proportion to the cumulative solar energy within the
patch (Robinson and Stone, 2004). Results are then
aggregated for the period of interested as seen in
Figure 1. This method has recently also been
implemented into Radiance (Ward and Shakespeare,
1998) using the GenCumulativeSky program.

Robinson and Stone (2004), carried out a comparison
test of the GenCumulativeSky calculation approach
versus a explicit representation of actual/binned solar
sources as proposed by Compagnon (Compagnon,
2004). The authors concluded that the
GenCumulativeSky implementation in Radiance
represented ‘the best balance between computational
efficiency and accuracy —it is a factor of six faster
than the binned suns approach, but with a less than
two-fold increase in RMS error’ (Robinson and
Stone, 2004). In addition, the pre-processing nature
of the GenCumulativeSky program allows for
reporting solar irradiation analysis in form of specific
sensor point calculations or on false color images
using Radiance ‘'rtrace’ and ‘rpict' programs
respectively.

Figure 1: Sky files generated by GenCumulativeSky for
annual and cooling season irradiations in Freiburg.
“GenCumulativeSky +s1 -r -a 48 -0 8 -m 15 -E -time 0 24 -
date 1 112 31 ./DEUFreiburgGLB.epw”
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Ecotect Simulations

Ecotect was originally developed by Square One Inc
and now is part of the Autodesk’s software suite.
Currently, Autodesk Ecotect Analysis 2010 provides
two solar radiation methods within its ‘Solar Access
Analysis’ module. The first workflow, “Ecotect
Points”, is based on converting surface elements into
sensor points on a given position/orientation (e.g.
surface subdivision>sensor points). The second
workflow, “Ecotect Tiles”, suggests carrying out
solar radiation analysis by converting surface
elements into tiles, which report normalized
irradiances (KW/m?)(e.g. surface subdivisions>tiles).

This tool has become the industry’s common practice
for solar insolation analysis because it allows
reporting irradiances as false color images with
minimal additional modeling effort required.

Despite several attempts the authors were not able to
locate documentation in the calculation methods used
by Ecotect in either one of the two solar radiation
modules.

Manual Method in Excel

A simple uniform sky calculation approach to
calculate total irradiations was considered as a simple
spreadsheet-based approach. The manual method
derives solar irradiation on different surfaces
orientations from hourly global horizontal, direct
beam and total diffuse radiations. The calculations
approach was implemented in Excel based on the
furmulae Liu and Jordan (1963) (Duffie and
Beckmann, 2006). Basic solar geometry calculations
parameters considered include solar declination and
solar time adjustment (STADJ) as described in
Duffie and Beckmann.

METHODOLOGY

Comparison Case #1

A simple test case was first developed to compare the
different simulation approaches to measured data.
Measured irradiances for direct solar, diffuse
horizontal and vertical sensors for each cardinal
orientation were obtained from the Fraunhofer
Institute for Solar Energy Systems (ISE) located in
Freiburg, Germany, for the year 2000 (47,5845 N,
7,49°45” E). The ISE weather station has been
continuously collecting data in 10 s intervals since
1997 as part of the international daylight
measurement network (IDMP). Direct irradiances are
measured with an Eppley NIP, while diffuse
irradiances are taken with a Kipp & Zonen CM 11
pyranometer. Both measurement devices are
mounted on a 2AP tracker. The effects of ground
reflectances were eliminated from the measurments
by using a black surface located beneath the vertical
sensors. The measurement errors for outdoor
irradiances are estimated to be 10% (Wienold, 1999).

A new Freiburg Energy Plus Weather File (EPW)
was created by manually replacing ISE’s measured

global horizontal, direct beam and diffuse horizontal
irradiances. The same weather file was used in all
simulations.

A single model scene was created for use in all
simulation cases. Model geometry was created using
Ecotect and later exported to Radiance format. All
scene configurations including geometry, material
properties, sensor points and simulation parameters
were checked or defined manually at the .RAD file
level for all non-Ecotect simulations.

A 40x40 ground plane was manually added (0%
reflectance) to accurately account for sky vaults
irradiances. In Ecotect a sensitivity analysis was
carried out to see how much using full resolution
settings will increase the accuracy of the simulation
results. To mantain consistency between case one
and case two, both Ecotect simulations considered
full resolution accuracy settings. Ecotect Tile
simulations considered a 1.0m x 1.0m "tile" with
center measurements.

A sensitivity analysis was also carried out to
identified the most accurate and resource efficient
‘rtrace’ parameters to be used in both comparison
cases considering GenCumulativeSky, DS and DDS -
s. Values were subsequently improved to also
consider maximum accuracy and resource efficiency
for all methods. Table 1 details the final parameters
for all Radiance-based simulations.

Comparison Case #2

Case two is intended to replicate a solar radiation
simulation analysis in practice. The Bank of America
Tower in New York City (One Bryant Park, New
York, NY) has been chosen as a test case for this
study. It was selected because it comprises a complex
surrounding urban fabric and requires sensors with
different orientations for the south-facing building
facade. A detailed three-dimensional model of the
building and the immediate surrounding urban
context was created using several 3D modeling tools.
Google SketchUp models were downloaded from the
3D Warehouse website for several available
surrounding buildings. The scene was completed
estimating building heights using Google Earth. The
scene was imported into Ecotect and later exported to
Radiance format using the same workflow as case #1.
Figure 2 describes the scene set up for comparison
case #2.

At
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Figure 2: Comparison case #2 scene set-up.
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Table 1. Set of "rtrace" parameters used for all radiance-based simulations

ambient bounces ambient divisions

ambient sampling

ambient accuracy ~ ambient resolution

Case 1 2 4500 100 0.1 300

Case 2 4 4500 256 0.1 300
direct threshold direct sampling direct certainty

Case 1 0.03 0.2 0.75

Case 2 0.03 0.2 0.75

Daysim DS method was considered the reference irradiances. Table 4 describes passive heating

case for comparison #2 because it reported the lowest
absolute error, MBE and RMSE for the South
orientation in case #1.

Mean Bias Errors (MBE) and Root Mean Square
Errors (RMSE) were calculated for all monthly
irradiance results with respect to the measured data
as per equations (1) and (2).

MBE = 1 EN Ies,i_li
TNL 1)

L

1Nl —In?
RMSE = |4y (=) 2
N £aj= I; ( )

For the photovoltaic financial analysis common
financial metrics were utilized: (a) simple payback
considering price escalation rates, (b) dynamic
payback accounting for discount rates and (c) an
annual internal rate of return (IRR). The exercise
considers published data for NY on PV installed cost,
available rebates, a 2.5% increase in electricity prices
and a 7% discount rate. All assumptions and sources
are detailed in Appendix A.

Compagnon’s technique to establish a passive solar
heating threshold for the entire heating season is used
to explore the impact of the different calculation
methods on passive solar design. Per equation (3),
the identified global solar irradiation threshold (Gp.-
threshold) 1S Obtained by calculating the irradiation
required to equate the energy balance between solar
gains and losses through the glazing during an entire
heating season for a specific location. The difference
between the predicted irradiation by all methods is
then compared against this threshold. Appendix A
contains all the calculation assumptions.

24DDU

Gpa,zhreshoza (kWhm™?) = 1000 gn (3)

Finally, the impact on shading design strategies is
analyzed by comparing the cooling season
cumulative irradiance values for all methods. Cooling
season is defined by a simple cooling/heating degree
method.

RESULTS

In this section the simulation results for comparison
case one and two are presented and analyzed.

Comparison Case #1

Table 2 shows a comparison of total annual
irradiances by sensor orientation for all 6 methods
studied in contrast with measured data. Table 3
shows the MBE and RMSE for all monthly

seasonal performance.

In general terms the comparison shows reasonable
correlations between the measured data and all the
methods tested for all orientations but North.
However, Ecotect Points also reported a strong error
on the South orientation.

Daysim DS method reports the lowest absolute error,
MBE and RMSE for South and West orientations.
Error values are somewhat higher on the North
orientation as a result of a small under-estimation on
low-rising direct beam contributions during early
morning for the summer months. The same
difficulties of accurately accounting for very low sun
altitudes explains most of the discrepancies found
during summer months on East and West. This can
be attributed to limitations of the Perez All-Weather
sky model used by DS and DDS -s to accurately
simulate sky conditions at solar altitudes bellow 2°.

In terms of absolute annual irradiances, results for
Horizontal and South orientations are of special
interest, as a variation in these results will have a
much higher impact on the building's heating/cooling
demand and energy potentials. Horizontal sensors in
all methods presented similar results with a relative
error close to ~5.0% (except for GenCumulativeSky -
0.8%).

For total annual irradiances on the South facade
Daysim methods are most accurate, reporting a 0.2%
and a -0.7% MBE, and a 21% and 28% RMSE for
DS and DDS -s respectively. In contrast, Ecotect
Points results in an important 8.5% over-prediction
and Ecotect Tiles in a -10.4% under-prediction.
However, what is most relevant is the low MBE
0.8% but extremely high RMSE 518%. Ecotect
Points completely missed the monthly irradiance
profiles, reporting a -55.5% under-prediction in
January and an 85.9% over-prediction in July.
Results for Comparison Case #2

Table 6 shows the absolute error (kWh/m2) and
relative errors (%) for annual irradiations for South
facing sensors located on the building's facade at
heights of 2.0m, 100m and 220m from the ground
plane.

Table 7 shows MBE and RMSE for all methods and
Tables 8 and 9 show errors for cooling and heating
season respectively
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Table 2. Relative error for annual irradiation for all simulation methods by orientation

North East South West Horizontal
Distribution Absolute Relative Absolute Relative Absolute Relative Absolute Relative Absolute Relative
Method Error Error Error Error Error Error Error Error Error Error
[kWh/m2] [%] [kWh/m2] [%] [kWh/m2] [%] [kWh/m2] [%] [kWh/m2] [%]
Measured Data 234  reference 584  reference 798  reference 562  reference 1162  reference
Excel 98 41.9 -76 -13.1 -37 -4.6 107 19.0 -144 -12.4
Ecotect Points 112 47.7 42 7.2 68 8.5 23 4.2 -52 -4.5
Ecotect Tiles 44 18.9 6 1.0 -83 -10.4 -70 -12.4 -62 -5.3
GenCumulativeSky -2 -0.8 10 1.8 30 3.7 34 6.1 -9 -0.8
Daysim-DS -12 -5.0 -22 -3.8 -6 -0.8 -11 -1.9 -61 -5.3
Daysim DDS -s -18 -7.8 -31 -5.4 -12 -1.6 -11 -1.9 -58 -5.0
Table 3. MBE and Relative RMSE for monthly irradiations for all simulation methods by orientation
Distribution North East South West Horizontal
Method RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE
[%] [%] (%] (%] [%] (%] [%] [%] [%] [%]
Measured Data reference reference reference reference reference reference reference reference reference reference
Excel 564 47.0 169 -14.1 82 -5.3 297 24.7 6 -0.5
Ecotect Points 589 49.1 111 6.9 518 0.8 47 3.3 48 -4.0
Ecotect Tiles 258 215 196 -16.3 130 -10.8 112 8.0 49 -4.1
GenCumulativeSky 24 -0.5 32 1.2 73 4.0 101 8.4 16 -0.9
Daysim DS 45 -34 57 -3.9 21 -0.7 47 0.2 59 -4.9
Daysim DDS -s 73 -6.0 70 -5.8 28 -1.3 50 0.7 54 -4.5
Table 4. Relative error for passive heating season irradiation for all simulation methods by orientation
North East South West Horizontal
Distribution Absolute  Relative  Absolute Relative  Absolute Relative ~ Absolute  Relative  Absolute  Relative
Method Error Error Error Error Error Error Error Error Error Error
[kWh/m2] [%] [kWh/m2] [%] [kWh/m2] [%] [kWh/m2] [%] [kWh/m2] [%]
Measured Data reference reference reference reference reference reference Reference reference reference reference
Excel 56 46.9 -36 -12.3 -26 -5.5 63 23.6 -2 -0.4
Ecotect Points 57 48.0 16 5.4 -68 -14.4 10 3.6 32 -5.7
Ecotect Tiles 26 21.8 -52 -17.9 -52 -11.0 29 10.9 -25 -4.5
GenCumulativeSky -2 -1.7 3 1.2 32 -6.9 22 8.3 -6 -1.2
Daysim DS -5 -4.6 -10 -3.6 2 -0.4 22 8.3 -27 -4.9
Daysim DDS -s -9 -7.3 -16 -5.7 1 0.2 0 0.0 -26 -4.7

All methods, except for Ecotect Tiles, result in
reasonable predictions for the "unobstructed" sensor
at 220m high (relative error<6% and MBE<6%).
Ecotect Points somewhat underpredicts irradiations
for the 2.0m and 100m sensor, but still remains
bellow a 10% MBE. All Radiance based methods
maintain the accuracy even at the lower sensor points
(MBE <4%). However at 2.0m the RMSE for all
methods rises above 100%. This can be somewhat
expected in such a complex scene. At such a low
elevation and with tall surrounding buildings small
discrepancies in direct beam and diffuse
contributions due to specific solar positions make an
important difference.

The 100m elevation is the one most affected by
surrounding buildings with a high variability of direct
beam and shaded areas. As a result the different
approaches used to account for direct beam within
the Radiance-based methods produce different
irradiation predictions. The cumulative sky patch
approach of GenCumulativeSky reports a 3% MBE
and 93% RMSE in contrast with the more accurate
DDS -s which reports a 1% MBE and a 37% RMSE.

Ecotect Tiles consistently under-predicts irradiations
for all elevations with MBE of -31% (2.0m), -25%

(100m) and -8% (220m). Most importantly, it
strongly under-predicts cooling season solar radiation
(May-August in NYC), reflected by RMSE's of
376% (2.0m), 336% (100m) and 269% (220m).

ECOTECT Points ECOTECT Tiles == #m =GenCumulativeSky

@t ®Daysim-DS === DDS-s

Figure 3: Legend for all Case #2 figures.
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Figure 4: Comparison of monthly vertical
irradiations at 2.0m of elevation (kWh/m2/annum).
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Figure 5: Comparison of monthly vertical
irradiations at 100m of elevation (kWh/m2/annum).
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Figure 6: Comparison of monthly vertical
irradiations at 220m of elevation (kWh/m2/annum).

Table 6. Relative error for South annual irradiation for all simulation methods by elevation, Case #2

Distribution Method 2.0m 100m 220m

Absolute Error Relative Absolute Error Relative Error  Absolute Error Relative Error

[kWh/m2] Error [%] [kWh/m2] [%] [kWh/m2] [%]

Daysim DS 489 reference 727 reference 1086 reference
Ecotect Points full res -23 -4.7% -68 -9.3% -59 -5.5%
Ecotect Tiles full res -169 -34.5% -249 -34.3% -176 -16.2%
GenCumulativeSky 17 3.4% -35 -4.8% -41 -3.8%
Daysim DDS -s -3 -0.5% -10 -1.4% -7 -0.7%

Table 7. MBE and RMSE for South monthly irradiation calculation by elevation, Case #2

Distribution Method 2.0m 100m 220m

RMSE MBE RMSE MBE RMSE MBE
Daysim DS reference reference reference reference reference reference
Ecotect Points full res 144% -8% 116% -10% 75% -6%
Ecotect Tiles full res 376% -31% 336% -25% 269% -8%
GenCumulativeSky 112% 1% 93% -3% 42% -4%
Daysim DDS -s 127% -4% 37% -1% 17% 0%

Table 8. Relative error for total cooling season irradiation by elevation, Case #2

Distribution Method 2.0m 100m 220m

Absolute Error Relative Absolute Error  Relative Error ~ Absolute Error  Relative Error

[kWh/m2] Error [%] [kWh/m2] [%] [kWh/m2] [%]
Daysim DS 317 reference 512 reference 697 reference
Ecotect Points full res 6 1.9% 50 9.7% 32 4.6%
Ecotect Tiles full res 117 37.0% 209 40.8% 181 26.0%
GenCumulativeSky -21 -6.5% 38 7.4% 26 3.7%
Daysim DDS -s -6 -2.0% 11 2.1% 6 0.9%
DISCUSSION

The previous section presented the simulation results
for comparison cases #1 and #2. On comparison case
#1, all Radiance-based methods reported a total
annual irradiance for the different orientation within
a reasonable accuracy (<10% relative error and
MBE). The manual method incorporated in Excel
presented important shortcomings on the North
orientation and on a lesser manner on other
orientations.

Ecotect Tiles consistently reported MBE >10% and
RMSE >110%. The extremely high RMSE reflects
limitations to accurately trace the monthly
predictions (e.g. 196% East and 518% South). This
presents an important limitation for practitioners who
most commonly rely on Ecotect’s Sensor Tile
method for reporting solar irradiation on false color

images for seasonal design analysis (see Figure 7).

Figure 7. Seasonal radiation maps examples using
GenCumulativeSky.

On the other hand, the accuracy reported by
GenCumulativeSky gives practitioners a valuable
option for reporting solar irradiation on powerful
false color images with reliable accuracy.

Although not measured for all cases in this study,
run-time will also be a key parameter for
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practitioners. In this regard, GenCumulativeSky also
provides a solution to one of Ecotect's most relevant
limitations, delivering more reliable results in a
fraction of the time (the advantage is considerable
even when saving the scene's shading mask in
Ecotect for later monthly calculations). Table 10,
shows an example of approximated run-times for
Case #2 annual and monthly calculations

Table 10. Simulation Run-times for Case#2.

Distribution Method Annual  Monthly (additional runs)

Ecotect Points 18:00hs not required
Ecotect Tiles (3 tiles only) 18:00hs not required
GenCumulativeSky 0:13hrs 0:13hrs
Daysim DS 2:44hrs not required
Daysim DDS -s 8:30hrs not required

Applications in Practice

This section explores design practice applications
and the impacts of the discrepancies between
method.

Photovoltaic Financial Analysis

The differences in annual irradiation calculations will
impact, for example, the economic analysis of
Photovoltaic panels. Table 11 shows these impacts
on a 5kW residential PV installation in New York
City. Tables 12 summarize the same analysis for a
10kW building integrated PV (BIPV) installation
using data from Case #2 at 100m (sensor selected to
evaluate the potential impact on buildings fully
cladded in BIPV).

Table 11. PV Financial Analysis considering
horizontal irradiation results from Case#1.

Simple Dynamic

Distribution Method Beyfeck( payback [yrs] IRR [%]
Measured Data 3.9 4.6 14.9%
Excel 4.4 53 12.5%
Ecotect Points 4.1 4.9 14.0%
Ecotect Tiles 4.1 4.9 13.9%
GenCumulativeSky 3.9 4.6 14.7%
Daysim DS 4.8 5.7 11.7%
Daysim DDS -s 4.8 5.7 11.8%

Table 12. BIPV Financial Analysis considering
South irradiation results from Case#2 at 100m.

Simple Dynamic

Distribution Method By Beck(i payback [yrs] IRR [%]
Ecotect Points 10.1 18 0.9%
Ecotect Tiles 13.3 31 -2.4%
GenCumulativeSky 9.6 16 1.4%
Daysim DS 10.2 18 0.8%
Daysim DDS -s 10.4 18 0.6%

Table 11 shows little impact of a given calculation
approach on both static and dynamic financial
analysis for an unobstructed residential installation.
However, as seen in Table 12, a BIPV installation on
an obstructed south facade would be greatly affected,
with a simple payback varying by almost 4 years.
Most importantly, the dynamic financial analysis
may be categorically affected by the calculation
approach used. Although all methods report that the

BIPV project is not economically feasible in this
case, the calculations show up to a 3.8% difference in
IRR. This metric is used to compare a given project
with other investment opportunities.

Passive Solar Heating Design

The difference between the predicted irradiation by
all methods is then compared against this threshold,
Gypa-threshold=280KWh/m?/season.  Figure 7 shows that
even in an unobstructed residential case, predictions
about meeting or not meeting this threshold may vary
up to a 35% on the South facade and 23% on the
West facade.

—— South S5 West
15%
60% -
10% A
40% -
5% -

20% A

i L
5%

% above G,.-threshold

0% -
% above Gpa-threshold
mISE mExcel mECOTECTPoints mGenCS mDS DDS-s

Figure 7. Difference between predicted heating
season solar irradiation and Passive solar heating
threshold for Case 1.

Shading Design for Cooling Season

The impact on cooling design strategies and shading
design might be affected differently depending on
whether it considers relative comparison analysis or
absolute values. Figure 8 shows how absolute values
might vary up to 160 kWh/m® (77%) for an
unobstructed South facade calculation and 43
kWh/m? (19%) for an unobstructed West facade.

South West

kwh/m?

mISE mExcel mwECOTECTPoints mGenCS mDS DDS-s

Figure 8. Total Cooling season solar irradiation for
Casettl.

CONCLUSION

Six solar radiation distribution methods were
compared in two simulations cases (Six in case #1
and five in case #2). On the first unobstructed case all
Radiance-based  methods reported reasonable
accuracy with MBE<10% and RMSE<75% for all
cardinal directions. Excel, Ecotect Points and Ecotect
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Tiles reported a somewhat higher error with and
MBE of up to 50% and RMSE up to 580%. All
methods had difficulties accurately accounting for
North irradiations (South on the southern
hemisphere) due to the difficulties of accounting for
early mornings low-solar angles during summer
months. However, one can conclude that all methods,
except for Ecotect Points, were able to track the
irradiation yearly profile for an unobstructed sensor
with  reasonable accuracy. Especially when
considering the variability that inherently exists with
the source weather data.

On the second test case, a complex urban
environment with South facing sensors, almost all
methods reported annual MBE<10%, but high RMSE
(up to 140% RMSE for the 2.0m height sensor).
Ecotect Tiles was the exception with a consistently
high  RMSE>269%. The method’s limitation to
reasonably trace monthly irradiances should be a
concern for practitioners who rely on it for seasonal
performance analysis. However, the accuracy
reported by GenCumulativeSky gives practitioners a
valuable option for reporting irradiances on false
color images with a reliable and resource-efficient
method.

Finally, the design practice applications explored
demonstrate that in some cases these variations may
crucially influence the design recommendations of
different energy conservations measures.
Furthermore, practitioners should pay special
attention to which solar radiation distribution method
to use when carrying out season specific analyses.
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APPENDIX A

Passive Solar Heating Potential

The only essential feature for passive solar heating
design on a building is the glazed opening.
Therefore, the global solar irradiation threshold
(Gpa-threshold) is obtained by equation 3, and
depends on climatic and glazing characteristics: DD
(degree-days for the heating season) (Kd), thermal
transmittance (u-value kWh/m2K) and total solar
heat gain coefficient (SHGC or g-value)
(Compagnon 2004).

DD Heating Degree days [NYSERDA] 4719

Glazing U-Value [W/m2K] 1.3
Glazing SHGC [g-value] 0.75
n 0.7
Gpa-threshold [kWh/m2/period] 280.4

Assumptions for PV installations, New York City

Residential PV Installed Cost $6.14
BIPV Installed cost ($/kW) $6.54
System efficiency ($/kW) 15%
Rebates (NYSERDA, Federal, Property)  $8,750
Discount rate 7.00%
Electricity price ($/kWh) $0.17
Electricity price escalation 2.5%

Sources: Solarbuzz (www.solarbuzz.com) and LBNL
report 1516E, The installed Cost of Photovoltaics in the
U.S. (2007).
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