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1. ABSTRACT

Solar gains, air and heat exchange, internal gadsauxiliary energy sources are key aspects
when dealing with building and urban energy balanddis work tackles the first issue, by
using a simple model based in a work made in 186flculate solar radiation components in
clear days: direct and diffuse. The main goal isckearify the differences between the
calculations of this early model and the real mezsents of the two components of solar
irradiation to use in the urban context. The metthagly is simple and the results give some
rough conclusions about the differences in the omealsand calculated values to be use for
energy balance calculations. This work is a prelary study of the adjustement of the
method of calculations used in the software HellodoThe model was tested using 10 years
data of solar radiation from USA.

Keywords. solar radiation, theoretical and measured vals&y, view factor, statistical
analysis.

2. INTRODUCTION

Solar radiation and its components have been estiimy several methods and models
(Duffie and Beckman, 2006) during the past yeas #&me number of models for estimating
the solar radiation is considerable. Hence thardil@ we face: to choose and to use a good
model for predicting the solar radiation and at $aene time to use the minimum data for its
calibration. This is a difficulty due to the lack worldwide available data. Therefore, it is
convenient to use a simple model formulation tleguires low data input for its calibration.
Besides, the data must be generic enough to fem gmywhere.

In practical applications, the most common situai® to have a tilted surface and needs to
calculate the incoming radiation on it. In this eathe total solar radiation is the sum of
direct, diffuse and reflected radiation componehthen surfaces are surrounded by other
structures that mask part of the sun path (urbamest), the solar radiation components are
difficult to calculate because of various aspeite shadow, geometry, portion of the sky
from which the sunlight is obstructed by structufgsading mask) and reflection/absorption
properties of surfaces surrounding the surfacetudys Moreover, we must include in the

analysis of this problem the statistical distribatiof the daily total radiation due to various

categories of days of differing degrees of clousime

Solar irradiation reaching the earth is a fractvbrthe extraterrestrial solar irradiation wich is
related to the solar constant. Liu and Jordan (L8&ulated these fractions on a horizontal
surface at ground level. In this study, they calted these factors for the direct radiation
(ratio of intensity of direct radiation at normakidence that reaches the ground surface and
intensity of solar radiation at normal incidencdsile the atmosphere of the earth), diffuse
radiation (ratio of intensity of diffuse radiatiam a horizontal surface and intensity of solar
radiation incidence upon a horizontal surface detshe atmosphere of the earth) and total

8th International Conference on System SimulatioBuildings, Liege, December 13-15, 2010



Page 2

radiation. These ratios are called atmosphericsirgitance and were calculated from
measurements made at Hump Mountain (Moore and Ad9&9), Blue Hill (Hand, 1954)
and Minneapolis (Liu and Jordan, 1960). The extreaiees of the atmospheric transmittance
are shown in Table 1. The authors found a good lefvagreement between the regression
obtained from Hump Mountain and the values of tetwo locations.

Table 1: Values of direct transmittance.

L ocation Hump Mount_ain, Mir_meapolis, BlueHill,
North Carolina Minnesota M assachusetts
Altitude above sea level 1463 m 272 m 192 m
Highest Values 0.743 0.706 0.745
Lowest Values 0.425 0.450 0.6-0.72

The statistical dispersion of these values forraotlzeys was concentrated between 0.6 and 0.7.

This indicates that direct atmospheric transmittafug) values of 0,6 or 0,7 are very realistic
for clear-day scenarios. Besides, Liu and Jordandahe following equation for calculating

the diffuse transmittance) under cloudless conditions by using data from Hivlountain:
r,=0.2710 - 0.2939, . Q)

This equation (1) was validated by using data flmth the other locations with a good level
of accuracy and the authors suggested that thiatiequis of general validity and should be
applicable in broadly where the conditions are Emi

In the present work, we have chosen a simple mioastd in the idea proposed by Liu and
Jordan (1960) by virtue of software Heliodon 2.sTimodel assumes that the solar radiation is
a function of the distance the solar beam traveisugh the atmosphere which is considered
by the transmittance of the atmosphere, the extestigial incident flux density (solar
constant) and spatial components related to thedowies of the surface. To obtain the
amount of beam radiation that traverses the eastm®sphere and is incident at the ground
level, we need to know the transmission properntieshe atmosphere. As we mentioned
above, the atmospheric transmittanget¢ solar radiation of the atmosphere is the foacof

the radiation incident at the top of the atmosplwerextraterrestrial radiation which reaches
the ground surface along the vertical (or zenitajhp which is the shortest path length
between outer space and the surface. If the skt is m times the zenith path, then the
transmittance along the slant path will #& (Campbell and Norman, 1998; Gates, 2003;
Beckers, 2007). In the next section, we descrimlipthe model used in this study.

2.1 The Model
The total irradiance requires estimating at |eastd radiations streams:
- direct irradiance on a surface perpendicular tdotem (G),

- diffuse sky irradiance (¢ and
- reflected radiation from surroundings,JG

As a first approximation, we are going to work witle two main components of the flux
density (G and G). In this work we assumed isotropic sky and neitheflection nor
emission from the surfaces of the scene. Besidesmwst remember that these fluxes are
energies expressed per unit time and receivedumit area.
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The first stream (¢ or the amount of beam solar radiation that rea¢he ground surface
along a slant is (Campbell, 1998):

Gp = Gscrm ) (2)

wherer is the value of the atmospheric transmittanceaesdt over all wavelengthGg is the
solar constant anah is the air mass. This latter parameter can beulzdbd at sea level as:

1

m= :
cosd, 3)

When working at higher altitudes, the value forraass should be multiplied by a correction
factor because of the reduction in atmosphericspiresby:

=g 8000 (4)

A general expression can be obtained for calcudtie direct solar radiation on a tilted
surface with the following equation:

Giies = G, COSO, (5)

wheref is the angle of incidence on the surface andossne definition is:

cosd =sindsingcosf —sind cosg sin S cosy
+ C0SO COS@YCOSS cosw + cOSI singsin S cosy cosw (6)
+cosdsingsinysinw

As solar radiation penetrates the atmosphere,deieted by absorption and scattering. Not
all of the scattered radiation is lost, since péit eventually arrives at the surface of the leart
in the form of diffuse radiation. The term, diffussiation, is used here in the customary way
to denote this short wavelength radiation comirgnfrall parts of the sky. It should be
distinguished clearly from the atmospheric thernmaaiation which, although also diffuse in
nature, is of much longer wavelengths (Liu and doyd 960). Besides, if we assume that the
sky is an isotropic hemispherical surface, theudéf component on a horizontal surface for
clear days can be calculated as shown in CampbdlNorman (1998) with the following
expression:

G, =03(1-r")a,.. 7)

This expression is useful in unobstructed sky sten@ae. the surface can capture all the
diffuse sky radiation), but does not take into ¢desation the possible obstruction of the sky.
This situation is very common in the urban contaxd one rough way to consider this aspect
is by using the view factor. The view factor (atsuled form factor) is the proportion of the
total power leaving one surface and received bythamnosurface and depends only on the
shape and relative location of surfaces in thee¢8iillion and Puech, 1994). In urban areas,
where land use and geometry change constantly, eeel the view factor to take into
consideration these heterogeneity and changesskijnegew factor (SVF) is generally used to
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describe urban geometry (Svensson, 2004). Theitlefirof SVF is the ratio of the radiation
received (or emitted) by a planar surface to tltkateon emitted (or received) by the entire
hemispheric environment (Watson and Johnson, 188 it is a dimensionless value
between zero and one. Figure 1 shows two casegff S

A A

(& SVF =1 (b) SVF <1
Figure 1: Sky View Factor.

In other words, the SVF is a relationship betwdsn \tisible area of the sky and the area
covered by urban structures. By using the SVFjaked sky diffuse radiation on a horizontal
surface could be weighted and this would be a ptapoof the theoretical diffuse value. The
final expression for the diffuse component in aham context (Gumna) May approximately
be written as:

Gy-urpan = Gy (BVF. 8)

d-urban
The direct and diffuse component expressions welitt for clear sky conditions but in
practice we have atmospheric effects that affeetitiensity of solar radiation because of
clouds and other aspects. Due to the extremelyaricloudiness degree, the intensities of
direct and diffuse radiation under normal sky ctinds will also be highly variable and their
values at any one instant are impossible to predicerefore, any attempt to establish a
relationship for estimating the solar radiation arsdcomponents during cloudy days must
involve statistical averages which can be obtaifi@iin experimental data covering a
sufficiently long period of time (Liu and Jordarg@D).

3. DATA AND METHOD

In this section, we will present a short descriptod the available data wich we used to adjust
the calculations of the expressions (5) and (7) @sd the analysis of the data. As well, a
simple preliminary application in the urban contekthis methodology will be presented.

3.1 Data

The lack of data on solar radiation records worttevMPage teal., 2001) is one of the main
problems when dealing with solar radiation modelamgl forecast in a particular location.
Besides, nature of data and level of aggregatiodifferent from place to place. These
restrictions are an impediment when trying to abtai generic model with high global
applicability for solar energy evaluation and laegm analysis. An initial effort is made to
achieve this purpose, using daily values of so#atiation measurements from the Solar
Radiation Monitoring Laboratory of the University ©regon. The Eugene Station (Latitude:
44,05; Longitude: 123,07; Altitude: 150 m) data wseected for analysing trends and
patterns in data. In this case, data aggregationasday (10-years time-series) and nature of
data is global and diffuse radiation on a horizbetaface. The direct component projected
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onto a horizontal surface was calculated by sutitramf the diffuse part from the global
radiation.

3.1.1 Dataanalysis

A ten-year time-series (1981-1990) has been amdlyse covering different periods of

aggregation. These periods involve four steps d@lyars: daily values, monthly values,

seasonal values and finally yearly values. In thigk, the term daily values or any other
period of aggregation means that this value il tew@&rgy captured or integrated over that
period per unit area. The seasons were definedl@svs: winter begins on winter solstice

(December 21), spring on the vernal equinox (M&th summer on the summer solstice
(June 21) and fall on fall equinox (September 21).

The direct and diffuse measured components frone-8eries mentioned before were

analysed graphically and the agreement levelseoé®pressions (5) and (7) were tested. First,
equation (5) was tested by plotting its theoreticdlies (clear sky conditions) integrated over
each day to see differences with daily measurenwntshorizontal unitary surface. This was

made for each year of the time-series but onlhgtlaphs of 1990 are shown due to the similar
conclusion obtained. Figure 2 (a) shows a good esgeat between the extreme direct

measured values and the theoretical clear sky émngsre 2 (b) has higher differences but for

the degree of agreement here sought the averagleisegood enough. It should be noted that
transmittance value for direct radiation was set0fd (Gates, 2003) and for the diffuse

radiation according to equation (1).
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(a) Direct beam radiation projected onto (b) Diffuse radiation projected on horizontal
horizontal surface surface

Figure 2: Agreement of theoretical equations witsasurements.

In clear days, the calculated values are in goodeamgent with the measured data. The results

shows that the choice of the simple expressionn) 15=0,7 is a good one. The difuse
componet also behaves well as we can seen fromme=iy(b), although the calculated values
are for clear days again, namely equation (7).rIincpple, the calculations can be adjusted
using disagreements with measurements. We use\sthmpkatios between the measured and
calculated values to see the possible deviatiottawa simple urban street canyon.

In the winter seasons, the measured values oftdiaéitation are higher than the theoretical
ones, this is due to a snow reflection. In warnearsens, the agreement between these values
Is quite perfect. Therefore, a general validatiérihe theoretical expressions was made for
extreme cases (clear sky). These expressions raugirbected to take into consideration this
effect. The effect of clouds in the solar radiatievident if we look the Figure 2 (a) and (b),
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due to the difference between calculated value taedmeasured value. We can see that
calculated values form an envelope or upper bouhdhe measured values, because
calculations are for clear days.

As mentioned before, it is difficult to forecassiantaneous values of solar radiation. Because
of this, we analyse data using different levelgtégral time. Figure 3 shows the evolution of
the quotient or ratio between real and theoretialles. These ratios involved the total energy
in each period of study (i.e.: in summer, we caltailthe ratio between the total measured
energy in that season and the total estimated deaenergy in that season with the equation
(5)). Due to the high variability of daily valuese only calculate the ratios by using three
integration periods: month, season and year.
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Figure 3: Trends in direct radiation measuremenisrahe time period 1980-1990.

First, in Figure 3 (a) theoretical daily values ammpared with the measured values in the
1990. Figure 3 (b) shows the graphical comparistwéen monthly ratios in each month for
the time-series. Figure 3 (c) shows the seasomalips in each year of the time-series.
Finally, in Figure 3 (d), the ratios in each yese presented. It is clear that variability in ratio
decreases according with the length of integratiioe as expected.

In 1983, the Eugene data were affected by the alsréom the eruption of ElI Chichon in
Mexico (Vignola and McDaniels, 1985). Because @ #pecific situation, 1983 is considered
an outlier value (i.e.: this observation is numalhc distant from the rest of the data). This
year is not considered in the data analysis angdhe 1980 is added to the time-series. This
anomaly is clearer in Figure 3 (d).
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One of the most important observations in these goaphs presented above is that the range
(difference between the highest and the lowestegldecreases, achieving its minimum by
using yearly values. The following tables give #tatistics for each level of integration time
and their evolution. Table 2 shows statistical gsial of monthly ratios for the direct
radiation. Here, averaged ratios increase in sunonavarmer months which implies that
agreement between calculated and measured valigghisr in these months. Variability in
ranges also increases in these months.

Table 2: Statistical analysis of monthly ratiosdafect radiation.

Month Minimum Mean Maximum Range Std. Deviation
January 0.15 0.29 0.44 0.28 0.11
February 0.17 0.33 0.45 0.28 0.09
Mars 0.22 0.36 0.45 0.23 0.07
April 0.26 0.39 0.49 0.23 0.08
May 0.31 0.40 0.54 0.23 0.07
June 0.29 0.48 0.69 0.41 0.13
July 0.44 0.63 0.82 0.37 0.12
August 0.54 0.67 0.77 0.24 0.08
September 0.43 0.59 0.75 0.32 0.11
October 0.25 0.49 0.69 0.45 0.13
November 0.19 0.28 0.41 0.22 0.07
December 0.12 0.33 0.59 0.47 0.12

Table 3: Statistical analysis of seasonal ratioslioéct radiation.

Season Minimum M ean Maximum Range Std. Deviation
Winter 0.26 0.32 0.42 0.16 0.05
Spring 0.31 0.42 0.53 0.22 0.07
Summer 0.52 0.62 0.70 0.18 0.06
Fall 0.33 0.42 0.52 0.19 0.07

Table 4: Statistical analysis of annually ratiosdifect radiation.

Rang
Y ear Minimum M ean Maximum e Std. Deviation
Time-series 0.45 0.48 0.54 0.09 0.03

Tables 3 and 4 show that variability decreasesksmwmdmes more stable as the time interval
increases. They also show a symmetric variatioi wespect to the average. As a general
trend, the ratio variations tend to decrease witietlength aggregation. This behavior is
expected, and concurs with experience. The lasiitres important, because of the lowest
variation in annual ratios, reaching less than 10@4s sensible to say that the direct
component has less than 5% of variation with resjoethe mean value.

Figure 4 shows the same analysis for the diffusepament and the conclusions obtained are
analogous to the direct component case. But thahility of ratios are lower than in the case
of direct component. Here, ratios are higher, remchalues over 80% in cold seasons. This
is consistent with the graph showed in Figure 4 éiere we can see clearly that the diffuse
component becomes more stable in the extreme cases.
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Figure 4: Trends in diffuse radiation measuremensr the time period 1980-1990.

Table 5 and 6 present the ratios and some statigtiormation for the diffuse component of
solar irradiation.

Table 5: Statistical analysis of seasonal ratiogliffuse radiation.

Season Minimum Mean Maximum Range Std. Deviation
Winter 0.77 0.82 0.87 0.11 0.03
Spring 0.77 0.82 0.92 0.16 0.05
Summer 0.61 0.65 0.71 0.10 0.03
Fall 0.68 0.71 0.75 0.07 0.02
Table 6: Statistical analysis of annually ratiosdiffuse radiation.

Y ear Minimum Mean Maximum Range Std. Deviation
Time-series 0.72 0.75 0.79 0.07 0.02

Finally, we present in Tables 7 and 8, the stafstanalysis for the global radiation on a
horizontal plane. In this case, the ratios in ga@fiod of time integration are almost constant,

around 55%.
Table 7: Statistical analysis of seasonal ratiogjlobal radiation.

Season Minimum M ean Maximum Range Std. Deviation
Winter 0.46 0.51 0.57 0.11 0.03
Spring 0.50 0.54 0.61 0.11 0.04
Summer 0.57 0.63 0.68 0.11 0.03
Fall 0.49 0.53 0.58 0.10 0.04
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Table 8: Statistical analysis of annually ratiosgbébal radiation.

Y ear Minimum Mean Maximum Range Std. Deviation

Time-series 0.56 0.57 0.60 0.05 0.02

Tables 4, 6 and 8 show that yearly ratios are ciéble. Therefore, we could say that with a
goof level of accuracy that direct, diffuse andbglbenergy in one year are 48%, 75% and
57% of the calculated value, respectively. In cosisin, we can say that the ratios of
calculated yearly integrated clear day values &b ¢ measured are quite stable for different
years. In addition, seasonal time intervals mayalse considered to give stable ratios. For
this reason, we can use the average ratios totadpitheoretical clear sky values.

3.2 Application and Methodology: Urban Canyon

As we mentioned before, the values of direct arftlgsk components could be estimated
easily with the expressions (5) and (7). The enesgthe numerical integration of these

instantaneous values obtained with these two egiores and the total theoretical radiation on
the surface will be the sum between the integratddes of direct and diffuse components.
Finally, we will obtain a theoretical quantificatiof the energy that could be corrected with
the average ratios presented in the previous secliois methodology is explained in more

details using a simple simulation. Here, we usgpacél simple urban case in which the

horizontal surface of interest has sun obstructidrsese obstructions are produced by a
straight semi-infinite corridor (urban canyon) aswn on Figure 5.

1 1

HEIGHT

vV A

WIDE < LENGHT >
(a) front view (b) lateral view

Figure 5: semi-infinite corridor.

In this urban case, a horizontal square surfaderdfis located at ground level with its centre
in the middle of the canyon. The orientation of ttenyon is North-South and we will
considerer black walls to neglect reflections om shrface. Another assumption is that there
is no radiative exchange between surfaces. Thetedyalues of height and wide are 16 m
and 7 m respectively. The length of the corridomisite to avoid border effects that could
distorsionate the analysis. Five vertical positiohghe horizontal surface in the canyon were
considered. This provides important informatiortred real behaviour of each component and
global radiation because of variation in SVF. ThguFe 6 shows three vertical positions for
the horizontal surface and its variation of SVFeTdxtreme values of SVF are obtained at
ground level and at the top of the canyon.
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(b) SVF < 1 (b) SVF =1

Figure 6: Variation of SVF with height.

(a SVF << 1

The solar radiation components related with eack 8ké also shown in Table 9 and Table
10. In these tables, it is clear that SVF increagés height and its maximum value (100%),
as we expected, occurs at the top of the canyoa.arhount of direct and diffuse energy
(KWh/n) increases with increasing SVF. SVF values wertainbd using the software

Heliodon 2. Table 9 and 10 show these SVF valugginentage at different points within the
canyon.

Table 9: Theoretical values of direct radiation.
Direct Radiation

Height SVF Winter Spring Summer Fall Annually
0 22 31 109 111 32 284
4 28 35 142 144 37 358
8 40 55 207 210 57 531
12 66 98 355 359 103 915
16 100 166 542 549 173 1430

Table 10: Theoretical values of diffuse radiation.
Diffuse Radiation
Height SVF Winter Spring Summer Fall Annually

0 22 16 28 28 16 88
4 28 21 36 37 21 115
8 40 30 51 52 30 164
12 66 50 85 86 49 269

16 100 75 129 131 74 409

The software Heliodon 2 allows to calculate diraatl diffuse contribution using expressions
(5) and (7). For the direct component takes intmbant sun obstructions and the difusse one
is ponderated with the SVF (Beckers, 2007). Thedaes are then corrected by using the
ratios calculated before. We assumed that the sodatiation will be transfered within the
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urban canyon without any considerable change insiatn summary, the methodology for
calculating the corrected values is:

G = Gyeoretica L OITECtiON fAICEOT . 9)

corrected

Figure 7 shows theoretical values obtained withresgions (5) and (7) and corrected values
using seasonal factors in each component. Thepnetation of the legend in the graph is:
“Direct T” or Direct Theoretical and “Direct C” @irect Corrected.

1600

1200 yd

800 -+

Energy (KWh/m2)

400 A

22 28 40 66 100
SVF

‘ —m—Direct T DirectC —&—Diffuse T Diffuse C |

Figure 7: Theoretical and corrected values of dirand diffuse component.
In this graph, we only show corrected values usiagsonal ratios because of difference

between corrected values using annual or seasatias is marginal. This difference is shown
in Table 11. In this table the season column isatbghted sum with ratios of all seasons.

Table 11: Comparison between seasonal and annaalttgctions in each component.

Direct Corrections  Diffuse Corrections Difference (%)
SVF Season Y ear Season Y ear Direct Diffuse
22 138 136 66 66 1.2 0.5
28 176 172 86 86 2.2 0.6
40 259 255 122 123 15 1.2
66 446 439 201 202 1.6 0.2
100 694 686 305 307 1.1 0.6

Table 12 shows three forms of correcting theorktredues to obtain the global radiation.
First, correcting each component in each seasortr@rdadding the components corrected.
Second, correcting each component annually and ddeing the components. Finally, the
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theoretical global radiation is obtained by addthgoretical values of direct and diffuse
components and then applying the global factor7ébShown in Table 8.

Table 12: Comparison between corrected values.

Yearly Theoretical Values Global Radiation Corrected
SVF  Direct Diffuse Global Season Y ear Global Difference (%)
22 284 88 372 204 202 212 4.6
28 358 115 473 261 258 270 4.3
40 531 164 695 380 378 396 4.6
66 915 269 1184 648 641 675 5.0
100 1430 409 1839 999 993 1048 5.3

4 DISCUSSION OF THE RESULTS

The new validation process of the equation (5) @aising data from USA gives a good first
approximation to the problem. The calculated valaes sufficient in analysing extreme
conditions (for clear and overcast skies) for deisig processes. If we want to reach a deeper
analysis, we must take into consideration climaffects into the model and use measured
data from different sites. Calculations replicatasonable results for theoretical solar
radiation components and its variation with SVF.

If we analyse the values of each component, wethatl by using seasonal or annual factors
we obtain the same result with a small differerteet,with seasonal factors we are allowed to
analyse smaller scales of time and in some casestaate energy performance in heating or
cooling periods of the year. Results show thatdifferent ratios related to the integration
time periods lead to the same global result. Tt lewel of stability of the ratios is achieved
with yearly values. Seasonal aggregation givesalgood level of certainty.

5 CONCLUSION

The agreement of the expressions (5) and (7) wahsured clear day values is good and their
use is appropriate. Further validations should bderby using data from other locations.

The ratio with the best level of certainty is whee work with yearly periods of time
integration. Then, if we analyse the urban casaidigig long periods of time, it might be
possible to adjust the calculated value with a exion factor obtained statiscally from
measured data. In case of a long-term analysikimgwith annual factors is suggested. It is
necessary to conduct a deeper analysis of solati@d data in other locations to find data
trends. This methodology of correction suggests ithmight be possible to divide the areas
into zones to find standard average ratios for eaeh.

Working independently with each component fac#itatirends analysis of data. In this
specific case of a canyon, the results show snifédrences between seasonaly and annually
weighted calculated values. According to this, \aa say that it might be possible to correct
calculated values of global radiaiton (sum of theeat and diffuse components) by using
global radiation records. This would overestiméie global radiation calculations, but could
be corrected again to obtain a more accurate waitrethe small difference found in each
case. This is helpful due to a worldwide availaypitif global radiation records.
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Moreover, it is also important to carry out othatcalations with several urban scenarios,
where the geometry and border conditions are eiffieto the urban canyon analysed. This
will give an idea of possible patterns and behaviauratios. Future works will pursue to
analyse tilted surfaces scenarios. This is a ditfic due to the lack of that kind of measured
data.
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NOMENCLATURE
The following notes are taken from Duffie and Beekn{2006).

14 diffuse transmittance or transmission coefficiéot diffuse radiation on a horizontal
surface

Tp: direct transmittance or transmission coefficimtdirect solar radiation

P: pressure at the altitude z.

Po: pressure at sea level.

z: altitude in meter above sea level.

G«: solar constant is the rate at which solar en&gmpinging upon a unit surface, normal
to sun’s rays, in free space, at the earth’s mestarcce from the sun. In other wordz. is

the energy from the sun per unit time received amitarea of surface perpendicular to the
direction of propagation of the radiation at meartlesun distance outside the atmosphere
and its units in the Internationl System of unsts\i/nt.

m: air mass is the ratio of the mass of atmosphemgh which beam radiation passes to the
mass it would be passing through if the sun wereeatth. Thus at sea level m=1 when the

sun is at the zenith and m=2 for a zenith afglef 60°.

0,. zenith angle is the angle between the verticdl the line to the sun, that is, the angle of
incidence of beam radiation on a horizontal sutface

0: angle of incidence is the angle between the beahation on a surface and the normal to
that surface.

¢: latitude, is the angular location north (posi}iee south of the equator (-98% < 90°).
6: declination, is the angular position of the s@irs@ar noon (i.e., when the sun is on the

local meridian) with respect to the plane of theiaqr, north positive; -23,48 6 < 23,45).
The declinatiord can be estimated approximately with equation ajfigo (1969).

6f=23A5sm[360284+day0ftheyeaj,

365 (10)

B: slope, is the angle between the plane of theasarin question and the horizontal €08 <
1800).

y: surface azimuth angle, is the deviation of thiggmtion on a horizontal plane of the normal

to the surface from the local meridian, with zerte douth and west positive (-180% <
1800).
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