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ABSTRACT

Daylighting is an efficient way of utilizing solar energy in buildings. It is relatively
cheap and more efficient than electric lighting. For example, daylight can be utilized
with traditional facades with only wall windows or skylight windows, or with
multifunctional photovoltaic (PV) solar facades which can produce daylight, heat, and
electricity for the building. In this report, a new daylight simulation tool, DelLight, is
presented.

The simulation tool Delight uses as input data hourly horizontal beam and diffuse
irradiance measurements which are readily available at many weather stations around
the world. A new anisotropic method for the shadow ring correction of the diffuse
irradiance measurements is used. The irradiance measurements are converted to
illuminance values by a luminous efficacy model. The illuminance values are used to
generate a sky luminance distribution by a sky luminance model. The Perez luminous
efficacy model and the Perez all-weather sky luminance model have been found to agree
best with measurements. The interior illuminance distribution is calculated from the
room geometry and the sky luminance distribution by an interior light transfer model.
By simplifying the geometry and omitting higher-order interior reflections, a fast but
accurate ssimulation tool is achieved. The average simulation error of DeLight is only 2-
3% at illuminance levels of 300-500 Ix when compared with year-round illuminance and
irradiance measurements. Computation time with Delight for a simulation of all
working hours of one year with typical input parameters is only 1-2 minutes with a
pentium PC.

The simulation tool DelLight has been used to assess the daylight availability in a case
study room for four window orientations at four locations. Maximum yearly average
daylight availability (DA) is achieved with continuous dimming and automated blind
system control. About 70-90% of the yearly lighting requirement during the office hours
can be provided with daylight in Southern Europe, and 50-70% in Northern Europe.
With on/off switching and manual blind control, most of the electricity savings achieved
by daylight are lost. The DA can be increased considerably by using diffusive glazing
elements near the top of the window facade where an outside view is not necessary.
However, it isimportant to also have a clear glazing window at the centre of the facade
to permit the occupants visual contact with the environment.
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NOMENCLATURE

A
Agi ot

COP
CuU
D

Dt
DA
DF

Area of the receiving surface (m?)

Total (including clear, diffuse, and opaque) glazing area of the facade (m?)
Anisotropy index in the Hay slope irradiance model

Total area of the interior room surfaces (m?)

Area of the window glazing (m?)

Area of the other than glazing area of the facade (m?)

Auxiliary function in the Brunger and Hooper sky radiance model
Shadow ring correction factor for the diffuse irradiance

Anisotropic correction factor

I sotropic correction factor

Reflection factor of the shadow ring

Total correction factor

Coefficient of performance of the cooling system

Coefficient of utilization

Cloud ratio

Theoretical cloud ratio

yearly average daylight availability during the office hours of the year (%)
Daylight factor

DFae Average daylight factor of the room
DFaep Average daylight factor of the back part of the room
DF e Average daylight factor of the front part of the room

DR
E

Ratio of the average daylight factors of the front and back part of the room
[Tuminance (Ix)

Horizontal beam illuminance (Ix)

Horizontal diffuse illuminance (1x)

Hourly daylight illuminance (Ix)

Diffuse illuminance on inclined surface (1x)

Computed illuminance of the hour j (Ix)

Measured illuminance of the hour j (1x)

Hourly illuminance requirement (1x)

Hourly illuminance requirement in the back part of the room (Ix)
Hourly illuminance requirement in the front part of the room (1x)
Interior horizontal illuminance (1x)

Interior horizontal beam illuminance (Ix)

Interior vertical beam illuminance (1x)

Interior horizontal diffuse illuminance (Ix)

Interior vertical diffuse illuminance (1x)



Interior horizontal reflected illuminance (1x)
Interior horizontal reflected beam illuminance (Ix)
Interior horizontal reflected diffuse illuminance (1x)
Exterior vertical illuminance (Ix)

Auxiliary function in the Klucher irradiance model

F 1,F , Coefficients in the TRNSY S Perez irradiance model

Fk
G
Go
Gp
Gui
Gy
G or
Gyl
Gdho

Gui

de

Modulating function in the Klucher slope irradiance model
Horizontal global irradiance (W/m?)

Horizontal extraterrestrial irradiance (W/m?)

Horizontal beam irradiance (W/m?)

Beam irradiance on inclined surface (W/m?)

Horizontal diffuse irradiance (W/m?)

Horizontal diffuse irradiance of a bright cloud (W/m?2)
Horizontal diffuse irradiance of atotally clear sky (W/m?2)
Horizontal diffuse irradiance of the portion of the sky obscured by the
obstructions (W/m?)

Diffuse irradiance on inclined surface (W/m?)

Horizontal diffuse irradiance of atotally overcast sky (W/m?2)
Uncorrected horizontal diffuse irradiance (W/m?)

Vertical diffuse irradiance (W/m?)

Vertical diffuse irradiance of the portion of the sky obscured by the
obstructions (W/m?)

Total irradiance on inclined surface (W/m?)

Computed total irradiance of the hour j (W/m?)

Measured total irradiance of the hour j (W/m?)

Direct normal irradiance (W/m?)

Reflected irradiance on inclined surface (W/m?)

Solar constant = 1370 W/m?

Spectral irradiance (W/m?nm)

Horizontal global irradiation (KWh/m?)

Horizontal beam irradiation (kWh/m?)

Horizontal diffuse irradiation (kWh/m?)

Luminous intensity (cd)

Luminous intensity at an angle 6 (cd)

Ordinal number of the day from the beginning of the year
Luminous efficacy (Im/W)

Luminous efficacy of the beam radiation (Im/W)
Luminous efficacy of the diffuse radiation (Im/W)

Diffuse luminous efficacy for a bright cloud (Im/W)



Kga  Diffuse luminous efficacy for atotally clear sky (Im/W)
Kaoc Diffuse luminous efficacy for atotally overcast sky (Im/W)
Kqg Luminous efficacy of the electric light (Im/W)

Kic  Computed global luminous efficacy of the hour j (Im/W)
Kim Measured global luminous efficacy of the hour j (Im/W)

Ko Luminous efficacy of extraterrestrial solar radiation = 97.8 Im/W
Km  Luminous efficacy constant for photopic vision = 683 Im/W
L Luminance of the radiating surface (cd/m?)

Ly Clear sky luminance (cd/m?)

Lg:  Turbid clear sky luminance (cd/m?)

Ly  Luminance of the ground (cd/m?)

Lim  Intermediate sky luminance (cd/m?)

Lee  Overcast sky luminance (cd/m?)

L,  Luminanceof the point P of the sky (cd/m?)

Ls  Luminance of theinterior surface (cd/m?)

L,  Luminance of the zenith (cd/m?)

L,  Luminance of the clear sky zenith (cd/m?)

Loc Luminance of the overcast sky zenith (cd/m?)

LLF Light lossfactor

Ms  Standard meridian of the time zone (° west from Greenwich)
M Meridian of the location (° west from Greenwich)

MBD Relative mean bias difference (%)

MBRD Mean biasrelative difference (%)

N, Nebulosity index

Pcoo  Auxiliary electric cooling power (W)

Pg  Electriclight power per unit table level area (W/m?)

Q Auxiliary function in the TRNSY S Perez irradiance model
Qap  Internal heat gain of the appliances (other than lighting) (W)
Qnex  Auxiliary heating power (W)

Qige  Internal heat gain of the electric lighting (W)

Qigne  Internal heat gain of the occupants (W)

Qwia Solar heat gain (W)

R Radiance of the radiating surface (W/m?sr)

R,  Radianceof thepoint P of the sky (W/m’sr)

R,  Radiance of the zenith (W/m?sr)

RMSD Relative root mean square difference (%)

RMSRD Root mean square relative difference (%)

S Area of the radiating surface (m?)

S Sunlight factor
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%, &
2]
S, a3

&, &

b’
by, by’

Ambient outdoor temperature (°C)

Minumum outdoor temperature for the cooling system (°C)
Surface dew point temperature (°C)

Linke' s turbidity factor

Maximum indoor temperature (°C)

Minumum indoor temperature (°C)

Hour angle of the sun (radians from solar noon)

Hour angle of the sunset (radians from solar noon)

View angle of the shadow ring (radians)

Spectral sensitivity of the human eye

Portion of the horizontal irradiance intercepted by the shadow ring
Solar zenith angle = 1t/ 2 - 6; (radians)

Constant depending on the properties of dry air

Coefficient in the Perez all-weather sky model

Coefficientsin the Brunger and Hooper sky radiance model
Coefficient in the Perraudeau sky model

Coefficientsin the Brunger and Hooper sky radiance model
Coefficients in the Perraudeau sky model

Coefficient in the Perez sky and luminous efficacy models
Overcast sky model constant

Coefficient in the Perez all-weather sky model

Coefficients in the Perraudeau sky model

Coefficient in the Perraudeau sky model

Coefficient in the Perez sky and luminous efficacy models
Coefficient in the Perez all-weather sky model

Coefficients in the Perraudeau sky model

Coefficient in the Perez sky and luminous efficacy models
Coefficient in the Perez sky model

Cloud weight factor in the Olseth and Skartveit luminous efficacy model
Coefficient in the Perez all-weather sky model

Coefficient in the Perez sky and luminous efficacy models
Depth of the room, from the window wall to the back wall (m)
Coefficient in the Perez all-weather sky model

Auxiliary functionsin the CIE clear sky model

Auxiliary functionsin the Perraudeau sky model

Auxiliary functionsin the Perez sky model

Modulating function in the Reindl slope irradiance model
Auxiliary function for aturbid clear sky in the CIE clear sky model
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h Auxiliary function in the Perraudeau sky model

hp Height between the lower edge of the window and the plane of reference (m)
hroom  Height of the room (m)

hw Height of the window (m)

hwn  Height of the window head above the floor (m)

hwhp  Height between the window head and the plane of reference (m)

] Ordinal number of the hour

k Clearness index

Ky Heat transfer coefficient for the facade glazing area (W/mC)

keai  Heat transfer coefficient for the facade wall (other than glazing) area (W/m?C)
ki Atmospheric extinction coefficient for wavelenght A

I Latitude (° north from the equator)

My Relative optical airmass=1/sin 6

n Number of hours

pp Part power fraction in the on/part/off electric light control system

pmax Maximum power fraction of ideal full power with the continuous dimming
system

pmin  Minimum power fraction of ideal full power with the continuous dimming
system

r Distance between the radiating and the receiving surface (m)

t Local solar time (h)

te Equation of time (h)

Standard time of the time zone (h)

Width of the room (m)

Width of the window (m)

Horizontal distance from the left edge of the window (m)

Distance between the left edge of the window and the left wall (m)

Distance between the reference point P and the left wall (m)

Vertical distance from the lower edge of the window (m)

Perpendicular distance from the window (m)

N“<_g<§<><é§§§u',"'
3

Sky’ s brightness

Luminous flux (Im)

Radiant flux (W)

Ratio of clear sky illuminance to luminance

NS eb

Constant depending on the size of the aerosol particles
Inclination angle of the surface (°)
Angstrom turbidity coefficient

»w® 2
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PO PDP P DI ™ M

PRI >

eb

,Os,ave

w(6)

ENEMS

Angular distance between the sun and the point P of the sky (radians)

Optical thickness of awater and aerosol free atmosphere

Declination of the sun (°)

Sky’s clearness

Weighting factor in the CIE clear sky model

Altitude angle (radians)

Altitude angle of the lower edge of the window relative to the point P (radians)
Altitude angle of the upper edge of the window relative to the point P (radians)
Angle of incidence on the surface (radians)

Minimum of the atitude angle of an inclined surface (radians)

Altitude angle of the obstructions (radians)

Altitude angle of the point P of the sky (radians)

Solar dtitude (radians)

Wavelength (nm)

Average reflectance of the ground

Reflectance of the interior surface

Average reflectance of the back part of the room

Average reflectance of the interior surfaces

Sunshine probability

Transmittance of the window with the angle of incidence 8

Atmospheric transmittance for wavelength A

Azimuth angle of the point P (radians, relative to the azimuth of the surface)
Azimuth angle of the left edge of the window relative to the point P (radians)
Azimuth angle of the right edge of the window relative to the point P (radians)
Azimuth angle of the inclined surface (radians, from south to west)

Azimuth angle of the point P (radians, from south to west)

Solar azimuth (radians, from south to west)

Solar azimuth relative to the azimuth of the window normal (radians)
Azimuth angle of the window normal (radians, from south to west)
Weighting factor in the Perez sky model

Weighting factor in the Perez sky model

Weighting factor in the Perez sky model

Solid angle of the receiving surface (sr)
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Comparison of lighting and radiant quantities

Lighting quantity Unit Radiant Quantity
(I

@ Luminous flux lumen (Im) @  Radiant flux (W)

E [lluminance lux (Ix = Im/m?) G Irradiance (W/m?)

I Luminousintensity candela(cd =Im/sr) Ip Radiant intensity (W/sr)
L Luminance cd/m? = Im/m?sr R Radiance (W/m?sr)

Luminous intensity is one of the basic quantities of the S.I. unit system. The luminous
intensity of a monochromatic light source with a wavelength of 555 nm is one candela
(1 cd) in acertain direction, when the radiant flux to that direction is 1/683 W/sr.
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1 INTRODUCTION

1.1 Background

Daylighting is an efficient way of utilizing solar energy in buildings. It is relatively
cheap and more efficient than electric lighting. The potential for energy savings by
daylight is considerable; about 25% of the Finnish household electricity consumption
goes to artificial lighting (Suomen Sadhkdlaitosyhdistys, 1995), excluding electric
heating. In commercia buildings, electric lighting typically accounts for 30-50% of the
electricity consumption (Choi & Mistrick, 1997). In office buildings, lighting is usually
needed when daylight is available. Moreover, during summer, daylighting reduces the
need for cooling, as daylight produces less heat than electric lighting.

Degspite the great potential of daylighting, it has received less attention than other solar
technologies in the past. The reason for this is that the actual energy savings of
daylighting are very difficult to assess. A common way of making daylight calculations
is to use a lumen method which is ssmple enough to permit manual computations. In a
lumen method for sidelighting, the interior horizontal daylight illuminance E; is
caculated from the exterior vertical illuminance E, and the window transmittance
with the help of a coefficient of utilization CU which is determined from a table of
coefficients for different room geometries and sky conditions (IESNA, 1993):

E =E, 5 CU. (1)

The major drawback of the lumen method is that it assumes a simplified room geometry
where the window extends along the entire window wall from the work plane to the
ceiling cavity (Saraiji & Mistrick, 1993). The tabulated CU values are based on
measured average illuminances. Moreover, beam sunlight is not allowed to enter the
room space.

Another simple daylight calculation method is to use a daylight factor DF as the ratio of
the interna daylight illuminance E; to the external horizontal diffuse illuminance Eq4
under an overcast sky defined by the CIE luminance distribution (Rutten, 1990):

E, = DF E;. )
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The daylight factor method could be correct if the DF were a constant that could be
determined beforehand in any circumstances. However, Tregenza (1980) and others
have shown that the actual DF is not a constant but can vary by a factor of five.
Moreover, the DF does not include the beam sunlight, nor does the lumen method.

For detailed daylight calculations, there exist also computer simulation tools which can
handle more complex room geometries and sky conditions than the simple daylight
factor and lumen methods. For example, Daylite 2.2, by Solarsoft (USA), can simulate
one or al hours of one design day per month (21%) for a standard CIE sky (IEA, 1994).
Daylit (USA) uses average monthly weather data and CUs with a mean, overcast, or
clear sky (IEA, 1994). DOE-2.1.D (USA) uses the daylight factor method with an
interpolation between overcast and clear skies (IEA, 1994).

Two of the most sophisticated simulation models are Superlite and Radiance which
have been integrated in the IEA Adeline ssmulation tool package (University of
Cdlifornia, 1993). With these simulation tools, it is possible to model very complex
room geometries and also visualize the interior illuminance distribution. However, these
models take a lot of computing time: Superlite takes about 1/2 minute to run one hourly
simulation of a complex room on a mainframe computer (IEA, 1994). For Radiance, one
hourly simulation with a realistic sky model and minimal interior reflections took more
than 2 minutes with a 233 MHz pentium PC (Arpiainen, 1999). The simulation of all
hours of one year would take several days with these complex models; it would be
almost impossible to solve complicated design problems requiring numerous computer
runs. On the other hand, the simpler and less time-consuming models do not generally
give sufficiently accurate results. Therefore, it would be useful to have a fast but
sufficiently accurate simulation tool for interior daylight calculations.

1.2 Modelling approach

This report documents the theory behind, operation of, and verification of a new fast and
accurate daylight ssimulation tool Delight, developed at the Helsinki University of
Technology. The simulation tool can be used to assess the daylight availability and the
electricity savings of daylight in buildings. A schematic diagram of DeL.ight is presented
in Fig. 1. The model uses hourly horizontal global and diffuse irradiance measurements
as input data. These are readily available for many weather stations around the world.
The irradiance measurements are converted to illuminance values by a luminous
efficacy model. The horizontal illuminance values are in turn used to generate a sky
luminance distribution by a sky luminance model. Finally, the interior illuminance
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distribution is calculated from the sky luminance distribution by an interior light transfer
model. Delight has been verified with year-round illuminance and irradiance
measurements.

Horizontal global and diffuse
irradiance measurements

Luminous

efficacy model

Hourly horizontal beam and
diffuse illuminance values

Sky
luminance
model

Sky luminance distribution

Interior light
transfer model

Interior illuminance distribution

Fig. 1. A schematic diagram of the DeLight daylight simulation model.

The input solar irradiance measurements are presented in Section 2, sky luminance
models in Section 3, luminous efficacy models in Section 4, interior light transfer model
in Section 5, and the model parameters and verification measurements in Section 6.
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Some applications of DeLight for daylight calculations are presented in Section 7, and a
comparison with asimple daylight factor model in Section 8.

2 SOLAR RADIATION MEASUREMENTS

This section analyses the solar radiation measurements which are the basis of the
daylight calculations for the DelLight simulation program. First, the solar radiation
components are overviewed briefly. Then, the horizontal irradiance measurements,
including the shadow ring correction of the diffuse component, are analysed. And
finaly, the availability of solar radiation in Finland and some other European countries
is assessed.

2.1 Solar radiation components

The solar radiation components most often measured are the horizontal global and
diffuse irradiances. From these measurements, it is possible to calculate the total
irradiance on any arbitrary inclined surface. The total irradiance on inclined surface G; is
divided into three components. the beam irradiance Gy, , the diffuse irradiance Gy, and
the reflected irradiance G;i. In the following sections, each of these components will be
discussed separately.

2.1.1 Beam irradiance

The beam irradiance on inclined surface depends on the solar altitude and azimuth
angles, and the inclination angle of the surface. The solar altitude and azimuth angles
are determined by the latitude |, the declination of the sun &, and the local solar timet.
Thelocal solar timet is calculated from the equation

t=to+ te + (Ms- M) / 15° 3)

where tg is the standard time of the time zone (h)
te is the equation of time (h)
Ms is the standard meridian of the time zone (° west from Greenwich)
M isthe meridian of the location (° west from Greenwich).

18



The equation of time tg can be calculated from the following equation (IESNA, 1984)
which is aleast-squares best fit to a very precise equation given by Lamm (1981):

te ={0.170 sin [41(J - 80) / 373] - 0.129 sin [2rt(J - 8) / 355]} h, (4)

where J is the ordinal number of the day from the beginning of the year.

The declination of the sun & is calculated from the equation (IESNA, 1984)

& =23.45°sin[2m(J - 81) / 368]. )

The solar dtitude 6; is defined by the equation

sin &=sinl sin &;- cosl cos & cos (11t / 12h). (6)

The solar azimuth ¢s can be determined from the equation

tan g, = coso,sin(7t /12h)
*  coslsind, +sinl cos &, cos( 7t/12h)

(7
The beam irradiance on inclined surface Gy, is now calculated from the equation

Gpi = Gp[sin scos B+ cos B5sin Scos (Ps- ¢)] [ sin 6= Gy cosE / sinés (8)

where Gp is the horizontal beam irradiance (W/m?)
B isthe inclination angle of the surface (°)
@i is the azimuth angle of the surface (radians, from south to west)

19



a isthe angle of incidence on the surface (radians), - 1/ 2< g <1/ 2.

2.1.2 Diffuseirradiance

The diffuse irradiance on inclined surface can normally be determined analytically only
in the smplest case of the sky of an isotropic radiance distribution. The radiance of an
isotropic sky is constant at every point P of the sky:

Ro(6h,¢0) = Re (9)

where Ry istheradiance of the point P (W/m?sr)
& isthe altitude angle of the point P (radians)
®o isthe azimuth angle of the point P (radians, from south to west)
R,  istheradianceof the zenith (W/m?sr).

The horizontal diffuseirradiance Gy of an isotropic sky can be defined as

T2

Gy = [ [Ry(8,,9,)c0s0,5n6,d¢ 6, = 1R, . (10)

-0

The diffuseirradiance on vertical surface Gy, of an isotropic sky is defined as

2 2
G, = J’ J’Rp(t9p,¢5p)c:os¢pcoszélpdgszderp =R, 12=G, /2. (11)

-m2 0

The diffuse irradiance on arbitrarily inclined surface Gg; is determined by the equation

G, = fI}ZRp (6,,¢)cosd,(sinf, cos+cosd, sin fecos g)dgd b, (12

-6,
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where =0,when-1t/2<¢<m/2
and & = arctan(- tang cosg) otherwise (Gueymard, 1987), (13)
¢ = ¢p - ¢ = the azimuth angle of point P relative to normal of the surface.

In case of an isotropic sky, theintegral of egn (12) can be calculated analytically:
Gg=TtR, (L+cospf)/2=G4(1+cosp) /2 (14

In redlity, the radiance distribution of the sky is not isotropic. Thus, the integral of egn
(12) must be determined numerically. The calculated numerical integral must also be
normalized in respect to the ratio of the measured horizonta diffuse irradiance to the
calculated numerical integral of the horizontal diffuseirradiance:

7T 7l2

I JRP(&p ,$)cosl (sind, cosS+cosd, sin feos )d gd G,
Gy =Gy —

(15)

T2
[ [Ro(6,.¢,)cos8, sing,dé do),

-0

2.1.3 Reflected irradiance

In the calculation of the reflected irradiance, the reflection from the ground is usually
assumed to be totally isotropic. In this case, both the beam and the diffuse radiation
reflect isotropically. The ground-reflected irradiance G, can be calculated from the
equation

Gi=pgG(l-cosp) /2 (16)

where pq is the average reflectance of the ground
G is the horizontal global irradiance (W/m2).

2.1.4 Effect of obstructionson theirradiance
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There may, of course, be obstructions on the horizon of the inclined surface, which have
to be taken into account in the calculation of the irradiance on the surface. Provided the
atitude of the obstructions s is assumed constant throughout the horizon of the
surface, the diffuse irradiance on the surface can be determined from egn (15) with
replacing & by By,s, When Gys > 6. In the case of an isotropic sky, the horizontal diffuse
irradiance of the portion of the sky obscured by the obstructions, Ggno, IS calculated from
the equation

TT Bops

Gy = J’ J’Rp(ﬁp,gﬁp)cosﬁp sn@, d¢ d6, = 7R, sin’ g, (17)
-0
i.e, Gano! Gy =SN"Gps. (18)

For example, an obstruction of an altitude of 5 degrees would decrease the horizontal
diffuse irradiance of an isotropic sky by less than 1%.

The vertical irradiance of the portion of the isotropic sky obscured by the obstructions,
Gavo, Can be determined from the equation

2 gobs
Gyo = I IRp(tS'p,¢p)COS¢p cos’ 6 ,dg df ) = R, (04, +sin20,,/2) (19)
-2 0

where Gy isin radians.

For example, an obstruction of an atitude of 5 degrees would decrease the vertical
diffuse irradiance of an isotropic sky by more than 11%.

Accordingly, the effect of the obstructions must be taken into account in the beam

irradiance Gy;. If the solar dtitude &, is less than the altitude of the obstructions Gyps,
then G, = 0. Otherwise, G, is not affected. The effect of the obstructions on the
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reflected irradiance G, can be taken into account in the average reflectance of the
ground, if the obstructions are not very high.

2.2 Horizontal irradiance measurements

As has been previously mentioned, DeLight simulation model uses the hourly horizontal
beam and the diffuse irradiances as input parameters. Therefore, it is necessary to be
able to measure these solar components as accurately as possible. In this section, a
shadow ring correction method for the horizontal diffuse irradiance measurements will
be presented. First, an isotropic correction method will be described. Then, a new
accurate anisotropic correction method based on the sky radiance distribution will be
presented. And finally, the anisotropic method with different sky radiance models will
be used to calculate the correction factors for the diffuse irradiance measurements in
Otaniemi, Finland.

2.2.1 Shadow ring correction of the horizontal diffuseirradiance

The solar components most commonly measured with pyranometers are the horizontal
globa and the diffuse irradiance. The beam irradiance can aso be measured with a
pyrheliometer. This, however, requires a sun tracking mechanism, which can be
expensive. Usualy, the horizontal beam irradiance is calculated by subtracting the
diffuse irradiance from the global irradiance. The horizontal diffuse irradiance can be
measured with a shadow ring or a disk. In both cases, the pyranometer is shaded from
the beam radiation. However, part of the sky is also obscured. Therefore, the measured
diffuse irradiance must be corrected to account for the sky not visible to the
pyranometer:

Gyg=C Gy, (21)

where C is the shadow ring correction factor
Gaqu  isthe measured uncorrected value of the horizontal diffuse irradiance.
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One of the most common shading devices is the Kipp & Zonen CM 121 shadow ring.
The shadow ring is mounted so that the axis of the ring is always parallel to the polar
axis. The height of the ring must be adjusted every few days to account for the change of
the declination of the sun. If the sky radiance is assumed to be isotropic, the correction
factor of the diffuse irradiance can be calculated from the following equation:

Ci=1/(1-X) (22)

where C isthe isotropic correction factor
X isthe portion of the horizontal irradiance intercepted by the shadow ring.

X can be calculated from the equation provided by the manufacturer (Kipp & Zonen):

X :ﬂcosds(uosinlsin55+cosl coso,sinU,) (23)
m

where V isthe view angle of the shadow ring (radians)
Uo isthe hour angle at sunset (radians from solar noon).

As can be seen from egn (23), for a certain latitude, the isotropic correction factor C
depends only on the declination of the sun and the hour angle at sunset, and can
therefore be assumed to be constant for certain site and day of the year. Subsequently, it
is enough to adjust the height of the shadow ring twice a week. The isotropic correction
is largest in the summer and smallest in the winter for high latitudes. For example, at
Helsinki latitude (60°N), C; is 1.14 in June and 1.006 in December for the Kipp &
Zonen CM 121 shadow ring , which has aview angle of 0.185 rad.

In redlity, the sky radiance is not isotropic, and it can change rapidly with weather
conditions during the day. Therefore, the isotropically corrected diffuse irradiance has to
be further corrected with an anisotropic correction factor. Moreover, the reflection from
the interior of the shadow ring has to be taken into account. Therefore, the total shadow
ring correction factor C; can be expressed as
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C=C C.C (24)

where C, is the anisotropic correction factor
C is the reflection factor of the shadow ring.

However, in case of atotally black shadow ring, C; iscloseto 1.

In the past, many statistical methods to calculate the shadow ring correction factor have
been developed. LeBaron & al. (1990) presented a model where the sky conditions were
parameterized according to the Perez sky model. The parameters in this model are the
zenith angle of the sun, the isotropic correction factor, and the sky’'s clearness and
brightness. For each combination of the parameters there is a corresponding total
correction factor for the diffuse irradiance. The parameters are based on two years of
measurements of hourly values of global and diffuse horizontal irradiance and of direct
normal irradiance. The model has been derived for a different type of shadowband as
has been described above, but it can be used with Kipp & Zonen shadow ring with
appropriate isotropic correction, i.e., egn (23). This has been done successfully by
Kudish and lanetz (1993) for the hourly measurements in Beer Sheva.

Batlles & al. (1995) compared different correction methods and developed a multiple
linear regression model to calculate the correction factor as a function of the same
parameters as LeBaron & a. This model is also based on comprehensive irradiance
measurements.

While these models give good results for the locations in which they have been
developed, it is not certain that they agree with measurements in other locations.
Therefore, it is useful to develop a model applicable to every location under all weather
conditions. In the following section, a model based directly on the radiance distribution
of the sky is presented.

2.2.2 Anisotropic shadow ring cor rection method

The shadow ring correction factor can be determined analytically only with very smple
sky radiance distributions, e.g., in case of an isotropic sky, which results in egn (23).
Under redlistic sky conditions, a more complicated sky radiance model has to be used,
and consequently, the correction factor must be calculated numerically. There are
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several redistic sky models which can be used to caculate the diffuse radiance
distribution. One of the most extensively tested models is the Perez all-weather sky
model (Perez & al., 1993a) which will be presented in section 4.2.6.

In case of a Kipp & Zonen CM 121 shadow ring, the total correction factor can be
calculated from the equation (Vartiainen, 1999)

Uo

V cosd, IRD(HP,¢D)(SinI sind, + cosl cos J, cosU )dU
C =1/@a- o ) (25)

m2

[ [Ro(6,.8,)c0s6,8n6,d6,dg,
0 -m

where U is the hour angle of the sun in radians, from solar noon.

The numerator inside the parentheses in egn (25) is the horizontal diffuse irradiance
intercepted by the shadow ring and the denominator is the total horizontal diffuse
irradiance. The integrals in egn (25) can not normally be determined analytically but
have to be calculated numerically. Using the Perez all-weather sky model, it is enough
to divide the sky into 16 altitude and 16 azimuth segments as well as 16 shadow ring
segments. The radiance of the sky is calculated in the centre of each segment. Using
more than 256 sky or 16 shadow ring segments does not change the results significantly.

The sky’s brightness and clearness of the Perez all-weather sky model are calculated
from the hourly measured horizontal diffuse and direct normal irradiances. However, the
accurate correction of the diffuse irradiance is not known before it is calculated from
egn (25). So, as a first approximation, the horizontal diffuse irradiance is estimated
using the isotropic correction factor of egn (23). Next, the correction factor of egn (25)
is calculated and the corrected diffuse irradiance is used to recalculate the sky's
brightness and clearness. Then, the correction factor of egn (25) is calculated again
using the corrected sky’s brightness and clearness. However, the latter step changes the
correction factors by less than half a percent, on the average.

2.2.3 Shadow ring correction in Otaniemi

For assessing the anisotropic correction factor, the horizontal global and diffuse
irradiances were measured from January to December 1996 at Helsinki University of
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Technology. Kipp & Zonen CM 11 pyranometers were used, with a CM 121 shadow
ring for the diffuse irradiance measurement. The pyranometers were calibrated against
each other before and during the measurements. The measuring apparatus was
positioned on the roof of the Department of Engineering Physics and Mathematics in
Otaniemi, Espoo (60°11'N, 24°50'E), six kilometers west of the city of Helsinki. On the
horizon of the pyranometers, there were low obstructions (trees, university buildings,
chimneys of a power plant) whose altitudes were less than 5 degrees. The horizontal
global and diffuse irradiances were measured a 10 second intervals, and the
measurements were averaged and recorded in the memory of a PC every third minute by
an HP 7500 datalogger. Finally, the recorded measurements were analyzed and hourly
averages were obtained.

As the reflection from the inner surface of the shadow ring was neglected (the shadow
ring was completely black), the anisotropic correction factor can be defined as

Ca=GCi /G (26)

The monthly averages of isotropic, anisotropic, and total correction factors for the
horizontal diffuse irradiance with Perez all-weather sky model are presented in Table 1.
The hourly values are weighted with the irradiances in the calculation of the averages.

Table 1. The monthly averages of isotropic (C;), anisotropic (Cy), and total (Cy)
correction factors for the horizontal diffuse irradiance for the Kipp & Zonen CM 121
shadow ring with Perez all-weather and Brunger & Hooper sky models, and LeBaron &
al. correction method, Otaniemi (60°11'N, 24°50'E), 1996

(I

Perez dl-weather  Brunger & Hooper LeBaron & al.
Month Ci Ca Ci Ca C Ca C
(I
January 1.01 1.02 103 1.02 1.03 1.04 1.05
February 1.03 1.04 107 1.03 1.06 1.05 1.08
March 1.05 105 110 104 109 103 1.08
April 1.09 106 116 105 115 103 113
May 112 105 1.18 105 1.18 1.02 115
June 114 105 119 105 120 103 1.18
July 1.13 1.05 119 1.06 120 1.03 117
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August 111 1.08 1.20 109 121 1.04 115

September  1.07 106 1.13 106 1.13 1.02 1.09
October 1.03 1.04 107 1.03 1.07 1.03 1.06
November 1.01 101 1.03 101 1.02 102 1.04
December 1.01 101 1.02 101 1.02 1.04 1.05
(T

Average 1.10 105 1.16 105 116 103 113

As can be seen from the table, the average total correction factor C; is about 1.20 during
the summer and only 1.02 in December. The average anisotropic correction C, factor
was fairly constant (1.05 - 1.06) from March to September, except in August, when it
was 1.08. August of 1996 was the sunniest for 25 years in Helsinki, and the anisotropy
is always greater when there is more direct sunlight. During November and December
Cawas less than 1.02. November 1996 was exceptionally cloudy.

There exist realistic sky models other than Perez’s. The respective anisotropic and total
correction factors for the radiance model of Brunger and Hooper (1993, section 4.2.8)
are also presented in Table 1. The yearly average total correction factor C; is about 1.16
for both models. However, there are slight monthly differences. From February to April,
the Perez all-weather model gives 1% higher C;. On the other hand, during the summer,
the C; of the Brunger & Hooper model is 1% higher.

For comparison, the respective correction factors calculated with the LeBaron & al.
method are included in Table 1. As can be seen, the average anisotropic correction
factor for the LeBaron & a. method is about 2% lower than for the sky distribution
models. The difference is greatest in August, when the LeBaron & al. method has about
4% lower total correction factor. On the other hand, the sky distribution models give
lower values during the winter. At Helsinki latitude, the sun is very low during the
winter and there is little direct sunlight, which means that the sky is relatively isotropic.
The correction ratios (256 in al) derived for the LeBaron & al. method do not
necessarily apply to higher latitudes because of the greater seasonal variations. Also, the
LeBaron & a. method has been developed for the flat shadow band, which has an
isotropic correction factor of cos’d times that of the Kipp & Zonen CM 121 shadow
ring. However, the difference should be negligible during spring and autumn, and the
same isotropic correction factors have been used for al the correction methods
presented here.
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2.3 Solar radiation availability in Finland 1971-93

To assess the solar radiation availability in Finland, hourly horizontal irradiance
measurements in three Finnish locations will be analysed in the next sections. Hourly
horizontal global and diffuse irradiance measurements in Helsinki-Vantaa airport,
Jyvaskyla airport, and Sodankyld observatory in the years 1971-93 by the Finnish
Meteorological Institute will be used. In section 2.4, the solar radiation availability in
some European locations will aso be analysed.

2.3.1 Data analysis

The data for the analysis was supplied by the Finnish Meteorological Institute. The
horizontal global and diffuse irradiance was measured hourly and the outdoor
temperature T every third hour. The measurements used in this analysis were carried out
in the years 1971-93. Beginning from 1 January 1981, al irradiance measurements have
been referred to the new World Radiometric Reference (WRR) scale. As the older
irradiance measurements have been referred to the International Pyrheliometric Scale
(IPS 1956), the measurements from the years 1971-80 must be corrected by a factor of
1.022 to be referred to the new WRR scale. (Finnish Meteorological Institute, 1993)

Another aspect to be taken into account is that the irradiance measurements are given in
local solar time, and the temperature measurements in Finnish standard time. So, the
longitude of the location and the equation of time must be taken into account to fit the
measurements.

The measurements were carried out in three Finnish locations: Helsinki-Vantaa airport
(60°19'N, 24°58'E) in 1972-93, and Jyvaskyld airport (62°24'N, 25°41'E) and
Sodankyla observatory (67°22’N, 26°39'E) in 1971-93. The horizontal diffuse
irradiance was measured with a shadow ring of 240 mm radius in all three locations.
The ring width was 60 mm in Helsinki, and 50 mm in Jyvéaskyla and Sodankyla (Rossi,
1975).

Subsequently, the view angle of the shadow ring was 0.250 in Helsinki, and 0.208 in
Jyvaskyla and Sodankyl&, which are more than with the Kipp & Zonen shadow ring CM
121 used in Otaniemi (0.185). The equation (25) with the Perez al-westher sky model
was used for the shadow ring calculations. The monthly averages of isotropic,
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anisotropic, and total shadow ring correction factors for the horizontal diffuse irradiance
for al three locations are presented in Table 2.

As can be seen from Table 2, the correction factors are larger than in Otaniemi (Table 1)
because of the bigger view angle of the shadow ring. For example, in Helsinki, the total
correction factor is 1.24 on the average, and almost 1.30 in the summer. The anisotropic
correction factor is fairly constant, about 1.09 in Helsinki, from March to October.

Table 2. The monthly averages of isotropic (Cj), anisotropic (C,), and total (C;) shadow
ring correction factors for the horizontal diffuse irradiance for Helsinki-Vantaa (1972-
93), Jyvéskyla and Sodankyla (1971-93) with the Perez all-weather sky model.
(I

Helsinki-Vantaa Jyvaskyla Sodankyla

Month C; Ca Ci Ci Ca Ci Ci Ca Ci
(I

Jan 101 104 1.06 1.01 103 103 1.00 100 1.00
Feb 103 107 111 1.02 106 1.08 1.02 104 1.06
Mar 107 109 116 106 107 113 105 106 111
Apr 113 1.09 123 110 107 1.18 109 108 117
May 117 1.09 128 114 108 122 113 107 121
Jun 119 1.09 1.29 115 107 123 116 106 1.23
Jul 118 109 1.28 115 107 123 115 107 122
Aug 115 1.09 125 112 107 120 111 107 119
Sep 110 109 1.20 1.07 108 116 106 107 114
Oct 105 108 1.13 1.03 106 1.09 1.03 105 1.08
Nov 102 105 107 101 104 104 102 102 104
Dec 101 103 104 1.00 101 102 1.00 100 1.00
(I

Ave 114 109 124 111 107 119 111 107 119

2.3.2Horizontal irradiation in Helsinki-Vantaa 1972-93

The monthly averages of the horizontal beam, diffuse, and global irradiation (in
kWh/m?) with the minimum and maximum values in Helsinki-Vantaa airport 1972-93
are presented in Table 3. The diffuse irradiation is calculated hourly using egn (25) with
the Perez all-weather model for the shadow ring correction. The corresponding monthly
standard deviations and temperature averages are presented in Table 4.
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As can be seen from Table 3, the yearly average horizontal global irradiation in Helsinki
is almost 938 kWh/m?. The best year during the 22-year period was 1975 with
horizontal global irradiation of 1041 kWh/m? and the worst was 1977 with 792
kWh/m?, which is 15.6% less than the average (see Appendix A for the yearly values).
The often used test reference year 1979 (Tammelin & Erkio, 1987) was 2.2% better than
the average year, with 958 kWh/m? of global irradiation. However, the standard
deviation of the yearly global irradiation is only 5.5% (Table 4). The yearly standard
deviation for the horizontal beam irradiation is 12.2%, and 4.7% for the diffuse
irradiation.

Table 3. The monthly averages of the horizontal beam (Hy,), diffuse (Hg), and global (H)
irradiation (in kWh/m?) in Helsinki-Vantaa airport (60°19'N, 24°58'E), 1972-93
(T

Month Hb Hd H Hb/% Hd/% Hb,min Hb,max Hd,min Hd,max Hmin Hmax
(T

Jan 20 61 81 241759 06 33 44 81 52 113
Feb 87 159 246 355 645 17 137 112 195 130 329
Mar 246 365 61.1 403 59.7 46 447 279 448 393 833
Apr 475 58.0 1055 45.0 55.0 199 875 469 651 719 1458
May 865 781 1646 526 47.4 50.7 1195 68.2 91.7 128.3 190.7
Jun 879 87.0 1749 50.2 49.8 52.3 119.0 73.0 103.1 139.7 201.9
Jul 79.5 86.7 166.2 47.8 52.2 42.0 121.0 76.6 100.0 122.0 204.8
Aug 519 688 1208 43.0 57.0 281 839 59.6 759 987 1534
Sep 259 412 671 386 614 103 401 341 506 451 84.0
Oct 112 198 310 36.2 638 35 174 150 245 196 418
Nov 25 68 93 266 734 03 54 44 94 51 144
Dec 11 35 46 233 76.7 02 19 22 4.2 24 59
(T

Ave 4293 5084 937.7 458 54.2 300.3 549.6 449.6 551.3 791.51040.7
(T

Table 4. The monthly standard deviations of the horizontal beam, diffuse, and global
irradiation (in %), and average temperatures (T, in °C), Helsinki-Vantaa airport 1972-93
(I

Month Hb,ave Hb,dev Hd,ave Hd,dev Have Hde\/ Tave Tdev
(T T

Jan 2.0 45.5% 6.1 18.0% 8.1 22.0% -59 47
Feb 8.7 38.3% 15.9 14.0% 24.6 18.9% -59 41
Mar 24.6 43.6% 36.5 11.6% 61.1 20.2% -21 23
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Apr 47.5 36.4% 58.0 6.6% 105.5 17.0% 30 15

May  86.5 22.9% 781 9.1% 164.6 10.4% 103 1.7
Jun 87.9 24.0% 87.0 85% 1749 11.1% 145 1.7
Jul 79.5 28.0% 86.7 6.0% 166.2 13.2% 16.7 1.6
Aug  51.9 30.0% 68.8 5.7% 120.8 13.5% 150 11
Sep 25.9 30.8% 41.2 8.8% 67.1 14.6% 98 1.8
Oct 11.2 40.7% 19.8 11.4% 31.0 19.3% 49 17
Nov 2.5 63.9% 6.8 20.4% 9.3 29.7% 02 21
Dec 1.1 41.4% 3.5 14.6% 4.6 18.1% -3.6 33
(T

Ave 4293 12.2% 508.4 4.7% 937.7 5.5% 48 11

The monthly deviations are much greater than the yearly variation. The variation is
greatest in November when the standard deviation is about 64% for the beam
irradiation, 20% for the diffuse irradiation, and 30% for the global irradiation. In May,
the standard deviation is only about 23% for the beam irradiation, 9% for the diffuse
irradiation, and 10% for the global irradiation.

It isinteresting that except in May and June, more than half of the irradiation is diffuse.
On the average, 54.2% of the yearly horizontal global irradiation is diffuse. This
emphasizes the importance of the shadow ring correction of the diffuse irradiance
measurements. Without the correction, the average diffuse fraction of the global
irradiation would be only 43.8%, and with the isotropic shadow ring correction, it would
be 49.8%.

2.3.3Horizontal irradiation in Jyvaskyla 1971-93

The monthly averages of the horizontal beam, diffuse, and global irradiation with the
minimum and maximum values in Jyvaskyla airport 1971-93 are presented in Table 5,
and the corresponding monthly standard deviations and temperature averagesin Table 6.

Table 5. The monthly averages of the horizontal beam (Hy,), diffuse (Hg), and global (H)
irradiation (in kWh/m?) in Jyvaskyla airport (62°24'N, 25°41'E), 1971-93

(T T

Month Hb Hd H Hb/% Hd/% Hb,min Hb,max Hd,min Hd,max Hmin Hmax
(T T

Jan 15 48 64 241759 03 38 38 6.3 41 93
Feb 84 144 229 36.8 63.2 35 131 118 168 160 298
Mar 237 349 586 405 595 6.0 443 281 428 388 8l5
Apr 473 575 1049 451 54.9 216 774 475 645 79.2 134.2
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May 812 747 1559
Jun 811 834 1644
Ju 758 804 156.2
Aug 487 620 110.7
Sep 251 367 618
Oct 97 16.7 265
Nov 19 55 74
Dec 06 24 30

(T T T
Ave 405.2 4735 878.7
(T T T

52.1 47.9
49.3 50.7
48.5 51.5
44.0 56.0
40.6 59.4
36.8 63.2
25.7 74.3
20.7 79.3

46.1 53.9

43.4 111.8
24.8 114.8
299 1215
242 947
10.0 435
23 180
01 45
01 14

299.7 509.9

61.0
734
68.9
54.0
30.6
134

3.6

1.7

81.6
93.2
88.2
71.4
41.5
215

7.8

3.2

423.4 506.0

117.3 191.8
113.1 190.5
113.1 197.9
82.8 155.9
458 74.1
16.1 36.5

38 123

18 4.2

755.7 983.6

The yearly average of horizontal global irradiation is about 879 kWh/m?, which is only
6.3% less than in Helsinki. The best year was 1971 with the horizontal global irradiation
of 984 kWh/m?, and the worst was 1991 with 756 kWh/m?. The test reference year 1979
was 2.2% worse than the average, with 859 kWh/m?. The average yearly diffuse fraction
in Jyvéskylais 54.2%, which is amost the same asin Helsinki.

The standard deviation of the yearly horizontal global irradiation is 6.5%, which is only
1% more than in Helsinki. For the beam irradiance, the standard deviation is 13.2%, and
for the diffuse irradiance 4.0%, which is less than in Helsinki. The monthly deviations

do not differ much from the Helsinki figures.

Table 6. The monthly standard deviations of the horizontal beam, diffuse, and global
irradiation (in %), and average temperatures (T, in °C), Jyvaskyld airport 1971-93

I
Month Hb’a\/e Hb’da/
I

Jan 1.5 56.7%
Feb 8.4 34.2%
Mar  23.7 41.9%
Apr 47.3 29.7%
May 81.2 25.1%
Jun 81.1 30.2%
Jul 75.8 30.0%
Aug  48.7 34.4%
Sep 25.1 32.6%
Oct 9.7 52.2%
Nov 1.9 69.8%

Hd,ave Hd,dev

4.8 13.1%
14.4 10.7%
34.9 10.4%
575 7.2%
74.7 6.8%
834 6.7%
804 5.8%
62.0 7.2%
36.7 8.1%
16.7 13.1%
5.5 19.8%

Have

6.4
22.9
58.6

104.9
155.9
164.4
156.2
110.7
61.8
26.5
7.4

33

Hde\/

21.6%
15.4%
18.7%
13.8%
12.8%
13.5%
13.9%
16.3%
13.4%
22.2%
30.0%

Tave Tde\/

-8.9
-8.6
-4.0
13
9.1
138
16.0
135
8.0
2.8
-2.4

5.1
4.4
2.6
14
17
19
15
11
18
2.0
2.5



Dec 0.6 52.0% 2.4 18.0% 3.0 21.1% -6.6 3.8
(T T T
Ave 405.2 13.2% 4735 4.0% 878.7 6.5% 29 11
(T T T

2.3.4 Horizontal irradiation in Sodankyla 1971-93

The monthly averages of the horizontal beam, diffuse, and global irradiation with the
minimum and maximum values in Sodankyl& observatory 1971-93 are presented in
Table 7 and the corresponding monthly standard deviations and temperature averages in
Table 8.

Table 7. The monthly averages of the horizontal beam (Hy,), diffuse (Hg), and global (H)
irradiation (in kWh/m?) in Sodankyl& observatory (67°22'N, 26°39'E), 1971-93
(T T

Month Hb Hd H Hb/% Hd/% Hb,min Hb,max Hd,min Hd,max Hmin Hmax
(T T

Jan 03 14 17 195 805 00 07 10 17 12 22
Feb 40 9.6 136 294 70.6 17 6.1 74 109 106 16.7
Mar 185 326 511 36.2 638 56 297 29.0 386 359 627
Apr 451 63.2 1083 41.7 58.3 230 659 527 755 813 1284
May 615 819 1433 429 57.1 254 1257 708 979 100.9 200.1
Jun 66.2 86.8 153.0 43.3 56.7 30.6 940 739 103.0 107.8 183.0
Jul 67.2 81.0 1483 454 54.6 252 1259 732 89.1 104.7 204.5
Aug 401 59.7 99.8 40.2 59.8 172 820 511 707 751 1342
Sep 182 320 503 36.3 63.7 57 285 265 390 324 610
Oct 6.3 127 191 333 66.7 24 140 95 177 131 284
Nov 09 26 35 26.0740 02 21 13 37 15 52
Dec 00 02 02 8.0 92.0 00 01 01 04 01 04
(T T

Ave 328.6 463.8 7924 415 585 2237 4329 428.2 509.0 704.9 916.8

Table 8. The monthly standard deviations of the horizontal beam, diffuse, and global
irradiation (in %), and average temperatures (T, in °C), Sodankyl& observatory 1971-93
(T

Month Hb,ave Hb,dev Hd,ave Hd,dev Have Hde\/ Tave Tde\/
(T T

Jan 0.3 55.1% 1.4 13.8% 1.7 16.5% -144 46
Feb 40 351% 9.6 10.3% 13.6 13.5% -126 4.7
Mar 185 38.5% 326 7.8% 51.1 14.2% -76 3.2



Apr 451 27.9% 63.2 10.5% 108.3 10.5% -20 16

May 615 35.0% 819 7.6% 143.3 14.7% 53 16
Jun 66.2 29.2% 86.8 8.3% 153.0 12.8% 114 21
Jul 67.2 34.4% 81.0 6.1% 148.3 15.5% 143 15
Aug 401 39.7% 59.7 8.1% 99.8 15.6% 110 12
Sep 18.2 32.9% 320 9.6% 50.3 14.2% 5.7 1.7
Oct 6.3 40.8% 12.7 15.8% 19.1 19.3% -10 27
Nov 0.9 60.0% 2.6 21.2% 3.5 25.2% -80 33
Dec 0.0 222.8% 0.2 33.7% 0.2 34.8% -125 55
(T

Ave 3286 17.6% 463.8 4.3% 7924 7.4% -0.8 13

The yearly average of horizontal global irradiation is about 792 kWh/m? which is
15.5% less than in Helsinki. The best year was 1971 with 917 kWh/m?, and the worst
1983 with 705 KWh/m?. The test reference year 1979 was 1.7% worse than the average,
with 779 kWh/m?. The average yearly diffuse fraction in Sodankyla is 58.5%, which is
understandably higher than in Helsinki, because the sun is 7° lower, on the average.
Moreover, the standard deviation of the yearly horizontal global irradiation is greater
(7.4%), because of the greater variation of the beam irradiation.

2.4 Solar radiation availability in Europe

For comparison, the yearly horizontal beam, diffuse, and global irradiation in some
other European locations is aso presented in Table 9. The data is selected from the
European Test Reference Years TRY (Commission of the European Communities,
1985).

It can be seen from the table, that the global irradiation in Helsinki is only 7% less than
in Vlissingen, and more than in London, which is 9° more southern than Helsinki. Thus,
the solar radiation availability in Helsinki is aimost the same than in Central Europe.
However, the globa irradiation in Trapani, Sicily, is amost twice as much as in
Helsinki. This is, for the most part, due to more beam radiation and less cloudiness in
Sicily.

Table 9. The yearly horizontal beam (Hy), diffuse (Hg), and globa (H) irradiation (in

kWh/m?) in some European locations (Test Reference Years TRY) compared to the
three Finnish locations (yearly averages from Tables 3, 5, and 7)
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(T
Location Latitude Hp Hqg H
(T

Trapani, Italy 37°55'N 1184 632 1816
Rome, Italy 41°48'N 1007 636 1643
Carpentras, France 44°05'N 919 616 1535
Trappes, France 48°77'N 493 588 1081
Vlissingen, Holland 51°27'N 383 625 1008
London, England 51°47'N 392 540 932
Copenhagen, Denmark 55°46'N 523 492 1015
Helsinki, Finland 60°19'N 429 509 938
Jyvaskyla, Finland 62°24'N 405 474 879
Sodankyl&, Finland 67°22'N 328 464 792

The diffuse irradiation in all three Finnish locations is comparable to Central Europe,
and it is only a quarter greater in Trapani than in Helsinki. This is a very significant
result, since the diffuse radiation is the more important solar component for daylighting.
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3 LUMINOUS EFFICACY MODELS

Hourly illuminance values, required as input data for many daylight simulation models,
are not commonly measured on a regular basis. However, the horizontal illuminance
values can be calculated by a luminous efficacy model from the horizontal irradiance
measurements which are readily available for many weather stations around the world. In
this section, the solar spectrum and the main atmospheric scattering and absorption
processes of solar radiation affecting the luminous efficacy are analysed. Moreover,
several luminous efficacy models are presented and the predictions of various models are
compared with simultaneous illuminance and irradiance measurements.

3.1 The solar spectrum

Visible light is the part of the solar radiation spectrum that the human eye can sense. The
wavelength of visible light ranges from 380 to 780 nm. Of the extraterrestrial solar
radiation, 6.4% is short-wave ultraviolet radiation, 48.0% is visible light, and 45.6% is
long-wave infrared radiation (Duffie & Beckman, 1991). The relative amount of the
visible light reaching the earth is a little larger, because infrared radiation is absorbed by
the atmosphere more strongly than visible light. The solar spectrum curve of the
radiation reaching the earth is presented in Fig. 2.
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Fig. 2. Solar spectrum and the CIE Photopic Curve (Perez & al., 1990)
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The human eye is selective to the different wavelengths A of visible light. For photopic
(daytime) vision, the sensitivity is highest with A = 555 nm. For scotopic (night-time)
vision, it is highest with 505 nm. For the most sensitive wavelength, the spectral
sensitivity of the human eye V, is defined as to be 1. For other wavelengths, it is less
than 1. The spectral sensitivity of daytime vision (CIE Photopic Curve) is aso presented
inFig. 2.

3.2 Luminous efficacy

The illuminance E (Ix) can be calculated from the spectral irradiance G, (W/m?nm) by
multiplying it by the spectral sensitivity of the eye V;:

780
E =K, [G\V,d} 27)

380

where K, = 683 Im/W is the luminous efficacy constant for photopic vision. For
scotopic vision the constant is 1699 Im/W.

If the solar radiation were monochromatic with a wavelength of 555 nm, then a power
of 1 W would produce aluminous flux of 683 Im. The luminous efficacy K is defined as
the ratio of the luminous flux and the radiant flux, i.e., the ratio of the illuminance E and
theirradiance G:

780

K, [G,V,d

KeE__ @ (28)
G [GidA

The maximum value of luminous efficacy for photopic vision is thus 683 Im/W.
However, the solar radiation is not monochromatic, and the luminous efficacy of
extraterrestrial solar radiation Ko, for example, is 97.8 Im/W (Littlefair, 1985). If al
solar radiation reaching the earth were visible light, its luminous efficacy would be 204
Im/W (Fraunhofer Institute for Solar Energy Systems, 1994).
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The luminous efficacy of daylight on earth is not constant. It depends on the
atmospheric scattering and absorption of light, which varies with wavelength. The
atmospheric absorption depends on the distance travelled by light, and the concentration
of aerosols and water vapour in the atmosphere. Usually, the atmosphere absorbs more
infrared radiation than visible light, and the luminous efficacy is thus higher than
outside the earth’s atmosphere, i.e., more than 100 Im/W. Compared with the luminous
efficacy of incandescent light (15 Im/W) and fluorescent light (80 Im/W), daylight is
clearly more efficient.

3.3 Atmospheric scattering and absorption of solar radiation

In this section, the main atmospheric processes affecting the luminous efficacy will be
analysed.

3.3.1 Rayleigh scattering from the air molecules

When aray of sunlight encounters an air molecule (O, or Ny), its energy will scatter in
all directions and produce diffuse radiation. The longer the ray of sunlight travelsin the
atmosphere, the greater the possibility that its energy will be scattered, and the more the
radiation will be attenuated. The transmission of radiation in the atmosphere follows the
Bouguer-Lambert law (Littlefair, 1985):

1) = exp (-ky my) (29)
where T is the atmospheric transmittance for wavelength A
ki is the atmospheric extinction coefficient for wavelenght A

my=1/sin &istherelative optical airmass.

Because the air molecules are smaller than the wavelength of the incoming light, a
single scattering process will follow Rayleigh’s law (Molineaux & al., 1995):

ki=aA™ (30)

where a is a constant depending on the properties of dry air.
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As can be seen from egns (29-30), visible light and ultraviolet radiation will scatter
more than the longer-wave infrared radiation. Since diffuse radiation is scattered
radiation, it contains relatively more visible light than beam radiation does. Therefore,
the luminous efficacy is greater for diffuse radiation than for beam radiation. This aso
explains the blue colour of the sky, since shorter-wave blue light will scatter more than
red light.

From egns (29-30) it is also obvious that the luminous efficacy of beam radiation
decreases as the sun gets lower. The sunrays will have to travel longer in the
atmosphere, and the relative airmass increases. Thus, a greater part of the visible light
will scatter away from the beam radiation whose luminous efficacy will decrease. This
also accounts for the reddening of the horizon at sunset, since a greater part of the blue
light scatters away to other directions.

3.3.2 Mie scattering from the aer osol particles

In addition to the air molecules, also the aerosol particles (e.g., dust and soot) of the
atmosphere scatter the incoming radiation. These particles are of the same size or larger
than the wavelength of the visible light. The scattering process is much more
complicated than with the air molecules, but also the aerosol particles scatter the short-
wave radiation more than the infrared radiation. Therefore, the scattering from the
aerosol particles reduces the luminous efficacy of the beam radiation. This so called Mie
scattering follows Angstroms law (Muneer & Angus, 1995):

ky=fBa A (31)

where By isthe Angstrém turbidity coefficient
a is a constant depending on the size of the aerosol particles.

The Angstrém turbidity coefficient S corresponds to the number of the aerosol particles
in the atmosphere. It is smallest on the south pole (0.01), and greatest (0.5) in very
polluted areas. The constant o increases as the size of the aerosol particles decreases.
Usually, an average value of a = 1.3 is used. (Molineaux & al., 1995) Thus, the
scattering from the aerosol particles is less wavelength-dependent than the scattering
from the air molecules.
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3.3.3 Absor ption by water vapour

A third attenuation mechanism of radiation in the atmosphere is the absorption by the
other atmospheric gases than O, and N»,. The most important of these absorbers is water
vapour. Ozone, carbon dioxide, carbon monoxide, oxygen, and nitrogen oxide are
among the less effective absorbers. The absorption always takes place at certain
wavelengths of the incoming radiation, corresponding to transitions between energy
levels of the molecules. (Littlefair, 1985) As can be seen from the minima in Fig. 2,
most of the absorption is in the infrared wavelengths. The absorption by water vapour
and other aerosols always increases with the concentration. Therefore, the luminous
efficacy increases with the concentration of water vapour in the atmosphere.

3.4 Measurements and models of luminous efficacy

The first illuminance measurements in Finland were made by Harald Lunelund in 1922-
23 in Helsinki (1924). In 1929-33, he measured simultaneously the horizontal irradiance
and illuminance of the solar radiation (Lunelund, 1936) in Helsinki. From these
measurements, Gunnar Pleijel (1954) has calculated the yearly average luminous
efficacy of the global (112 Im/W), the beam (93 Im/W), and the diffuse (137 Im/W)
radiation.

Gillette and Treado (1985) measured in Maryland, USA, the average luminous efficacy
of the global (107 + 7 Im/W), the beam (103 £ 21 Im/W), and the diffuse (117 + 12
Im/W) radiation. They also measured the luminous efficacy of vertical global radiation.
For south-oriented vertical surface, the average was 98 + 12 Im/W, and for other
directions, 118 £+ 14 Im/W. The luminous efficacy was lowest for the south, because the
south gets most beam radiation. In this study, the luminous efficacy did not depend on
the solar atitude. The differences in the earlier studies were explained by the measuring
errors with great incident angles. On the other hand, the luminous efficacy of diffuse
radiation was observed to decrease a little with increasing cloudiness.

Littlefair (1985) made a thorough literature review of the luminous efficacy
measurements made during the previous 50 years. In most studies, the global luminous
efficacy was between 100 and 115 Im/W. The beam luminous efficacy varied grestly in
different measurements. However, almost all studies showed that the beam luminous
efficacy increased with the solar atitude 6. The average diffuse luminous efficacy
varied between 105 and 120 Im/W. The diffuse luminous efficacy was 120-140 Im/W
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for atotally clear sky, and 105-120 Im/W for atotally overcast sky. In most studies, the
diffuse luminous efficacy did not depend on the solar atitude.

3.4.1 Constant luminous efficacy model

The simplest possible luminous efficacy model is to assume that it is constant. The
yearly average of the global luminous efficacy measured in Otaniemi, Finland, is used as
the constant in the comparison of section 3.5.1, i.e., K = 110 Im/W (Vartiainen, 2000b).

3.4.2 Littlefair modd

Littlefair (1988) measured the luminous efficacy of both the beam and the diffuse
radiation in Southern England, 1984-85. The average luminous efficacy of beam
radiation was 70 Im/W with the solar atitude & = 10°, and 95 Im/W with & = 60°. With
solar altitudes less than 10°, the variation of the beam luminous efficacy was more than
50%. The curve that best fit the measurements was

Kp = (51.8 + 94.316; - 49.67 62) Im/W (32)

where Kj, = Ep/ Gy isthe luminous efficacy of the beam radiation (Im/W)
Ep is the horizontal beam illuminance (1x)
G, isthehorizontal beam irradiance (W/m?)
6 isthe solar atitude (radians).

In Littlefair's study, the variation of the luminous efficacy measurements was so great,
that no correlation was found between the beam Iluminous efficacy and the aerosol and
water vapour content of the atmosphere. Moreover, the solar azimuth did not affect the
luminous efficacy of the beam radiation.

The average diffuse luminous efficacy was 120 £ 6 Im/W in Littlefair's measurements.
The diffuse luminous efficacy Kqq for atotaly clear sky was 144 + 7 Im/W, and Kg oc
for atotally overcast sky was 115 + 8 Im/W. In this study, Ky did not depend on the
solar atitude or the aerosol content of the atmosphere, but Kq o increased alittle with the
water vapour concentration. Also, Kq o increased with the thickness of the cloud cover.

Since the sky is usually neither totally clear nor totally overcast, an interpolation
between the clear and overcast skies was suggested by Littlefair (1988):
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Kg = (115 + 29 o) Im/W (33)
where Ky = Eq/ Gqisthe luminous efficacy of the diffuse radiation (Im/W)

Eq is the horizontal diffuse illuminance (Ix)

Gq isthehorizontal diffuseirradiance (W/m?)

o is the sunshine probability.

The luminous efficacy K of the horizontal global radiation is now calculated from:

K=(KpGp+ KygGy) / (Gp + Gy). (34

In Littlefair's study, K was 109 £ 5 Im/W, on average. The global luminous efficacy was
101 + 10 Im/W for a south-facing vertical surface, and 114 + 11 Im/W for other vertical
surfaces.

3.4.3 Perez model

Perez & a. (1987a) measured the luminous efficacy in Albany, New Y ork, during three
45-day periodsin 1985. They discovered that the luminous efficacy depended mainly on

three parameters. the zenith angle of the sun Z, the sky’s brightness 4, and the sky’s
clearness & The sky’s brightness A can be expressed as (Wright & al., 1989)

A =Gymy/ Gy (35)
where my=1/sin & istherelative optical airmass

Gs isthesolar constant = 1370 W/mZ.
The sky’s clearness € isexpressed as (Perez & al., 1990)

£=[(Gn+ Gy)/ Gy +1.041 7% / (1 + 1.041 Z%) (36)

where G, isthe direct normal irradiance (W/m?).
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The sky’s brightness variations reflect the cloud thickness of the sky, and clearness
variations express the transition from a totally overcast sky to a clear sky. For atotally
overcast sky, £ =1, and it can be more than 6 for a totally clear sky. Each of the three
parameters (Z, 4, and &) was divided into 5-8 intervals, and the changes of luminous
efficacy in each interval were assessed. Perez & al. (1987a) concluded that the global
luminous efficacy was higher in an overcast day than in a clear day. Moreover, darker
overcast days had a higher global luminous efficacy than lighter overcast days.

Wright & al. (1989) used the same three parameters in their study on beam luminous
efficacy. In addition, they used a fourth parameter: the total precipitable water W, which
is expressed in centimeters, to account for the water vapour content in the atmosphere.
The instantaneous total precipitable water was calculated from the equation

W= exp (0.07 Ty - 0.075) (37)

where Ty is the surface dew point temperature in degrees (°C).

Wright & al. (1989) concluded that the beam luminous efficacy increases with the solar
altitude. At a constant solar altitude, the beam luminous efficacy increases with the
water vapour concentration if the sky is totally clear. However, for partly cloudy
conditions, the aerosol scattering effects are greater than the water vapour absorption
effects, and the beam luminous efficacy decreases because visible light is scattered more
effectively than infrared radiation.

Perez & al. (1990) developed a luminous efficacy model based on the parameterization
described above. The luminous efficacy of the beam radiation can be expressed as

Kp=max {0, g + bj W+ ¢ exp(5.73 Z-5) + d, 4} Im/W (38)

where &, b, ¢;, and d; are the coefficients for the clearness interval i.

The luminous efficacy of the diffuse radiation can be calculated from the equation
(Perez & al., 1990)



Ke=(a +bW+c cosZ+dInd4) ImW (39)

where the coefficients &, b;, ¢;, and d, are as above.
3.4.4 Olseth and Skartveit model

Olseth and Skartveit (1989) developed a luminous efficacy model based on
measurements in Norway. In this model, the luminous efficacy depends on the solar
atitude &, the ordina number of the day J, and the clearness index k. The diffuse
luminous efficacy is divided into the luminous efficacy of atotally clear sky Kq 4, totally
overcast sky Kgoc, and bright cloud Kg p.

Skartveit and Olseth (1994) used the data measured in Albany, New York, to validate
their model. The beam luminous efficacy was between 65 and 105 Im/W, and the
diffuse luminous efficacy between 110 and 175 Im/W. At high solar altitudes under
cloudless sky, the average globa luminous efficacy of the Olseth and Skartveit model

differed less than 1% from the luminous efficacy of the Perez & al. model (egns 38 and
39). The beam luminous efficacy in the Olseth and Skartveit model is expressed as

Ko = (107 {1 - exp[2 - (& + 2)>4™]} +
[2 + 13 exp(-0.064 6&)] cos[360 (J - 288) / 365]) Im/W (40)
where 6sisin degrees.

The diffuse luminous efficacy of atotally clear sky can be calculated from the equation

Kag = (137 + 40 exp(-0.08 &)) Im/W. (41)

The diffuse luminous efficacy of atotally overcast sky can be expressed as

Kaoc = (102 - 48 k + 21 exp(-10 k) + 16 &%) Im/W (42)

where the clearness index k is defined as
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k=G/Go (43)
and Gy isthe horizontal extraterrestrial irradiance (W/m?).

The diffuse luminous efficacy of a bright cloud can be calculated from the equation

Kabr = oW Kgoc + (1 - cw) Kp (44)
where cw = 0.3 + 0.7 exp(-0.08 &) is the cloud weight factor and Ky is calculated
with the clearnessindex of k = 0,2.
Now, the diffuse luminous efficacy can be expressed as

Kda = (Kaa Gaa + Kaoc Gaoc + Kabr Gaor) / G
(45)

where Gqq  isthe horizontal diffuseirradiance of atotally clear sky (W/m2)
Guoc isthe horizontal diffuseirradiance of atotally overcast sky (W/m?2)
Gapr  isthe horizontal diffuse irradiance of a bright cloud (W/m2).

3.4.5 Chung model

Chung (1992) measured the luminous efficacy in Hong Kong during 1989-91. The
average beam luminous efficacy was 94 + 16 Im/W, and it depended on the solar
altitude & (in radians). The curve that best fit the measurements was

Ko = (48.5 + 95.7 6 - 32.2 62) Im/W.
(46)

In Chung's study, the diffuse luminous efficacy was 137 + 18 Im/W for a totally clear
sky, and 121 + 3 Im/W for a totally overcast sky. The diffuse luminous efficacy
depended on the cloud ratio D (ratio of diffuse to global irradiance):
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Kq = (135.3 - 25.7 D) Im/W. (47)

The average global luminous efficacy was 118 + 15 Im/W in Chung’s measurements.

3.4.6 Muneer and Kinghorn model

The model of Muneer and Kinghorn (1998) is based on the measurements at five UK
locations in the 1990's. In this model, the measured global and diffuse luminous
efficacies have been regressed against the clearness index k:

K = 136.6 - 74.541 k + 57.3421 K (48)

and

Kg=130.2 - 39.828 k + 49.979 k2. (49)

3.5 Comparisons of the luminous efficacy models

Muneer and Angus (1993) compared the Littlefair (egns 32 and 33) and the Perez (egns
38 and 39) luminous efficacy models with the measurements in Southern England for
1984-85 which the Littlefair model is based on. They concluded that the Perez model
better fit the measurements because it accounts for the water vapour content of the
atmosphere. On the other hand, Muneer and Angus used the cloud ratio D instead of the
sunshine probability oin the egn (33) for the Littlefair model, which may have made the
results worse for that model.

Muneer and Angus (1995) compared several luminous efficacy models with the
measurements made in Edinburgh, Scotland. A constant luminous efficacy (110 Im/W)
model was included in the comparison and it was only little worse than the Littlefair
model. A constant beam luminous efficacy (104 Im/W) model agreed better with the
measurements than any of the other models. The constant diffuse luminous efficacy
(120 Im/W) model and the Littlefair model were equally good.
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Molineaux & al. (1995) compared several beam luminous efficacy models with the
measurements in Albany, New Y ork, and Geneva for 1992-94. Assuming that the beam
luminous efficacy was constant at 96.7 Im/W, which was the average measured value in
Geneva, agreed better with the measurements than the Chung and the Littlefair models.
The Olseth and Skartveit model was about as good as the constant model. The Perez
model was better than the constant model, and it was equally good as the curve fitted to
the Geneva measurements:

Kp = [116 exp(-0.1 6] Im/W.
(50)

The model developed by Molineaux & a., which accounts for the turbidity and the
water vapour concentration of the atmosphere, fit the measurements even better:

Ko = Ko exp{ma [pa T - 0.1 (1 + 21.6 Bx) / (1 + 0.0045 my)]} (51)

where &cpa istheoptical thickness of awater and aerosol free atmosphere
TL isthe Linke' s turbidity factor.

3.5.1 Luminous efficacy comparison in Otaniemi, Finland

To assess the performance of the various luminous efficacy models, the horizontal
global irradiance and illuminance were simultaneously measured throughout the year
1996 at Helsinki University of Technology. Additionally, the horizontal diffuse
irradiance was measured with a Kipp & Zonen CM 121 shadow ring to enable diffuse
and beam luminous efficacy calculations. Kipp & Zonen CM 11 pyranometers were
used for the irradiance measurements, and Krochmann FET30-C15-0U-D8 photometer
for the illuminance measurement. The measuring apparatus was positioned on the roof
of a high-rise building at the Helsinki University of Technology in Otaniemi (60°11'N,
24°50'E), six kilometres west of the city of Helsinki, Finland. On the horizon of the
pyranometers and the photometer, there were low obstructions (trees, university
buildings, chimneys of a power plant) whose altitudes were less than 5 degrees. The
horizontal irradiances and the illuminance were measured at 10 second intervals, and the
measurements were averaged and recorded in the memory of a PC every third minute by
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an HP 7500 datalogger. Finally, the measurements were analysed and hourly averages
calculated, and the diffuse irradiance values were corrected to account for the sky not
visible to the pyranometer due to the shadow ring, according to an anisotropic correction
method (Vartiainen, 1999).

The hourly measured luminous efficacies (global illuminance / irradiance) were
compared with the values calculated by the models presented in sections 3.4.1-6
(Vartiainen, 2000b). To exclude the errors caused by obstructions at low solar altitudes,
the hours when the solar altitude was less than 5° were omitted from the comparison.

Two common statistical indicators were used for the comparison: the relative mean bias

difference MBD and the relative root mean sgquare difference RMSD. The MBD can be
expressed as

MBD=— N (52

where j isthe ordinal number of the hour, nis the number of hours, K; ¢ is the computed
global luminous efficacy of the hour j, and K; m is the measured global luminous efficacy
of the hour j.

The RMSD can be determined from the equation

i(Kj,c - Kj,m)2

=1

n
n
3K
J:
n

MBD =

(53)

All six luminous efficacy models presented in sections 3.4.1-6 were included in the
comparison. The yearly average of the measured horizontal global luminous efficacy of
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110.0 Im/W was used for the constant moddl. For the Perez model, as no surface dew
point temperature measurements were available, the ambient temperature T was used
instead.

The yearly average horizontal beam, diffuse, and globa luminous efficacy, with MBD
and RMSD for the different luminous efficacy models is presented in Table 10. The
averages are weighted with the measured horizontal global irradiances. As is obvious,
the constant model has a zero MBD as the measured average was used as the constant.
Of the other models, the Olseth & Skartveit model and the Perez model have very low
MBDs. These two models also have a lower RMSD than the constant model, with the
Perez model having clearly the lowest RMSD. The success of the Perez model is notable
since the ambient temperature was used instead of the surface dew point temperature in
the calculations. The Littlefair and the Chung models dightly underestimate the
luminous efficacy, whereas the Muneer and Kinghorn model overestimates it by about
4%. However, al tested models have an RMSD within 2% of that of the constant model.

Table 10. The yearly average horizontal beam (Kp), diffuse (Kg), and global (K)
luminous efficacy, relative mean bias difference (MBD), and relative root mean sgquare
difference (RMSD) for the different luminous efficacy models, Otaniemi (60°11'N,
24°50'E), 1996

(I

Model Ko Ky K MBD RMSD
ImM/W Im/W Im/W % %
I
Constant (measured average) 110.0 110.0 110.0 0.0 8.3
Littlefair 88.4 129.7 108.2 -1.6 104
Perez & al. 93.7 1265 109.4 -0.6 6.7
Olseth & Skartveit 101.4 1185 109.6 -0.4 8.0
Chung 929 122.7 107.2 -2.6 9.6
Muneer and Kinghorn 105.7 124.7 114.8 4.3 94

To assess the seasonal variations, the monthly average horizontal beam, diffuse, and
global luminous efficacy, MBD, and RM3D for the Perez model are presented in Table
11. The monthly average values of the measured horizontal global luminous efficacy are
also shown in Table 11. As can be seen, the average measured global luminous efficacy
was fairly constant at 110-112 Im/W from April to October. Moreover, the calculated
beam luminous efficacy was between 93 and 98 Im/W during these months. The
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calculated diffuse luminous efficacy was otherwise between 120 and 125 Im/W, except
in August, when it was 140 Im/W, and in November, when it was about 118 Im/W. This
is due to the exceptionally sunny weather in August 1996, which was the sunniest for 25
years, and the very cloudy November 1996. A sunny, clear sky has always a greater
diffuse luminous efficacy than a dark, overcast sky.

Table 11. The monthly average horizontal beam (Ky), diffuse (Kg), and global (K)
luminous efficacy, relative mean bias difference (MBD), and relative root mean sgquare
difference (RMSD) for the Perez luminous efficacy model, and the monthly average
value of the measured global luminous efficacy (Meas) , Otaniemi (60°11'N, 24°50'E),
1996

(I

Model Kp Kg K Meas MBD RMSD n
ImW Im/W Im/W Im/W % %

I

January 68.9 1231 104.2 104.1 01 214 86
February 78.1 1238 1025 959 6.9 208 164
March 91.0 1229 106.6 106.2 03 125 310
April 939 1215 1094 1113 -1.7 5.3 266
May 97.4 125.7 109.9 110.2 -0.3 51 463
June 95.1 124.7 110.2 111.2 -0.8 4.3 503
July 928 127.4 110.8 1120 -11 51 429
August 94.7 140.0 110.0 1109 -0.8 45 422
September 935 1254 1089 110.0 -0.9 47 337
October 85.4 1225 109.0 112.3 -29 111 255
November 704 1175 110.7 106.4 40 112 154
December 52.1 1224 106.8 95.8 115 36.2 97
(I

Average 93.7 1244 109.4 110.0 -0.6 6.7 3486

During the winter, the calculated diffuse luminous efficacy is about the same as during
the summer, but the beam luminous efficacy decreases with the solar altitude. Moreover,
the calculated luminous efficacies have greater errors during the winter, especially
between December and February when the sun is very low in Finland. However,
because of the lack of direct measurements of the beam and the diffuse luminous
efficacies, the calculated values can only be taken as suggestive results.
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Considering the experimental error of the measurement (+1-2%), it can be concluded
that al tested models can predict reasonably well the globa luminous efficacy.
However, there are some differences in the calculated average beam and diffuse
luminous efficacies. As the diffuse component is more important for daylighting
purposes than the beam component, it would be an interesting subject of further study to
validate the diffuse luminous efficacy models with measurements.

4 SKY LUMINANCE AND RADIANCE MODELS

From the hourly horizontal illuminance values, it is possible to generate the sky
luminance distribution which can be used for the interior daylight calculations.
Assuming that there is no significant difference between the sky luminance and radiance
distributions, it is also possible to calculate the slope irradiance on any inclined surface
from the sky distribution. The slope irradiance is of interest for many solar thermal and
photovoltaic applications.

In this section, seven sky luminance models and one radiance model together with four
simple slope irradiance models will be presented. A comparison of the predictions of the
presented models with year-round irradiance measurements on 24 inclined surfaces
(Vartiainen, 2000a) will also be presented. Finally, the best of the luminance models is
used to determine the optimal inclination angle for a south-oriented surface in Helsinki,
Finland.

4.1 Sky luminance and radiance

Sky luminance L is defined as the amount of luminous flux emitted by an infinitesimal
area, at a certain point in the sky and in a certain direction, per unit of solid angle, and
per the projection of the receiving area perpendicular to the direction of thelight, i.e.

_ do _ d _ d
dawdAcos@ dacos § dAcos 4

(54)

where L is the luminance of the emitting surface (cd/m2)
@ isthe luminous flux (Im)
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isthe solid angle of the receiving surface (sr)

isthe area of the receiving surface (m?2)

isthe angle of incidence on the receiving surface (radians)
istheilluminance (I1x)

isthe luminous intensity (cd).

- mo > 8

Accordingly, the sky radiance R is defined as

420,

= (55)
dadAcos 8,

where @s isthe radiant flux (W).

4.2 Sky distribution models

Usually, the luminance value of each point of the sky is generated by a sky luminance
model from the horizontal beam and diffuse illuminance values. From the sky
luminance distribution, it is possible to calculate the interior illuminance distribution by
an interior light transfer model which will be presented in Section 5. It is aso possible
to calculate the diffuse illuminance Eg on any inclined surface from an equation similar
to egn (15) by replacing the sky radiance R, by the luminance L, and the horizontal
diffuse irradiance Gq by the illuminance Eq4 in egn (15), i.e.

mml2

J’ z[Lp (8,,¢)cosd,(snd, cos B +cosd, sin fcosg)dgdd,

Es =Eq (56)

T2
[ [L+(8,.¢,)cos8,5ing,dg 6,

-m 0

4.2.1 | sotropic sky model
The diffuse illuminance on inclined surface can be determined analytically in only very

simple cases, e.g. the isotropic sky, which was discussed in section 2.1.2. The isotropic
sky luminance is constant over the whole sky dome, i.e.
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Lo(6 @) = Lz

(57)
where L,  istheluminance of the point P (cd/m?)
L,  istheluminance of the zenith (cd/m?).

For the isotropic sky, the diffuse illuminance Eg on any inclined surfaceis

Eq=mL,(1+cosf)/2=E4(1+cosp)/2. (58)

4.2.2 CIE overcast sky model

One of the oldest sky models is the CIE overcast sky model, approved by Commission
Internationale de I’ Eclairage in 1955 as the standard model for a totally overcast sky. In
the CIE overcast sky model, the sky luminance L depends only on the altitude angle &,
of the point P of the sky and the solar dtitude &, i.e. (Littlefair, 1994)

Loc(6h) = Luoc (1 +2Sin @) / 3
(59)

where Lo = [9 (300 + 21000 sin &) / 7] cd/m?. (60)
As can be seen from egn (59), the zenith luminance is three times the luminance of the
horizon. However, when calculating the diffuse illuminance from egn (56), the zenith
luminance Lo is reduced, and therefore, it is not necessary to know the exact value of
the zenith luminance.

A more genera form for the overcast sky luminance was presented by Enarun &

Littlefair (1995):

Loc(6) = Lo (1 + bsin &)/ (1+b) (61)



where b is a constant depending mainly on the reflectance of the ground. This reduces to
the CIE overcast sky with the value b = 2, and to the isotropic sky with b = 0. When
comparing various overcast sky models with different values of b, Enarun & Littlefair
(1995) concluded that the value b = 2.2 produced the least difference between the model
and the measurements in Southern England, 1992.

The horizontal and the vertical diffuse illuminances can be analytically determined for
the CIE overcast sky. For the horizontal diffuse illuminance Ey, integrating egn (10) and
using Lo instead of R, yields

Ed = 7T[ Lzoc/ 9, (62)

and for the vertical diffuse illuminance Eg, integrating egn (11) gives

For the CIE overcast sky, the ratio of the vertical and the horizontal diffuse illuminance,
Eq / Eqv = 0.396, which has often been used in simple daylight calculations (Lynes &
Littlefair, 1990). For the isotropic sky, this ratio is 0.5. However, the sky is seldom
totally overcast or totally isotropic. For example, for a vertical south-facing surface in
Helsinki (60°N), the yearly average ratio is 0.67. For most of the year, the sun is near the
horizon at Helsinki latitude. Therefore, a vertical south-facing surface sees a brighter
than average part of the sky, and thus, the average vertical to horizontal illuminance
ratio for areal sky is greater than the ratio for the isotropic sky.

4.2.3 CIE clear sky model

CIE has dso approved a standard model for a totally clear sky. The CIE clear sky
luminance depends on the atitude angle §, of the point P of the sky, the solar atitude &,
and the angular distance y between the sun and the point P (in radians) which can be
determined from the equation

Cos y=sin &sin &, + cos & cos &, cos (Pp- @) (64)
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where @5 is the solar azimuth (in radians, from south to west).

The sky luminance of point P of atotally clear sky can be calculated from the equation
(Littlefair, 1994)

_ f(»a(6,)
LCI(Hs’ep’y)_chl f(n_/z_ 95)9(772) (65)
where Ly = (300 + 3000 tan &) cd/m? (66)
f() = 0.91 + 10 exp(-3 ) + 0.45 cos’y (67)
9(&) =1-exp(-0.32/sin &,). (68)

For aturbid clear sky, the luminance L is calculated with the function f; instead of f:

f()) = 0.856 + 16 exp(-3 ) + 0.3 cos’y. (69)

In reality, the sky is seldom totally clear or totally overcast. For a partly overcast sky in
the CIE model, the luminance is a linear combination of the clear and the overcast sky
luminances. The weighting factor between the clear and the overcast sky could be the
sunshine probability g, the cloud cover, or the cloud ratio D, which is defined as the
ratio of the horizontal diffuse to the global irradiance, i.e.

D=Gy/G. (70)

The problem with the cloud ratio isthat it is never zero under aclear sky. Using D asthe
weighting factor would lead to an overcast component even in a totally clear sky
luminance combination. As measured cloud cover data is not usually available either,
the sunshine probability has been used as the weighting factor in the calculations of
section 4.5.2. The sunshine probability o is defined as the fraction of the time when the
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direct normal irradiance exceeds 120 W/m? which is the WMO-criteria for bright
sunshine. Now, the sky luminance in the CIE clear/overcast model can be expressed as

Ly= 0L+ (1-0) Lec. (71)

4.2.4 Perraudeau sky model

In the Perradeau model, the sky luminance depends on the atitude angle &, of the point
P of the sky, the solar dtitude &, and the angular distance y between the sun and the
point P. In this model, the luminance is not scaled by the zenith luminance but the
horizontal diffuse illuminance Ey. However, this scaling factor is reduced in the
calculation of egn (56). The luminance of point P of the sky can be determined from the
equation (Commission of the European Communities, 1993)

Lo=Eaf' (N (&) M (&) /s (72)
where f'()) =a’ + by’ exp(-3)) + ¢’ cos’y (73)
g(8)=a -by sin®®G, (74)
h'(6) =as +bs sin &+ c3' cos & (75)

Function f* accounts for the angular distance between the sun and the point P, function
g for the atitude angle of the point P, and h’ for the solar atitude. The coefficients a;’,
b,,ci’, &', by, a, bs', and cs’ can each have 5 different values depending on the value
of the nebulosity index N;. The nebulosity index N, is calculated from the equation

N;=(1-D)/(1-Dr) (76)

where Dt isthe theoretical cloud ratio, which can be determined from (Littlefair, 1994)
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where & is in degrees and Q is the ratio of the clear sky illuminance to zenith
luminance, which can be calculated from the equation

Q=(6.9731 + 4.2496 (11024, - 8.5375 [110* 42 - 8.6088 [1.0°63
+1.9848 [110°4,* - 1.6222 (11062 + 4.7823 (0™ 6Y) sr. (78)

4.2.5 Perez-CIE sky model

In the Perez-CIE model, the sky diffuse radiation is divided into three parts. In addition
to the isotropic main part, there are two zones of anisotropy that are taken into account:
circumsolar brightening, due to forward scattering by aerosols; and horizon brightening,
mainly due to multiple Rayleigh scattering and retroscattering in clear atmospheres
(Perez & ., 1986). In the Perez-CIE model, the zenith luminance is calculated from the
equation (Perez & al., 1990)

L.=Eq[atccosZ+c’ exp(-32)+d A4]/sr (79)

where Z =11/ 2 - 6 isthe solar zenith angle (in radians), 4 is the sky’s brightness, and
the coefficients &, ¢, ¢, and d; can each have 8 different values depending on the sky’s
clearness category. The sky’s brightness 4 (egn 35) and clearness ¢ (egn 36) were
defined in section 3.4.3.

In the Perez-CIE model, the sky luminance is calculated as a linear interpolation
between four CIE formulations: the CIE overcast sky luminance Lo (egns 59-60), the
CIE clear sky luminance L (egns 65-68), the turbid clear sky luminance Ly (eqns 65-
66, 68-69), and the intermediate sky luminance L, which can be determined from the
equation

L = fl(es'ep)eXp[}gl( 6.6 )]
m Tz f, (6,111 2) eXp[Zgl( 6., 7'112)]

(80)

where f,(6,6) = {1.35[sin(3.59 §, - 0.009) + 2.31] Sin(2.6 & + 0.316) + & + 4.799}
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/2.326 (81)

01(65,6) = -0.563[(4, + 1.059) (& - 0.008) + 0.812] (82)

where &, &, y; and Z arein radians.

The interpolation of the sky luminance depends on the sky’s clearness . If €< 1.4,

Lo=(1- &) Loc+ &Lim (83)
where = (4-0.15) / 0.6 + (£-1) / 0.4 (Perez & al., 1992). (84)
If 1L4< e <3,

Lp=(1- ¢) Lim+ Lay (85)
where (/= (- 1.4) / 1.6 (86)
If & >3,

Lo=(1- Q) Last+  Lq (87)
where { = (£-3)/ 3. (88)

In the egns (83 - 88), the weighting factors &, ¢, and { are restricted to the interval 0-1.

4.2.6 Perez all-weather sky model
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Based on the parameterization of the Perez-CIE model, Perez & a. (1993a) developed
an al-weather model which has a single equation for the sky luminance distribution
with five variable coefficients:

L,=Eq[1+a exp (b’ /sin@)] [1+C exp(d y) +€ cos?) / st (89)

where the coefficients a, b’, ¢’, d’, and € depend on the solar zenith angle Z, the sky’'s
clearness ¢, and the sky’s brightness A. If 1.065 < £ < 2.8, then 4 must be at least 0.2
(Perez & al., 1993b).

The coefficient & is proportional to the magnitude of the horizon-zenith luminance
gradient. Coefficient b’ can be adjusted to modulate the luminance gradient near the
horizon. Coefficient ¢ is proportional to the relative luminance of the circumsolar
region. Coefficient d accounts for the width of this circumsolar region. And finaly,
coefficient € accounts for the relative intensity of backscattered light received at the
earth’s surface. (Perez & al., 1993a)

4.2.7 Littlefair sky model

The Littlefair (1994) sky model is based on the sky scan measurements in Garston, UK.
It is called quasi-clear/quasi-overcast because the sky distributions with sunshine
probability o = 1 and those with g = 0 were averaged to give the quasi-clear and the
guasi-overcast sky luminance distribution, respectively. The quasi-clear sky is similar to
the turbid clear sky (egns 65-66, 68-69) with the exception that its luminance does not
increase so much from zenith to horizon. The quasi-overcast sky’s main difference from
the CIE overcast sky is that its zenith l[uminance is roughly twice, instead of three times,
the horizon luminance. As in the CIE clear/overcast sky model, the sunshine probability
oisused to weight the quasi-clear and the quasi-overcast skies.

Thetotally clear sky luminance Ly can be determined from the equation

Ly = 18200 sin 6 [1 - exp(-0.47 / sin &)] [1 + 21.5 exp(-3 )) + 0.28 cos’y] /
(1+6 &/ cd/m? (90)
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and the totally overcast sky luminance L, from the equation

Loc = (1 + sin 8,) [40 + 4078 @, +1350 exp (-2 )] cd/m?. (91)

4.2.8 Brunger and Hooper sky radiance model

As has been mentioned, there is probably not much difference between the sky
luminance and radiance distributions. Because the sky luminance distribution is vital for
the interior daylight calculations, it is natural that more sky luminance models than
radiance models have been developed in the past. The irradiance on an inclined surface
can be calculated from the horizontal measurements without a sky radiance distribution,
as can be seen in the next section. However, there exist some sky radiance models, for
example, the Brunger and Hooper (1993) model which is based on the radiance
measurements in Toronto, Canada, during 1983-84. The sky radiance of the Brunger and
Hooper model is defined by the equation

a,+a, snd_+a,exp(—a
R(HP,Z,y):Gd 0T P , exp(—a5y) 1

— 92
ma, +2a,/3) +2a,B(Z,a,) & (92)

where the coefficients &, &, &, and a depend on the cloud ratio D and the clearness
index k and

1+exp(-a,r/3)
aZ+4

21~ exp(-aym)] d2zsinz -0.027sin22]) .

U]
(r-d- 8,1+ exp(-a,77/2)| [

B(Z,a,) =

(93)

Brunger and Hooper (1993) claimed that the CIE overcast sky model exaggerates the
horizon to zenith luminance gradient. According to them, the overcast sky zenith
luminance is only twice the luminance of the horizon. This means that the constant b in
egn (61) should be closeto 1 and not b = 2, asit isin the CIE overcast sky model.
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4.3 Slope irradiance models

As explained before, the dope irradiance on an inclined surface can be calculated
without a sky radiance distribution by a slope irradiance model. The difference between
the slope irradiance models and the sky radiance models is illustrated in Fig. 3. With a
slope irradiance model, the slope irradiance is calculated from the horizontal irradiance
measurements without the generation of a sky radiance distribution.

Horizontal irradiance measurements

Sky
radiance
model

Slope
irradiance
model

Sky radiance
distribution

Sky radiance
Integration

\ 4
Diffuse irradiance on inclined surface

Fig. 3. Comparison of aslope irradiance and a sky radiance distribution model.
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The simplest slope irradiance model is obviously the isotropic model. The irradiance on
an inclined surface in the isotropic model is calculated from egn (14) presented in
section 2.1.2. The four other slope irradiance models used in the comparisons of section
4.5.2 are presented in the next four sections.

4.3.1 The Hay model

Generally, the circumsolar area of the sky is brighter than the sky on average. This
circumsolar anisotropy is more pronounced under clear sky conditions. To account for
the circumsolar anisotropy, Hay (1979) used an anisotropy index A, to weight the

circumsolar and the isotropic irradiance components. The anisotropy index A is defined
by the equation

A =G/ Go, (94)

where Gy, is the horizontal beam and Gy is the horizontal extraterrestrial irradiance. The
diffuse irradiance on an inclined surface in the Hay model is given by

Gyi =Gqg[(1-A) (L +cosp)/2+A cos@/sinGy. (95)

4.3.2 The Raindl model

The model of Reindl & al. (1990) adds a horizon brightening diffuse term to the Hay
model. The magnitude of the horizon brightening is controlled by a modulating function
fr, which is defined by the equation

=G TG )
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The modulating function fg is multiplied by the horizon brightening correction term of
sin*(8/ 2) used in the Temps and Coulson model. Thus, the diffuse irradiance on an
inclined surface in the Reindl model can be calculated from the equation

Gai =Gy [(1-A) (L+frsin’(B/2)) (L+cosPB)/2+A cosf | sinéy. (97)

4.3.3 The Klucher model

In the Klucher (1979) model, the circumsolar and the horizon brightening are controlled
by a different modulating function Fg, which is defined by the equation

Fx=1-(Gy/ G)> (98)
The diffuse irradiance on an inclined surface in the Klucher model is given by

Ggi = Gg (1 + cos B) [1+ Fx sin*(8/ 2)] (1 + Fx cos’4 cos’6y) [ 2 (99)
4.3.4 The Perez model
In the slope irradiance model developed by Perez & al. (1986), the circumsolar and the
horizon/zenith anisotropy are controlled by the coefficients F'; and F',, respectively.
These coefficients are functions of the sky’s clearness &, the sky’s brightness 4, and the

solar zenith angle &,, which were defined in section 3.4.3. The diffuse irradiance on an
inclined surface in the Perez model is given by

Gai=Ga[(1-F1) (L+cospP/2+F1Q+Fosnf] (100)

where theratio Q is defined as

Q=max [0, cos 4] / max [sin5°, sin &]. (101)



The coefficients F'; and F'» can be determined as a function of & 4, and & with a table
of 48 experimental coefficients. This table has been revised several times by Perez & al.
(1987b, 1990), as the model has been validated at different locations. The coefficient
table used in the comparisons of section 4.5.2 is the same as in the TRNSY S simulation
program version 14.1 (University of Wisconsin, 1994), see Appendix B.

4.4 Comparisons of sky models with luminance measurements

Perez & al. (1992) compared different luminance models with the measurements made
in California, 1985-86. The sky luminance distribution was measured more than 16000
times at 186 different points of the sky. From the sky models presented in the previous
sections, the Perez-CIE model, the Brunger and Hooper model, and the Perraudeau
model were included in this comparison. The Perez-CIE model and the Brunger and
Hooper model agreed best with the measurements. In fact, an average ideal sky fitted to
the measurements was not much better than either of these models. On the other hand,
the Perraudeau model was the worst of the six models in this comparison. The
Perraudeau model is based on measurements at only a few points in the sky, so the
interpolation between these points can produce great errors. Perez & al. (1992)
concluded, that the models that include sky’'s clearness (clear-overcast) and sky's
brightness (thin-thick cloud cover) gave the best results in the comparison.

Perez & a. (1993a) compared the Perez all-weather model with other sky luminance
models and with the measurements made in California, 1985-86. As could be expected,
the Perez all-weather model agreed best with the measurements, since the coefficients of
the model are based on the same measurements. An average ideal sky fitted to the
measurements was only marginally better than the Perez all-weather model. The
Perraudeau model fit much worse than the Perez all-weather model.

Kittler and Valko (1993) compared the CIE overcast sky luminance model with the
radiance measurements made in Switzerland and Spain. The radiance values of the CIE
overcast sky models fit very well the measurements. This could indicate that there is no
real difference between the sky luminance and radiance distributions.

Ineichen & a. (1994) compared seven different sky luminance models with the
measurements made in Japan, the United States, England, and Switzerland. In this
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comparison, the Perez all-weather model and the Brunger and Hooper model agreed best
with the measurements. The Perraudeau model was the worst of the tested models.

Enarun and Littlefair (1995) compared eight different overcast sky luminance models
with measurements made in Southern England, 1992. The CIE overcast sky model
agreed best with the measurements, and the Perez-CIE model was the second best. The
Perraudeau model was the second worst.

Littlefair (1994) compared seven different sky luminance models with the measurements
made in Southern England, 1992. The sky luminance distribution was measured 6399
times at 145 different points of the sky. From the models presented in the previous
sections, the Perez-CIE model agreed best with the measurements in Littlefair's
comparison. The Perraudeau model was again the worst. Surprisingly, the Perez all-
weather model did not fit well to the measurements. This could be due to the fact that
the coefficients of the Perez all-weather model are based on the measurements in one
location, and they are not necessary applicable to other locations.

4.5 Comparison of sky models with irradiance measurements

As was seen in Fig. 3, the irradiance (or illuminance) on an inclined surface can be
calculated with a slope irradiance or a sky radiance distribution model. Conversely, the
irradiance measurements on inclined surfaces can be used to validate the various slope
irradiance and sky distribution models. In this section, a comparison of the various
models of sections 4.2 and 4.3 is presented.

45.1 Irradiance measur ements

The irradiance measurements were made on 24 inclined surfaces on the roof of a high-
rise building with no obstructionsin Turku, Finland (60°27'N, 22°18'E). The horizontal
global and diffuse irradiances and the ground albedo were measured with Eppley PSP
17750 pyranometers and a Kipp & Zonen CM 121 type shadow ring with a radius of
240 mm and a width of 52 mm. The shadow ring was adjusted weekly according to the
declination of the sun.

Simultaneously with the horizontal irradiance measurements, the total irradiance on 24
inclined surfaces was measured with a multipyranometer device (Nurkkanen &
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8 temperature calibration sensors, a pressure sensor, the sensor body and its protecting
cover inside a vacuum glass dome, and a cooling system. One irradiance sensor consists
of a copper-coated insulating sheet with the sun-absorbing face painted black (3M Black
Velvet), and a temperature sensor chip (AD 590) connected to the absorbing sheet. The
irradiance sensors and the temperature calibration sensors were connected to the sensor
body. One of the irradiance sensors measured the horizontal global irradiance (ZEN),
and the remaining 24 were oriented to the south (S), southwest (SW), west (W),
northwest (NW), north (N), northeast (NE), east (E), and southeast (SE), with three
different inclination angles (30, 60, and 90 degrees) in each direction. The temperature
& al. (1985). The horizontal irradiance sensor (ZEN) values were used to calibrate the
multipyranometer measurements with the Eppley pyranometer horizontal irradiance
measurements. All the measurements were made at one minute intervals throughout the
year 1989. The data was stored in the memory of a PC, and the measurements were
averaged every hour. The horizontal diffuse irradiance measurements were corrected
using the shadow ring correction of egn (25) and the Perez all-weather model was used
for the calculation of the sky radiance. The horizontal beam irradiance values were
obtained by subtracting the corrected diffuse values from the measured global values.

4.5.2 Results of the comparisons

The hourly measured total irradiances on 24 inclined surfaces were compared with the
respective computed values for five dope irradiance models (including the isotropic
model) and six sky distribution models (Vartiainen, 2000a). Only hours for which the
solar altitude was above 5° and the global horizontal irradiance above 5 W/m? were
used. Moreover, clearly erroneous measurements, e.g. the beam or the diffuse irradiance
values greater than the global irradiance, were excluded. A total of 2420 hours
throughout the year 1989 were qualified for the comparison.

Two common statistical indicators were used for the comparison: the relative mean bias

difference MBD and the relative root mean square difference RMSD. The MBD is
expressed as
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: (102)

where j is the ordinal number of the hour, nis the number of hours, G; ¢ is the computed
total irradiance of the hour j, and Gj , is the measured total irradiance of the hour j.

The RMSD is determined from the equation

RMSD = (103)

The MBD values for al the surface orientations and for al the slope irradiance and sky
distribution models are presented in Table 12, and the corresponding RMSD values are
presented in Table 13. The average MBD of the 24 surface orientations is lowest for the
Reindl slope irradiance model. However, the average MBD of all directions is not a
good performance indicator, since a high MBD for one orientation can be cancelled out
by an opposite high MBD for another orientation. For example, the average MBD is
lower for the isotropic model than for five of the six sky distribution models, but the
individual MBD for almost every orientation is higher for the isotropic model than for
any of the sky distribution models. Moreover, al the sky distributions models have a
lower MBD than the Reindl model for most surface orientations.

The average RMSD of the 24 surface orientations is lowest for the Perez all-weather sky
model. For 18 of the surface orientations, the Perez all-weather model has the lowest
RMSD. However, the average RMSD for the Perez all-weather sky model is only 1.5
percentage points lower than for the Perez slope irradiance model which is clearly the
best of the slope irradiance models. In addition to the Perez all-weather model, the
Littlefair and the Perez-CIE |luminance models, and the Brunger radiance model have a
dlightly lower average RMSD than the Perez dope irradiance model. The CIE
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clear/overcast and the Perradeau models have a higher average RMSD than the Perez
slope irradiance model.

Of the slope irradiance models, the Perez model has the lowest RMSD for all but one of
the surface orientations. The Klucher model is amost as good as the sky distribution
models for al the southern surface inclinations. But for the northern inclinations, the
RMSD for the Klucher model is even higher than for the isotropic model. The average
RMSD for the Klucher model is 8.6 percentage points higher than for the Perez slope
irradiance model. It can be seen from egn (99) that the diffuse irradiance for the Klucher
model is always greater than or equal to that for the isotropic model. In reality, the sky
radiance should be lower in the north than on the average. This is evidenced by al the
other models, which have a significantly lower MBD than the isotropic model for the
northern surface inclinations.

Table 12. The measured average total irradiance (W/m?) for al the surface orientations
and the MBD (as % of the measured average) for the five dope irradiance models and
the six sky distribution models

(T T
Meas. Sl ope irradi ance nodel s Sky distribution nodels

Oien- ave [ (I

tation Wnf Isotr Hay Reind Kluch Perez C/Cc Perra P-CIE PerAWLittl Brung
(T

S30 278 -7.2 -4.5 -4.3 -2.8 -3.2 -3.4 -2.3 -0.8 -1.8 -1.9 -2.9
SWB0 262 -6.2 -4.2 -4.0 -1.9 -3.5 -3.3 -2.3 -1.5 -2.2 -2.3 -3.2
W30 223 -2.5 -2.7 -2.4 1.2 -3.5 -2.1 -1.5 -2.6 -2.4 -2.5 -3.0
NWBO 178 4.7 0.9 1.2 7.3 -2.0 1.0 1.3 -2.4 -1.0 -1.4 -1.1
N30 157 12.8 7.1 7.4 14.6 3.2 6.7 6.9 1.8 3.8 3.2 3.9
NE30 185 3.1 -0.3 0.0 5.7 -2.6 -0.2 0.3 -2.8 -1.7 -2.3 -2.0
E30 223 -0.8 -0.8 -0.6 3.0 -1.0 -0.3 0.6 0.1 -0.0 -0.5 -0.8
SE30 265 -6.2 -4.1 -3.9 -2.0 -3.1 -3.2 -2.1 -1.0 -1.9 -2.1 -2.9

S60 257 -8.7 -4.5 -3.3 -3.0 -2.5 -2.8 0.0 1.6 -0.1 -0.6 -2.3
SW60 232 -5.0 -1.5 -0.1 1.1 -0.5 -0.0 2.7 3.0 2.0 1.5 -0.3
W50 184 0.1 0.5 2.3 6.3 -1.0 1.4 4.0 0.9 1.3 0.7 -0.7
NWs0 124 13.6 7.1 9.6 19.4 1.5 7.1 10.0 0.9 3.8 2.3 2.0
NGO 101 15.0 2.1 5.2 20.1 -6.2 2.4 5.6 -7.3 -3.2 -5.3 -4.7
NE60O 140 3.4 -2.0 0.3 8.6 -6.1 -2.0 0.8 -6.3 -4.3 -5.9 -6.0
EGO 208 -8.4 -7.8 -6.3 -2.8 -8.2 -7.1 -44 -6.2 -6.3 -7.3 -8.2
SE60 244 -8.3 -4.8 -3.5 -2.5 -3.2 -3.4 -0.6 0.3 -1.0 -1.7 -3.2

S90 196 -12.5 -8.0 -4.9 -5.6 -5.8 -5.3 -1.0 -0.1 -2.1 -3.0 -5.6
SW80 183 -10.9 -6.9 -3.7 -3.5 -6.2 -4.8 -0.5 -1.2 -2.4 -3.2 -5.8
V0 145 -4.3 -3.3 0.9 4.3 -5.3 -2.0 2.7 -2.0 -1.5 -2.8 -4.9
N80 90 12.2 5.8 12.5 23.3 -0.4 5.9 12.4 -0.5 3.2 0.4 -0.4
NSO 75 12.9 0.6 8.6 24.9 -8.3 -0.1 7.4 -10.0 -4.8 -8.8 -8.3
NESO 110 -3.7 -8.3 -2.9 5.5 -13.0 -85 -2.9-12.4 -10.0 -12.6 -13.1
E9O0 166 -14.3 -13.1 -9.5 -6.8 -13.8 -12.1 -7.6 -10.7 -10.8 -12.3 -13.8
SE90 198 -15.6 -11.8 -8.8 -8.8 -10.2 -9.8 -5.6 -5.6 -7.0 -8.1-10.2
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Average 184 -1.5 -2.7 -0.4 4.4 -4.4 -1.9 1.0 -2.7 -2.1 -3.2 -4.0

Isotr = Isotropic, Hay = Hay, Reind = Reindl, Kluch = Klucher, Perez = Perez slope
irradiance model; Cl/Oc = CIE clear/overcast, Perra = Perradeau, P-CIE = Perez-CIE,
PerAW = Perez dl-weather, Littl = Littlefair sky luminance model; Brung = Brunger

sky radiance model.
AT AAAAAAAARD

Therelatively smple Reindl and the Hay models tend to underestimate the irradiance on
all southern surface orientations, and overestimate it on the northern orientations. This
trend is similar to the isotropic model. The average RMSD for the Hay and the Reindl
models is about 5 percentage points higher than for the Perez slope irradiance model.
Also, the Perradeau sky model has a clearly higher RMSD than the Perez slope
irradiance model which may be due to the fact that the model is based on luminance
measurements at relatively few points of the sky.

Table 13. The measured average total irradiance (W/m?) for al the surface orientations
and the RMSD (as % of the measured average) for the five slope irradiance models and
the six sky distribution models

(T T
Meas. Sl ope irradi ance nodel s Sky distribution nodels

Oien- ave [ (I

tation Wnf Isotr Hay Reind Kluch Perez C/Cc Perra P-CIE PerAWLittl Brung
(T

S30 278 12.6 9.4 9.2 7.2 7.6 7.5 6.9 6.6 6.4 6.6 7.1
SWB0 262 13.4 9.1 8.9 7.4 7.2 6.8 6.3 5.6 5.6 5.6 6.7
VB0 223 13.9 9.8 9.7 10.1 7.6 7.6 7.6 7.0 6.5 7.0 7.5
NWBO 178 14.0 11.1 11.2 15.2 8.0 8.4 9.3 8.9 7.4 8.4 7.7
N30 157 21.6 14.5 14.9 23.7 9.0 12.0 12.6 8.3 8.6 8.6 9.1
NE30 185 16.4 10.8 10.9 15.7 7.4 8.7 9.1 7.6 7.2 7.4 8.0
E30 223 14.3 9.0 9.0 11.8 6.3 7.4 7.6 6.4 6.0 6.0 6.8
SE30 265 12.6 8.7 8.5 7.3 6.6 6.8 6.3 5.9 5.6 5.8 6.4

S60 257 16.8 12.1 11.0 9.8 9.3 9.5 8.5 9.2 7.9 8.5 8.7
SW60 232 17.8 12.2 11.8 12.3 9.2 10.3 10.1 10.1 8.6 9.4 9.1
W50 184 22.3 14.9 15.2 19.0 9.6 11.9 12.9 10.1 8.9 9.9 10.2
NWs0 124 30.2 21.5 23.5 33.8 11.3 16.8 20.2 13.0 11.6 13.0 11.7
NGO 101 34.3 27.9 29.2 39.2 16.0 17.5 23.3 16.3 13.8 16.8 14.8
NE60O 140 28.1 20.4 20.7 27.4 13.5 14.8 17.3 13.2 12.2 13.6 14.1
EGO 208 26.2 19.2 18.1 19.1 15.8 15.3 15.3 13.9 13.8 14.1 15.9
SE60 244 19.5 13.4 12.4 12.5 9.9 10.4 9.8 9.5 8.5 8.9 9.8

S90 196 22.6 17.6 14.9 14.4 14.1 13.2 12.0 12.4 11.1 11.8 12.9
SW80 183 27.0 18.9 16.7 19.5 15.2 14.5 14.1 13.1 12.3 12.5 14.8
V0 145 29.3 20.2 19.7 25.0 14.7 15.1 16.9 13.3 12.2 12.9 15.0
N80 90 32.7 26.3 31.1 42.2 15.8 21.0 27.4 18.6 16.6 18.4 16.4
NSO 75 38.3 33.8 37.7 50.3 20.5 21.2 31.2 20.4 17.9 21.4 19.9
NESO 110 38.5 30.7 30.1 37.8 25.3 24.3 27.0 23.5 23.0 23.9 25.9
E9O0 166 35.9 27.2 24.6 28.3 23.9 21.9 21.8 20.2 20.5 20.5 23.7
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SE90 198 29.1 21.6 18.5 20.4 18.0 16.3 15.1 14.2 14.3 14.4 17.3

Average 184 23.6 17.5 17.4 21.2 12.6 13.3 14.5 12.0 11.1 11.9 12.5

Isotr = Isotropic, Hay = Hay, Reind = Reindl, Kluch = Klucher, Perez = Perez slope
irradiance model; CI/Oc = CIE clear/overcast, Perra = Perradeau, P-CIE = Perez-CIE,
PerAW = Perez dl-weather, Littl = Littlefair sky luminance model; Brung = Brunger
sky radiance model.

The results of this study are, of course, valid only at the location (Turku, Finland) where
the measurements have been made. For example, the type and amount of clouds at the
particular location have a great effect on the incoming solar radiation. To obtain
conclusive evidence on the ranking of the various models, the study should be repeated
for several locations with complete irradiance data. However, as seen in the previous
section, several comparisons with measurements by other authors have been favourable
to the Perez all-weather model, which was the best sky distribution model in this study.

Considering the experimental error of the irradiance measurements (+ 1-2%), the
differences between the sky distribution models and the best slope irradiance model are
rather small. Only the Perez all-weather sky luminance model would appear to have a
significantly lower RMSD than the Perez dope irradiance model. Therefore, for yearly
total irradiance calculations, the relatively simple Perez slope irradiance model is
recommended. However, for the hourly interior daylight calculations, the whole sky
luminance distribution has to be known, and the Perez all-weather model seems to be
the most accurate model for that purpose.

4.5.3 Comparison of computed diffuseirradiation on four vertical surfaces

As afurther assessment of the performance of the various sky models, the yearly diffuse
irradiation on south-, west-, east-, and north-oriented vertical surfaces with al the sky
models was calculated. Since the amount of beam and reflected irradiation is the same
for al the sky models on the same surface, only diffuse irradiation is considered in the
comparison. The hourly irradiance data of Helsinki-Vantaa airport in 1979 was used in
the calculations. The horizon of the surfaces was assumed to be free of obstructions. The
yearly diffuse irradiation on all four surfaces for al the sky models is presented in
Table 14.
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Compared with the Perez all-weather sky model, which performed best in the
comparison of the previous section, the Littlefair model differs less than 3% in all four
directions. Also, the Perez-CIE model and Brunger radiance model are within 6% of the
Perez all-weather model in al directions. The CIE clear/overcast model is very close to
the Perez all-weather model in the east and west, but it produces a 7% smaller diffuse
irradiation on vertical south-, and 10% greater irradiation on north-oriented surface. The
diffuse irradiation for the Perez slope irradiance model is almost 9% smaller for the
south, but within 6% of the Perez all-weather model in other directions.

Table 14. Yearly diffuseirradiation (in kWh/m?) on south-, west-, east-, and north-
oriented vertical surfacesfor different sky models, Helsinki-Vantaa, 1979
(I

Sky model South West East North
(I

Isotropic 248.9 248.9 248.9 248.9
Hay 327.8 312.4 297.3 233.7
Reindl 355.0 339.7 324.6 261.0
Klucher 312.8 308.7 304.4 289.8
Perez slope 310.9 267.2 255.0 190.4
CIE overcast 198.3 198.3 198.3 198.3
CIE clear/overcast 3115 275.7 263.5 214.9
Perraudeau 352.9 305.4 293.3 232.1
Perez-CIE 355.2 281.7 269.5 186.9
Perez all-weather 335.0 276.8 267.6 195.7
Littlefair 331.0 278.6 262.0 190.2
Brunger radiance 315.4 263.7 253.2 190.4

The Perraudeau model is worse than the isotropic model in the east and the west. The
Klucher model is even worse with the exception of the south-oriented surface. In the
north, the diffuse irradiation of the Klucher model is amost 50% greater compared with
the Perez-all weather model. This produces an error of almost 30% on the total vertical
irradiation, because there is very little beam irradiation on a north-oriented surface. The
reflected irradiation is the same for al vertical surfaces with the isotropic reflection
model. As expected, the CIE overcast model has avery low irradiation for al other than
the northern orientation, because it underestimates the sky luminance at the other
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orientations. The Hay and the Reindl models also exaggerate the irradiance on other
than south-oriented surfaces. The majority of the error occurs at very low solar atitudes.
This explains the relatively good performance of these models in the comparison of the
previous section where all hours when the solar altitude was | ess than 5° were omitted.

As emphasized earlier, the sky luminance or radiance model has a great influence on the
interior daylight illuminance distribution. Additionaly, it can affect the optimal
inclination angle for a solar collector or a photovoltaic panel. Using the Perez all-
weather sky model, the yearly maximum diffuse irradiation on a south-oriented surface
in Helsinki is achieved with an inclination angle of 25°. For the Klucher model this
angle would be about 10°, and for the isotropic model 0°. The yearly maximum total
irradiation on south-oriented surface is achieved with an inclination angle of 43° when
using the Perez all-weather sky luminance model. For the isotropic and Klucher models,
the optimal inclination angle would be less than 40°.

The yearly irradiation for various inclination angles on a south-oriented surface with
Helsinki-Vantaa airport 1979 irradiance data is presented in Fig. 4. The Perez-all
weather model was used for the sky luminance calculations and monthly average
measured ground reflectances (Table 15) for the reflected irradiance calculations. As can
be seen from Fig. 4, the top of the curve is very flat. With an inclination angle between
30° and 60°, more than 95% of the maximum possible total irradiation can be received.

Table 15. The monthly average ground reflectances gy in Helsinki, Jyvaskyla, and
Sodankyld, 1979. The reflectances are weighted with the hourly irradiance values in the
calculation of the averages.

(I

Month Helsinki Jyvéskyla Sodankyla
(I

January 0.756 0.690 0.750
February 0.780 0.685 0.733
March 0.663 0.677 0.726
April 0.157 0.514 0.587
May 0.164 0.176 0.232
June 0.181 0.183 0.149
July 0.178 0.170 0.159
August 0.195 0.176 0.154
September 0.207 0.180 0.136
October 0.234 0.185 0.471
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November 0.466 0.540 0.695

December 0.499 0.753 0.756
(T
Whole year 0.235 0.265 0.273
(T

The monthly optimal inclination angles for the diffuse, the beam, and the global
irradiation on a south-oriented surface are presented in Table 16. Helsinki-Vantaa
airport irradiance data for 1979 and the Perez all-weather sky model were used in the
calculations.
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Fig. 4. Yearly irradiation on south-oriented surface for different inclination angles,
Helsinki-Vantaa, 1979.

Table 16. The monthly optimal inclination angles (°) for the diffuse (Hg), the beam (Hp),
and the global (H) irradiation on a south-oriented surface, Helsinki-Vantaa, 1979
(T T

Month Hqg Hy H
(T T D

January 38 83 80
February 42 77 79
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March 32 62 66

April 27 47 43
May 22 32 31
June 18 24 26
July 16 28 23
August 28 40 39
September 33 58 55
October 28 71 63
November 33 80 72
December 48 83 83
(T

Whole year 25 46 43

As can be seen, the optimal inclination angle for the global irradiation is about 80° in
mid-winter, i.e., almost vertical. The solar atitude at noon isonly 7° a winter solstice in
Helsinki. On the other hand, the optimal inclination angle is only 26° in June. The solar
altitude at noon is 53° on the summer solstice in Helsinki. Therefore, the maximum
beam irradiance at noon is achieved with an inclination angle of 37° in June. However,
the optimal angle for the beam irradiation over all hoursin Juneisonly 24°.

There are some irregular variations on the optimal angle for the diffuse irradiation in
1979. Generaly, the higher the sun is, the lower the optimal angle. However, the
optimal angle for the diffuse irradiation is lower in July than it isin June. Thisis due to
the exceptionally cloudy weather in July 1979. The cloudier the sky is, the lower the
optimal inclination is, because the sky |luminance distribution is more isotropic, and the
optimal inclination for an isotropic sky is horizontal. Also, November 1979 was
cloudier than average. February, June, August, and September 1979 were clearly sunnier
than average. Therefore, the optimal inclination angle for the diffuse irradiation during
these months was higher than in an average year.
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5 INTERIOR LIGHT TRANSFER MODEL

To assess the energy savings from the use of daylight in buildings, it is necessary to
calculate the interior illuminance distribution. The illuminance is usually calculated on a
horizontal surface, e.g., on a desk or a table level. The horizontal illuminance of the
daylight entering a room can be divided into three components: the beam illuminance
Ep, the diffuse illuminance E;q, and the reflected illuminance E;,. Each of these
components will be discussed separately in the following sections.

5.1 Beam illuminance

Provided that the sun is visible to the point of reference inside the room, the interior
horizontal beam illuminance E; , of daylight can be calculated from the equation
where 1,(8) isthelight transmittance of the window with the angle of incidence 4

Ep is the horizontal beam illuminance measured outdoors (1x).
The light transmittance of the window can be calculated from the approximation of
Rivero (Bryan and Clear, 1981):

w(8) = 1.018 1,,(0) cos 8§ (1 + sin°4) (105)
where 1,(0) isthe light transmittance of the window with the angle of incidence 8 = 0.
Since usually there are no illuminance measurements available, the outdoor horizontal
beam illuminance has to be calculated from the outdoor horizontal beam irradiance Gy:

Eb = Kb Gb (106)

where Ky, is the luminous efficacy of the beam radiation (Im/W).
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To be able to determine whether the sun is visible to the point of reference in the room,
the position of the sun has to be calculated. The calculation of the solar altitude & and
the azimuth ¢@s was described in section 2.1.1. The solar azimuth relative to the azimuth
angle of the window normal, ¢s,, isexpressed as

Psw = s~ Pw (207)

where ¢y, is the azimuth angle of the window normal in radians, from south to west.

The atitude and the azimuth angles of the edges of the window, seen by the point of
reference P inside the room, are presented in Fig. 5.

Fig. 5. The altitude and the azimuth angles of the edges of the window, seen by the point
of reference P inside the room
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The sunisvisible to the point of reference P, if

6 <6<6 (108)
and  G1<Pw< (109)
where 6, isthe altitude angle of the lower edge of the window relative to the point

of reference P (in radians)

6 isthe altitude angle of the upper edge of the window relative to the point
of reference P (in radians)

i is the azimuth angle of the |eft edge of the window relative to the point
of reference P (in radians)

@2 is the azimuth angle of the right edge of the window relative to the point
of reference P (in radians).

5.2 Diffuse illuminance
The interior horizontal diffuse illuminance of daylight on the point of reference P
depends on the sky luminance and the solid angle of the window seen by the point P.

The luminous intensity |4 of atotally diffusive radiating surface to an angle 6 between
the normal of the surface and the light ray follows Lambert’s cosine law:

lg=L Scos & (110)

where Sis the area of the radiating surface (m?).

The illuminance on an infinitesimal area of the receiving surface dA is

| dAcosé,
_do _ldw _ r2 _lcosg (111)
dA dA dA r

wherer isthe distance between the radiating and the receiving surface (m).
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The illuminance dE of an infinitesimal area of the radiating surface dS on the receiving
surface dA can be calculated by uniting the egns (110) and (111):

_ dicosg _ LdScosfcos . (112)

dE=="3 g

Let us now examine the horizontal illuminance of the surface element dS of the window
at the interior point of reference P in Fig. 6. The point P is exactly on the normal of the
window crossing the lower |eft corner of the window.

ds\~8

Fig. 6. Illuminance of the surface element dS of the window at the point P.

The angle 8 between the normal of the window and the light ray can be calculated from
the equation

cosf@=z/r (113)
where z is the perpendicular distance of the point P from the window (m)
r is the distance between the point P and the surface element dS (m).

79



The angle 4 between the normal of the interior horizontal receiving surface and the light
ray can be determined from the equation

cos@=ylr (114)

where y is the vertical distance of the surface element dS from the lower edge of the
window (m).

Substituting egns (113) and (114) in egn (112) yields

zy
Lds?? _LzydS _  Lzydxdy

rz I,4 _(X2+y2+22)2

dE = (115)

where X is the horizontal distance of the surface element dS from the left edge of the
window (m).

If the luminance of the part of the sky seen by the point of reference P through the
window is assumed to be constant over the window area, the interior horizontal diffuse
illuminance E; 4 of daylight at the point P can be calculated by integrating egn (115) and
by multiplying it by the light transmittance of the window

Wiy Py

r,, Lzydxdy r,L w z w
E = W =2 (arctan—*~ - arctan L 116
rd J;J;(x2+y2 +22)2 2 ( z \/W \/W)( )

where W, is the width of the window (m)
hy isthe height of the window (m).

If the point of reference P, at which the illuminance is to be calculated, is not exactly on
the normal of the window crossing the lower left corner of the window, then the
illuminance can be calculated using the partitioning of Fig. 7 (Commission of the
European Communities, 1993).
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A D
ikkuna

P

Fig. 7. Partition of the window wall into imaginary windows, D (ikkuna) = real window.

The window wall of Fig. 7 is divided into four parts. The real window is the part D. If
the point of reference P is on the window normal crossing the lower left corner of part
B, the horizontal illuminance at the point P can be calculated from the horizontal
illuminances of the imaginary windows (A+B+C+D), (A+B), (B+C), and (B), which all
have their lower left corner at the same point:

Ep = Ea+g+c+D - Ea+s - Eg+c + Eg. (117)

If the normal of the window crossing the point of reference P were to intersect the
window, then the window area would be partitioned, and the illuminances of the parts
would be summed.

If the point of reference P were on the window normal crossing the lower |eft corner of
the part C, the horizontal illuminance at the point P could be expressed as

Ep = Ec+p - Ec, or (118)
E = TLL(;arctan W _ z arctan W )
2 2 Jz+z2 f(h, +h,)?+ 22 Jh, +h)? + 22
(119)
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where h,, isthe height between the lower edge of the window and the horizontal plane of
reference (m).

Now, in the general case of egn (117), the horizontal illuminance at the point P (Fig. 8)
can be expressed as (Vartiainen & a., 2000)

W, X
E, =% (arctan——" + arctan—)
¢ 2 h2 +2° Jhi+7? hZ +2?
+w,, — X -
- z X "W 7% L grctan—22 "y (120)
Jhy+h)?+2  (h, +h,)?+2° J(hy+h,)?+2°

where xy is the distance between the |eft edge of the window and the left wall (m)
Xp is the distance between the reference point P and the left wall (m).

Fig. 8. The room geometry for calculating the interior horizontal diffuse illuminance.
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If the window and the point P of reference are as far from the left wall of the room as
they are from the right wall, i.e., X, - Xw = Wy / 2, then

E =1 L(;arctan W - z arctan W )
S e 2fnz+22  J(h, +h,)2+2 2,/(h, +h,)? +2°

(121)

Moreover, if the lower edge of the window is on the plane of reference, i.e., hy = 0, then

w. w,
E 4 =r1,L(actan—= - _z arctan———) . (122)

2z \h?+7 2,/h? +27°

The sky luminance L is calculated at the centre of the part of the sky visible to the point
P through the window. If the point P is very near the window or the window is very big,
it may be necessary to divide the window into smaller parts and calculate the luminance
of each part separately.

5.3 Reflected illuminance

In addition to the beam and the diffuse light entering the room directly from the sky
through the window, also reflected light from the ground and the interior surfaces must
be taken into account in the calculation of the interior horizontal illuminance. If there
are no reflecting obstructions on the horizon of the window, the ceiling of the room can
receive only light reflected from the ground. Small and low obstructions can be
accounted for in the reflectance of the ground. The illuminance on the ceiling can be
derived from egn (116). The only differences are that the direction of the y-axisin Fig. 6
will be opposite, and instead of the sky luminance L the luminance Lg of the ground will
be used. If all light received on the ground reflects isotropically, then

Lo=py Bo+Ea) /Tt (123)

where gy is the reflectance of the ground.
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The walls of the room can receive both beam and diffuse light directly from the sky and
reflected light from the ground. The illuminance on the left and right wall of the room
can be calculated from egn (116) with proper rotation of the coordinate axes. However,
the illuminance on the back wall (opposite to the window wall) can not be determined
from egn (116), because the window and the back wall are parallel planes. With the
denotations of Fig. 6, the angles @and & can be calculated from the equation

cosf@=cos@=z/r=d/r (124)

where d, is the depth of the room, from the window wall to the back wall (m).

The vertical diffuse illuminance E; 4, on the back wall is determined from the equation
(IESNA, 1993)

Wy hy 2
. L
E = II ZWLZZdXdZ 5 = Tw n, arctan—__ 4+ M ean h, )
9 (XT+y" +77) 2 Jh2+7° JR2+z22 fw? + 2 W2 + 72
(125)

If the sun is visible to the point of reference on the back wall, the vertical beam
illuminance E; ,, on the back wall can be calculated from the equation

On the left and the right wall, the beam illuminanceis

where the positive sign inside the parentheses is for the right wall and the negative sign
isfor the left wall, as seen from the back wall towards the window.



When the illuminances on the ceiling and the walls have been calculated, the horizontal
reflected illuminance at the point P of reference can be obtained by using egns (116) and
(125) with proper rotation of the coordinate axes. Eqn (116) has to be used for the light
reflected from the walls, and egn (125) for the light reflected from the ceiling. If the
reflection from the interior surfaces is assumed to be isotropic, the luminance of the
surface Ls to be used instead of sky luminance L in egns (116) and (125) is

Ls= 05 (Er,bv + Er,dv) /T (128)

where ps is the reflectance of the interior surface.

To be exact, the reflected light from the floor and the window wall should be taken into
account in the calculation of the interior horizontal illuminance. However, the light
reflecting via these surfaces on the horizontal reference plane has always been reflected
at least twice, and the reflectance of the floor and the window is usually much lower
than the reflectance of the ceiling and the walls. Bigger errors are induced if the
reflections from the ceiling via the walls or from the walls via the ceiling are excluded.
Only first-order interior reflections are considered here. Another possible error source in
the calculation of the interior illuminance is the assumption of isotropic reflection from
the surfaces, particularly in the case of the beam radiation.
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6 DAYLIGHT SIMULATION MODEL DeLight

A schematic diagram of the DelLight daylight simulation model was presented in Fig. 1
(section 1). The model uses hourly horizontal global and diffuse irradiance
measurements as input data (section 2). The irradiance measurements are converted to
illuminance values by a luminous efficacy model (section 3). Six different luminous
efficacy models (section 3.4) can be used. The horizontal illuminance values are in turn
used to generate a sky luminance distribution by a sky luminance model (section 4).
Eight sky distribution models (section 4.2) can be used. Finally, the interior illuminance
distribution is calculated from the sky luminance distribution by an interior light transfer
model (section 5).

The simulation program DelLight uses a single-room model with one wall window.
Beam sunlight, diffuse skylight, and reflected light are taken into account in the
calculations. The reflection from the ground and from the interior room surfaces is
assumed to beisotropic. The interior illuminance varies greatly depending mainly on the
distance to the window. For this reason, the room is divided into two equal parts: the
front half, which is closest to the window, and the back half. Each half can be divided
further into subparts to improve the calculation resolution (Fig. 9). At each hour, the
average illuminance of both halvesis calculated. In both halves, the hourly illuminance
up to the recommended working plane illuminance level (e.g. 500 Ix) is counted as
useful daylight. llluminance over this level is counted as excess daylight, and
illuminance under this level must be supplemented by electric lighting. For example, if
the calculated daylight illuminance is 1500 Ix and the recommended working plane
illuminance is 500 Ix, then the useful daylight is 500 Ix and the excess daylight is 1000
IX. On the other hand, if the calculated daylight illuminance is 300 Ix, the useful daylight
is 300 Ix and the auxiliary electric light requirement is 200 Ix. The lighting
recommendation can be different for the two room halves.

It is possible to calculate daily, monthly, and yearly averages of the useful and the
excess daylight, and the auxiliary electric light requirement. Also, averages of diffuse,
reflected and beam illuminances in both room halves can be calculated. For parametric
studies, it is possible to vary, for example, latitude, longitude, window orientation,
window transmittance, window and room dimensions, window sill and working plane
heights, ground and room surface reflectances, and occupancy hours. To improve
calculation resolution, sky, window, and all room surfaces can be divided into as many
parts as is desired. However, calculation time is directly proportional to the number of
parts.
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Fig. 9. The division of the room into a front and a back half with subsections to improve
the calculation resol ution.

6.1 Model description

The main functions of the simulation program DeL.ight are presented in Table 17.

Table 17. The main functions of the daylight simulation program DeLight
I
1. Reading of the input datafrom a*.DAT file
2. Calculation of the view factors of the interior surfaces
3. Calculation of the monthly/daily/hourly interior horizontal illuminances
- reading of the hourly horizontal irradiance measurements from the file *.SAA
- calculation of the position of the sun
- calculation of the beam and the diffuse luminous efficacy
- determination of the sky luminance distribution
- calculation of the hourly interior horizontal illuminances
- calculation of the hourly useful and excess daylight, and auxiliary electric light
- printing of the hourly interior illuminance distribution to a*.DST file (optional)
- calculation of the monthly/daily/hourly averages
4. Printing of the monthly/daily/hourly averages to the screen and to a*.OUT file
5. Printing of the monthly/daily/hourly averagesto a*.GRF file

87



(T
6.2 Input data

The input data of the program is stored in a*.DAT file. An example of the input file is
presented in Table 18. The input datais given in the form required by the graphical user
interfaces MENU (Vartiainen & Surakka, 1994), MENUWIN (Rautapds, 1995), and
WEBMENU (Mikkola, 2000). The input data is grouped by the subject. Before each
group, there is a line with an asterisk and the name of the input data group. On each
input data line, the input data value is first and then the name of the input data item. All
input data items are explained in detail by groups in the following sections.

Table 18. An example (HKIS.DAT) of theinput file for the simulation program DeLight

(T T T
*WEATHER DATA

HKI 79AW SAA WEATHER FI LE
*SI TE DATA
60. 32 NORTHERN LATI TUDE degrees
-24.97 WESTERN LONG TUDE degrees
- 30. 00 TI ME ZONE LONG TUDE degr ees
0. 00 ORI ENTATI ON OF W NDOW (west from sout h) degrees
90. 00 I NCLI NATI ON ANGLE degrees
* MODEL DATA
3 LUM NOUS EFFI CACY MODEL(1=Const, 2=Litt, 3=Perez, 4=0 se, 5=Chung)
6 SKY MODEL( 1=l sot, 2=Cc, 3=Cl / Cc, 4=Perr, 5=Per ez, 6=AW 7=Li t t, 8=Br un)
1 VEI GHT TYPE( 1=nebul osi ty, 2=sunshi nep, 3=cl oudr ati o, 4=cl oudcover)
1 RADI ATI ON TI ME TYPE (1=l ocal sol ar, 2=st andard, 4=st andar d+30 mi n)
16 THETA- SEGMVENTS (al titude angl e)
16 PHI - SEGVENTS (azi nut h angl e)

*W NDOW DATA

0.70 NORVMAL LI GHT TRANSM TTANCE
1.44 HEI GHT OF W NDOW m
1.70 W DTH OF W NDOW m
1.10 W NDOW SI LL HEI GHT (fromroom fl oor) m
0. 85 LEFT WALL TO W NDOW EDGE DI STANCE m
1.00 MAI NTENANCE FACTOR
1 X- PARTS (wi dt h)
1 Y- PARTS ( hei ght)

*OBSTRUCTI ON DATA
0.0 DI STANCE FROM W NDOW TO OBSTRUCTI ON m
0.0 HElI GHT FROM W NDOW SI LL TO THE TOP OF OBSTRUCTI ON m
1.0 M NI MUM ALTI TUDE ANGLE FOR BEAM SUNLI GHT degrees

* REFLECTANCE DATA
LEFT (of window, seen frominside) WALL REFLECTANCE
RI GHT (of wi ndow, seen frominside) WALL REFLECTANCE
BACK WALL REFLECTANCE
CEl LI NG REFLECTANCE
FLOOR REFLECTANCE
W NDOW WALL REFLECTANCE
-0.15 GROUND REFLECTANCE(i f <0, HKI / JYV/ SOD79 nont hly averages are used)
*| NTERI OR ROOM DATA

COoOo0o0o0o
Ww~N~N~N~

.00 DEPTH m
.00 HEI GHT m
.40 W DTH m

X- PARTS (wi dt h)
FRONT OF ROOM Z- PARTS (dept h)
BACK OF ROOM Z- PARTS (dept h)
70 TABLE LEVEL HEI GHT (from room fl oor) m
CEl LI NG DEPTH PARTS
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4

CEI LI NG W DTH PARTS

(T T Table 18 continued

*TI M NG DATA
1

1
12
1
31
9
17
1.

5
*LI GHTI NG DAT

500.
300.
80.

erorooo

*BLI N

O

RPooorR

00

OWooo

10
10
5

TYPE OF SI MULATION (1=year, 2=nonth, 3=day)

FI RST MONTH

LAST MONTH

FI RST DAY

LAST DAY

BEGA N HOUR h
END HOUR h
DI FFERENCE BETWEEN SUMMERTI ME AND STANDARD TI ME h
S| MULATI ON DAYS/ WEEK d
A

FRONT OF ROOM | LLUM NANCE REQUI REMENT I x
BACK OF ROOM | LLUM NANCE REQUI REMENT I x
LUM NOUS EFFI CACY OF ARTI FI Cl AL LI GHT I mW
LI GHT LOSS FACTOR

CCEFFI Cl ENT OF UTI LI ZATI ON

ARTI FI CI AL LI GHT CONTRCL (0=cont., 1=on/off, 2=on/ part/off)
TI ME | NTERVAL OF ARTI FI Cl AL LI GHT CONTRCL

M NI MUM LAVMP PONER W TH CONTI NUOUS CONTRCL

MAXI MUM LAMP PONER W TH CONTI NUOUS CONTRCL

PART POAER FRACTI ON OF FULL POWER

SYSTEM DATA

TIME | NTERVAL OF ADJUSTI NG THE BLI NDS (0=no bl i nds)

FRACTI ON OF | NCOM NG DI FFUSE LI GHT WHEN BLI NDS ARE CLGSED

DI FFUSE FRACTI ON WHEN BLI NDS ARE OPEN

BEAM FRACTI ON WHEN BLI NDS ARE CLGOSED

USABLE FRACTI ON OF BEAM | LLUM NANCE WHEN BLI NDS ARE NOT USED

*DI FFUSER DATA

0
1.

*SNOW DATA

0

W NDOW TYPE (0=cl ear gl azing, 1=diffuser)
| SOTROPY OF DI FFUSER (1.0=totally isotropic)

SNOW PERI OD (0=of f, 1=on)
LAST MONTH OF SNOW

DAY OF SNOW MELTI NG
MONTH OF SNOW FALLI NG

FI RST DAY OF SNOW
REFLECTANCE OF SNOW

*PRINT OPTI ONS DATA

1
2

*1 LLUM NANCE

0
3
0
5
500

*ELECTRICI TY

0.

5.
15.

1

*HEATI NG AND

2.

0.

ONOITOO 01O O

04
85
0

45

.00

00

DAYLI GHT PRI NT MODE (1=daylight-artificial, 2=beamdiff-refl)
ENERGY PRI NTQUT (0=none, 1=dayl, 2=dayl +PV, 3=dayl +PV+heat +cool)
PER WHAT AREA (0=fl oor area, 1=facade area)

LANGUAGE (1=suom , 2=Engli sh)

DI STRI BUTI ON GRAPHI CS DATA

GRAPHI CS MODE (0=no graphics, 2=to file)

COLOUR SCALE (1=lin. var.,2=log var.,3=lin. fixed, 4=log fixed)
NUMERI CAL VALUES (0=no val ues, 1 = show val ues)

M NI MUM | LLUM NANCE (for fixed scal e) I x
MAXI MUM | LLUM NANCE (for fixed scal e) I x
DATA

PV EFFI Cl ENCY

AREA OF PV n2
OFFI CE ELECTRI CI TY REQUI REMENT W n2

OFF- OFFI CE HOURS PV PRODUCTI ON (0=not used, 1l=used)
COOLI NG DATA

CLEAR GLAZI NG AREA

DI FFUSE GLAZI NG AREA

OTHER GLAZI NG AREA

M NI MUM | NDOCR TEMPERATURE

MAXI MUM | NDOCR TEMPERATURE

COOLI NG TEMPERATURE

CCEFFI Cl ENT OF PERFORVANCE

HUVMAN HEAT LQAD

W NDOW HEAT TRANSFER COEFFI CI ENT W nC
WALL HEAT TRANSFER COEFFI Cl ENT W nC
NORVAL HEAT TRANSM TTANCE

cooRRR

=

89



6.2.1 Weather data

WEATHER FILE text
In the first input data group, thereis only one data item, the name of the weather file. An
example of the weather fileis presented in Table 19.

Table 19. An example (HKI179AW.SAA) of the beginning of the weather file

(T T
1979 Helsinki-Vantaa

1 1 0.0 0.0 -182 2.00
1 2 0.0 0.0 -185 2.00
1 3 0.0 0.0 -195 2.00
1 4 0.0 0.0 -205 2.00
1 5 0.0 0.0 -215 1.00
1 6 0.0 0.0 -220 1.00
1 7 0.0 0.0 -224 1.00
1 8 0.0 0.0 -229 2.00
1 9 0.0 0.0 -221  2.00
1 10 0.0 113 -21.2 200
1 11 9.9 21.3 -204 1.00
1 12 39.7 34.2 -20.3 1.00
1 13 305 375 -201 1.00
1 14 6.1 364 -200 2.00
1 15 0.0 11.3 -204 200
1 16 0.0 0.0 -20.8 2.00
1 17 0.0 0.0 -21.2 200
1 18 0.0 0.0 -21.4  2.00
1 19 0.0 0.0 -21.6  2.00
1 20 0.0 0.0 -21.8 2.00
1 21 0.0 0.0 -21.1 200
1 22 0.0 0.0 -204  2.00
1 23 0.0 0.0 -19.7 2.00
1 24 0.0 0.0 -20.3 2.00
2 1 0.0 0.0 -20.8 2.00

On the first line of the weather file, there is the year and the location of the
measurements. Thereafter, on each line, comes the hourly measured weather data. In the
first column of each line is the ordinal number of the day of the year. The ordinal
number of the hour of the day is in the second column. For example, an hour number of
16 means that the line includes the averages of the measurements between 15:00 and
16:00 hours. In the third column is the horizontal beam irradiance (W/m?), and in the
fourth column, the horizontal diffuse irradiance (W/m?). The outdoor temperature (°C)
isin the fifth column, and the wind speed (m/s) is in the sixth column. DeLight does not
require that the wind speed isincluded in the weather file.
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6.2.2 Site data
The data related to the location of the measurements is presented in this data group.
NORTHERN LATITUDE degrees

The latitude for the location is positive on the northern hemisphere, and negative on the
southern hemisphere.

WESTERN LONGITUDE degrees
The longitude for the location is positive to the west from the Greenwich meridian, and
negative to the east.

TIME ZONE LONGITUDE degrees

The standard meridian of the time zone is also positive to the west and negative to the
east of Greenwich. For example in Finland, it is -30.00° according to the Lieksa
meridian on the eastern border.

ORIENTATION OF WINDOW degrees

The orientation angle of the window normal is measured relative to due south, with
positive to the west and negative to the east. For example, the orientation angle is +90°
for awest-oriented window, and -90° for an east-oriented window.

INCLINATION ANGLE degrees
The inclination angle of the window is always 90° since it is only possible to use
vertical windows in the program.

6.2.3 Model data
In this data group are the general model parameters required by the simulation program.
LUMINOUS EFFICACY MODEL

The luminous efficacy model is an integer from 1 to 6. The numbers correspond to the
six models presented in section 3.4 asfollows:

1 = Constant luminous efficacy ( = 110 Im/W)
2 = Littlefair model

3 = Perez model

4 = Olseth and Skartveit model

5 = Chung model

6 = Muneer and Kinghorn model
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SKY MODEL
The sky model is an integer from 1 to 8. The numbers correspond to the sky distribution
models presented in section 4.2 as follows:

1 = Isotropic sky model

2 = CIE overcast sky model

3 = CIE clear/overcast sky model

4 = Perraudeau sky model

5 = Perez-CIE sky model

6 = Perez all-weather model

7 = Littlefair sky model

8 = Brunger and Hooper sky radiance model

WEIGHT TYPE
For sky models 3 and 7, a weight factor between clear and overcast skies is required. It
can be an integer from 1 to 4:

1 = Nebulosity index

2 = Sunshine probability
3 =Cloud ratio

4 = Cloud cover

RADIATION TIME TYPE
The radiation time type used in the irradiance measurements can be 1, 3, or 4:

1=Loca solar time
3 =Loca standard time
4 = Loca standard time + 30 min

The temperature and the wind speed measurements are always made in local standard
time.

THETA-SEGMENTS (ALTITUDE ANGLE)
The number of the atitude segments of the sky required for the sky luminance
distribution calculations must be an integer from 4 to 32. The recommended valueis 16.

PHI-SEGMENTS (AZIMUTH ANGLE)
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The number of the azimuth segments of the sky must be an integer from 4 to 32 that is
divisible by 4. The recommended valueis 16.

The sky luminance is always calculated in the centre of the sky segment visible to the
interior point of reference. However, this calculated luminance value has to be
normalized by the ratio of the measured horizontal diffuse illuminance to the calculated
horizontal diffuse illuminance:

L(ep!¢p)Kde
P m2nm )

J’ I L(6,9)sin@cosdd & ¢

(129)

The integral of egn (129) can normally not be determined analytically. Therefore, it has
to be calculated numerically, and the sky has to be divided into number of altitude and
azimuth segments. The accuracy of the sky luminance L, can be increased by increasing
the number of segments used in the calculation of the integral. However, the calculation
timeis directly proportional to the product of the number of the altitude and the azimuth
segments of the sky used in the calculation.

6.2.4 Window data
The input data related to the window of the room is presented in this data group.

NORMAL LIGHT TRANSMITTANCE

This is the light transmittance of the window in the direction of the normal of the
window. The light transmittance can vary considerably with the wavelength and the
incident angle of the incoming light. The value given here is the average transmittance
of different wavelengths weighted by the spectral sensitivity of the human eye. The
transmittance for other than normal incidence angles is calculated from egn (105). For
diffuse light, an average angle of incidence of 55° is used.

HEIGHT OF WINDOW metres
The height of the window is the vertical distance from the bottom to the top edge of the
glazing.

WIDTH OF WINDOW metres
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The width of the window is the horizontal distance from the left to the right edge of the
glazing.

WINDOW SILL HEIGHT metres
The window sill height is the vertical distance from the floor to the bottom edge of the
glazing.

LEFT WALL TOWINDOW EDGE DISTANCE  metres
The horizontal distance from the left wall to the left edge of the window, as seen when
looking at the window from the back of the room.

MAINTENANCE FACTOR
The maintenance factor of the window accounts, for example, for the dirt on the glazing.
It has to be between 0 and 1. The maintenance factor is 1 if the window is clean.

X-PARTS (WIDTH)

X-parts is the number of segments into which the window is divided horizontally. If the
window is very large or the reference point where the illuminance is calculated is very
close to the window, it may be necessary to divide the window into smaller parts to
improve the calculation resolution. In that case, the sky luminance is calculated
separately in the centre of each part of the sky visible through the corresponding
window part. The calculation time is directly proportional to the number of the window
parts. X-parts must be an integer between 1 and 8, the recommended valueis 1.

Y-PARTS (HEIGHT)
Y -parts is the number of segments into which the window is divided vertically. Y -parts
must be an integer between 1 and 8, the recommended valueis 1.

6.2.5 Obstruction data
The dimensions of possible exterior obstructions are given in this data group.

DISTANCE FROM WINDOW TO OBSTRUCTION metres
Thisisthe horizontal distance from the window to the obstruction.

HEIGHT FROM WINDOW SILL TO THE TOP OF OBSTRUCTION metres
Thisis the vertical height of the obstruction relative to the bottom edge of the window.
If there are several obstructions on the horizon of the window, the average distance and

94



height of the obstructions can be given here. If there are no obstructions, both this and
the previous input parameter should be 0.

MINUMUM ALTITUDE ANGLE FOR BEAM SUNLIGHT degrees

The minimum altitude angle for the beam sunlight can be given separately. The
recommended value is 1°. The horizon is seldom totally free from obstructions.
Moreover, the sky luminance models can be quite inaccurate for very low altitude
angles. The two previous input parameters override the minimum altitude angle if the
obstruction is higher than the minimum angle.

6.2.6 Reflectance data

The reflectances of the interior room surfaces and the ground are presented in this data
group.

LEFT WALL REFLECTANCE
The left wall is on the left side of the room to an observer inside the room facing
towards the window. A clean white wall typically has a reflectance of 0.70.

RIGHT WALL REFLECTANCE
The right wall is on the right side of the room to an observer inside the room facing
towards the window.

BACK WALL REFLECTANCE
The back wall is opposite to the window wall.

CEILING REFLECTANCE
A clean white ceiling typically has areflectance of 0.70.

FLOOR REFLECTANCE

The floor reflectance does not have an effect on the horizontal interior illuminance on
the desk level since only first-order interior reflections are considered in the simulation
model.

WINDOW WALL REFLECTANCE

The reflectance of the wall which is around the window is separate from the interior
reflectance of the window, which is equal to 1 - window transmittance. However, the
values have no effect because the simulation model currently takes into account only
first-order interior reflections.
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GROUND REFLECTANCE

The reflectance of the ground is the yearly average of the hourly reflectances weighted
by the measured horizontal irradiances. Snow cover strongly influences the reflectance;
reflectance during the snow season can be given separately in the Snow data group
(section 6.2.12). Another option is to use monthly average reflectances, in which case a
negative value should be given here. Predetermined monthly average ground
reflectances are only available for Helsinki, Jyvaskyld, and Sodankyla (see Table 15).
The program recognizes the location from the three first letters of the name of the
weather file:

HKI = Helsinki
YV =Jyvaskyld
SOD = Sodankyla

A good overview of the reflectances for various surfaces is given by Igbal (1983). A
value of 0.15 is recommended for typical ground surfaces.

6.2.7 Interior room data

The interior dimensions and the partition of the room are presented in this data group.
Theroom isin the shape of a parallelepiped.

DEPTH metres
The depth of the room d; is the horizontal distance from the window to the back wall.

HEIGHT metres
The height of the room hyeom is the vertical distance from the floor to the ceiling.

WIDTH metres
The width of the room Wieom 1S the horizontal distance from the left wall to the right
wall.

X-PARTS (WIDTH)

To improve the calculation resolution, both the front and the back halves of the room
can be subdivided into smaller parts (Fig. 9). The horizonta illuminance is calculated at
the centre of each subdivision, and the average illuminance in the room halves is the
average of the subdivisions. X-parts is the number of segments into which the room is
divided in width. It must be an even number from 2 to 32. The recommended valueis 8;
for very narrow rooms, 4 should be enough.

96



FRONT OF ROOM Z-PARTS (DEPTH)

The distance from the window affects the illuminance more in the front half than in the
back half of the room. Therefore, it is not necessary to divide the back half into as many
depth parts as the front half. In this way, valuable computation time is saved. The front
of room Z-parts is an integer from 1 to 31. However, the total number of Z-parts in the
front and the back halves of the room can not exceed 32. A recommended valueis 8.

BACK OF ROOM Z-PARTS (DEPTH)

Usually, the back half of the room requires only half as many subdivisions as the front
half. A recommended value is 4; integers from 1 to 31 are acceptable values. The total
number of Z-partsin the front and the back half of the room can not exceed 32.

TABLE LEVEL HEIGHT  metres

The horizonta illuminance is always calculated on a desk or table level. The table level
height is the vertical distance from the floor to the top of the table. The window sill
height should be above or at the same height as the table level. The window area below
the table level does not contribute to the horizontal illuminance on the table level
because multiple-order interior reflections are not included in the DeLight simulation
model.

CEILING DEPTH PARTS

The ceiling and the walls can aso be divided into smaller parts to improve the
calculation resolution. The ceiling depth parts is the number of the depth parts of the
ceiling (in horizontal direction from the window to the back wall) which is always the
same as the number of the depth parts for the left and the right walls. It can be an integer
from 2 to 8, a recommended value is 4. In vertical direction, the walls are aways
divided into three parts (Fig. 10): A) the area above the window head, B) the area
between the window sill and the window head, and C) the area below the window sill.

CEILING WIDTH PARTS

The ceiling width parts is the number of the width parts of the ceiling (in horizontal
direction from the left to the right wall) which is always the same as the number of the
width parts for the window wall and the back wall. It can be an integer from 2 to 8, a
recommended valueis 4.
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Window B

C

Fig. 10. The vertical division of the walls in the DeLight simulation model.
6.2.8 Timing data
In this data group, the input parameters related to the simulation time period are given.

TYPE OF SIMULATION
The type of the ssmulation time period can be:

1 =year
2 = month
3=day

FIRST MONTH
The first month of the simulation is an integer from 1 to 12.

LAST MONTH
The last month of the simulation is an integer from 1 to 12. It must be equal or greater
than the first month.

FIRST DAY
Thefirst day of the ssmulation is an integer from 1 to 31.

LAST DAY
The last day of the simulation is an integer from 1 to 31. It must be equal or greater than
the first day. The program automatically omits day numbers that exceed the number of
days in each month. Leap years are not recognized by DelLight; the weather file should
always include only 365 days. For leap years, the leap day can be deleted from the
weather file.
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BEGIN HOUR hours

The begin hour of the ssimulation should be an integer from O to 23. The program
simulates the hourly illuminances according to the calendar time. For example, if the
begin hour is 9, the first hour to be simulated is from 9.00 am to 10.00 am calendar
time. The program always converts the irradiance measurements of the weather file to
correspond to the calendar time.

END HOUR hours
The end hour of the simulation should be an integer from 1 to 24. It must be greater than
the begin hour.

DIFFERENCE BETWEEN SUMMER TIME AND STANDARD TIME hours

The possible difference of the local summer time and the local standard timeis given in
decimal hours. The most common difference is 1.00 hours. The summer time is
observed from the beginning of April to the end of October. For example, if the begin
hour of the smulation period is 9, and the end hour is 17, a period from 8.00 am to 4.00
pm of local standard time is simulated during the summer time. If summer time is not
observed, the difference should be 0.00.

SIMULATION DAY SWEEK days

The simulation days/week is an integer from 1 to 7. For example, the program can be
made to omit weekends from the simulations, in which case this value should be 5. The
program always assumes that the first day of the ssmulation is Monday.

6.2.9 Lighting data

FRONT OF ROOM ILLUMINANCE REQUIREMENT Ix

The illuminance requirement for the front half of the room is the average of the room
half. If the hourly daylight illuminance in the room half falls under this requirement, the
shortage must be provided by electric lighting. A typical value is 500 Ix.

BACK OF ROOM ILLUMINANCE REQUIREMENT Ix
A typical illuminance requirement for the back half of the room is 300-500 Ix.

LUMINOUS EFFICACY OF ARTIFICIAL LIGHT Im/W
The luminous efficacy of the electric light is constant in both luminaires of the room. A
typical valueis 15 Im/W for incandescent light and 80 Im/W for fluorescent light.

LIGHT LOSS FACTOR
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The light loss factor LLF is used in lighting calculations as an allowance for lamps or
luminaires operating at other than rated (initial) conditions and for the depreciation of
lamps, light control elements, and room surfaces to values below the initial or design
conditions (IESNA, 1993). A typical valueis 0.90.

COEFFICIENT OF UTILIZATION

Coefficient of utilization CU is the ratio of luminous flux from a luminaire received on
the table level to the luminous flux emitted by the lamps of the luminaire (IESNA,
1993). A typical valueis 0.50.

ARTIFICIAL LIGHT CONTROL
Thetype of the artificial light control is an integer from 1 to 3:

1 = continuous dimming

2 = on/off control

3 = on/part/off control
In case of an ideal continuous artificial light dimming system, the hourly electric
lighting power consumption Py per unit floor area for each room half (if the hourly

daylight illuminance Egay is less than the lighting requirement E; in the room half) can
be cal culated from the equation

Pa = (Eve - Esey) / (Ka - LLF - CU) (130)

where Kg isthe luminous efficacy of the electric light.

For an on/off control system, if the daylight illuminance is less than the lighting

requirement,

Py = Ereq/ (Kg - LLF - CU). (131)

For an on/part/off control system where the part power of electric light is pp times the

full power, if the daylight illuminance Eqayi isin the range of (1 - pp) - Ereq < Edayl < Ereg,
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Py =pp - Ereq/ (Kg - LLF - CU). (132)

If Egayt < (1 - pp) - Ereq, then the power Py is calculated from eqn (131).

TIME INTERVAL OF ARTIFICIAL LIGHT CONTROL hours

It is possible that the artificial lighting is not adjusted every hour according to the
daylight illuminance. In that case, Py remains the same as it was the previous hour,
unless the daylight illuminance has fallen under the required level, in which case the
electric light power is increased accordingly. The simulation program automatically
adjusts the electric light power at the first occupancy hour of each day, and thereafter,
according to the time interval of the artificial light control which has to be an integer
between 1 and the number of occupancy hours during the day (= end hour - begin hour).

MINIMUM LAMP POWER WITH CONTINUOUS CONTROL

In egn (130), it was assumed that the continuous dimming system is ideal. However, in
reaity, the electric ballast of the dimming system consumes some power even if the
electric light is totally dimmed off. A typical value for the minimum lamp power with
continuous control system as a fraction pmin of the full power of the ideal dimming
systemis0.10.

MAXIMUM LAMP POWER WITH CONTINUOUS CONTROL

The maximum lamp power with continuous control system is pmax times the full power
of the ideal dimming system. A typical value for pmax is 1.10. If the lamp power is
assumed to be a linear function of the required electric light illuminance requirement,
Py can be calculated instead of egn (130) from

Pa = [(pmin - Ereq + (Pmax - pmin) (Ereq - Egay)] / (Ka - LLF - CU). (133)

If pmin =0 and pmax = 1.00, egn (133) reduces to the ideal case of egn (130).

PART POWER FRACTION OF FULL POWER

The part power fraction pp of the full power is used for the on/part/off control system. A
value of 0.5 corresponds to a on/haf/off control system. This could be easily
implemented with aluminaire of two identical lamps and two switches.

6.2.10 Blind system data
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TIME INTERVAL OF ADJUSTING THE BLINDS

The beam sunlight is often unwanted because it causes glare to the occupants. The beam
sunlight can be reflected back, e.g., by Venetian blinds. The simulation program
automatically adjusts the blinds at the first occupancy hour of each day, and thereafter,
according to the time interval of adjusting the blinds which must be an integer between
0 and the number of occupancy hours during the day (= end hour - begin hour). If the
time interval is more than 1, the blinds are left in the same position as they were the
previous hour, unless they have to be closed because of beam sunlight entering the
room. The blinds are always adjusted between to positions. open, which lets maximum
daylight; and closed, which lets minimum daylight through the window. If a time
interval of O isgiven, no blinds are used in the window.

FRACTION OF INCOMING DIFFUSE LIGHT WHEN BLINDS ARE CLOSED

The fraction of incoming diffuse light through the window, when the blinds are closed,
must be between 0 and 1. For ideally closed Venetian blinds letting through a maximum
amount of daylight through the window, atypical vaueis 0.25. The value given for this
input data item is used every hour when beam sunlight would be entering the room if the
time interval of adjusting the blinds is not 0. This same value is applied both for the
diffuse and the ground-reflected daylight. A value for totally closed blindsis 0.00.

DIFFUSE FRACTION WHEN BLINDS ARE OPEN

The fraction of incoming diffuse light through the window, when the blinds are open,
must be between O and 1. For idedly opened Venetian blinds letting through a
maximum amount of daylight through the window, a typical value is 0.75. The value
given for thisinput dataitem is used every hour when there is no beam sunlight entering
the room room if the time interval of adjusting the blinds is not 0. This same value is
applied both for the diffuse and the ground-reflected daylight. A value for totally lifted
blindsis 1.00.

BEAM FRACTION WHEN BLINDS ARE CLOSED

The fraction of beam sunlight through the window, when the blinds are closed, must be
between 0 and 1. Normally, it is 0.00. The value given for this input data item is used
every hour when beam sunlight would be entering the room room if the time interval of
adjusting the blindsis not 0.

USABLE FRACTION OF BEAM ILLUMINANCE WHEN BLINDS ARE NOT USED
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The usable fraction of beam illuminance, when blinds area not used, must be between 0
and 1. Normally, it is 1.00. The value given for this input data item is used every hour if
the time interval of adjusting the blindsisO.

6.2.11 Diffuser data

WINDOW TYPE

If the window type is 0, the window is made of normal clear glazing. If the window type
is 1, diffusive glazing is used. In the latter case, the window diffuses ideally all beam,
diffuse, and ground-reflected daylight coming through the window.

ISOTROPY OF DIFFUSER

In case of anisotropically diffusing ideal diffusive glazing, the isotropy of the diffuser is
1.00. For an idedl diffusive glazing diffusing al daylight downwards, this value is 2.00.
For an ideal diffusive glazing diffusing all daylight upwards, this value is 0.00. The
isotropy of the diffuser must be between 0.00 and 2.00.

6.2.12 Snow data

SNOW PERIOD

It is possible to use a different ground reflectance than given in data group 6 for the
period when there is snow in the ground. If the snow period is 0, this option is off. If the
snow period is 1, the snow period option is on.

LAST MONTH OF SNOW
The last month of snow is the month when the permanent snow cover melts. It must be
an integer from 1 to 12.

DAY OF SNOW MELTING
This is the day in the month given above when the snow melts. It must be an integer
from 1 to 31 and not greater than the number of daysin the given month.

MONTH OF SNOW FALLING
This is the month when the permanent snow cover falls on the ground. It must be an
integer from 1 to 12.

FIRST DAY OF SNOW
This is the day when the first snow falls on the ground. It must be an integer from 1 to
31 and not greater than the number of days in the given month. Moreover, the first day
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of snow must be alater date than the day of snow melting because the winter is assumed
to begin in the autumn and end in the spring.

REFLECTANCE OF SNOW

The reflectance of snow must be between 0 and 1. This value is used for the ground
reflectance during the snow period if the snow period valueis 1. A typical reflectance of
snow value is between 0.60 and 0.80.

6.2.13 Print options data

DAYLIGHT PRINT MODE

This parameter determines the print mode of the calculated average interior
illuminances. If it is 1, the average useful daylight, surplus daylight (in excess of the
lighting requirement), and electric light illuminances will be printed. If the daylight print
mode is 2, the average beam, diffuse, and reflected daylight illuminances will be
printed.

ENERGY PRINTOUT

It isalso possible to print out the corresponding average lighting electricity consumption
values (energy printout = 1). If energy printout = 2, also the photovoltaic electricity
production of the optional PV panelsin the facade will be printed, and with a value of 3,
the auxiliary heating and cooling energy requirements are also printed. With a value of
0, no energy printout is made.

PER WHAT AREA
This parameter value is O if energy printout is made in Wh per floor area, and 1 if it is
made in Wh per facade area.

LANGUAGE
This parameter determines the language of the program printouts. A value of 1 is for
Finnish, and 2 for English.

6.2.14 llluminance distribution graphics data

GRAPHICS MODE
If an interior illuminance distribution file is wanted, the graphics mode should be 2,
With a value of 0, no illuminance distribution file is printed. The value 1 (run-time
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graphics) is not in use in the www-version of DeLight. The illuminance distribution file
(.DST) can be later viewed with the DOS-program PALETTI (Pyykkonen, 1997).

COLOUR SCALE

The colour scale for the interior illuminance distribution can be an integer between 1
and 8. The values 1-4 correspond to the following black and white scales with 16
different shades of grey between minimum and maximum illuminances:

1 = linear scale with the minimum and maximum determined from .DST file

2 = |logarithmic scale with the minimum and maximum determined from .DST
file

3 = linear scale with given minimum and maximum illuminances

4 = logarithmic scale with given minimum and maximum illuminances

Values 5-8 correspond to the values 1-4 with a 256-colour graphic mode.

NUMERICAL VALUES
The numerical values parameter determines whether the numeric values of the
calculated illuminances in each cell and the gridlines between the cells are shown in the

graph:

0 =no numerical values or gridlines are shown
1 = the numerical values and gridlines are shown
2 = no numerical values or gridlines are shown, nor border lines of the room

MINIMUM ILLUMINANCE Ix
This is the minimum illuminance given with the colour scale values 3, 4, 7, and 8.

MAXIMUM ILLUMINANCE Ix
Thisis the maximum illuminance given with the colour scale values 3, 4, 7, and 8.

6.2.15 Electricity data

In this data group, the parameters related to the optional PV panels in the facade are
presented. These parameters have no effect, if energy printout < 2 (see 6.2.13).

PV EFFICIENCY
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The system efficiency of the optional PV panelsin the facade must be between 0 and 1.
A typical vaue is 0.04 for amorphous silicon (aSi) and 0.12 for crystalline silicon (c-
Si).

AREA OF PV '
The effective total area of the PV panelsis given in square metres. The total area of the
PV panels and the window must not exceed the total facade area.

OFFICE ELECTRICITY REQUIREMENT Wint

The office electricity requirement for other appliances than lighting is given in watts per
floor area of the room. A typical value is 15 W/m? for an office room with computers
constantly on during the office hours.

OFF-OFFICE HOURS PV PRODUCTION

If only the PV production during the office hours is included, this parameter value is 0.
If the PV production outside the office hoursis aso included, the valueis 1. In the latter
case, the off-office hours PV production will be added to the excess PV column in the
energy printout. This parameter does not affect the useful PV column which will be
counted only up to the hourly office electricity requirement.

6.2.16 Heating and cooling data

In this data group, the parameters related to the optional heating and cooling
calculations are presented. If energy printout < 3 (see 6.2.13), these parameters have no
effect.

CLEAR GLAZING AREA '
The clear glazing area is the transparent window area of the facade (separate from the
diffuse tranducent glazing area).

DIFFUSE GLAZING AREA m?
Thisisthe diffuse glazing area of the facade (separate from the clear glazing area).

OTHER GLAZING AREA '

This is the possible other (opaque) glazing area of the facade (separate from the clear
glazing, diffuse glazing, and other wall area of the facade). The other wall area Ayai of
the facade is calculated by substracting the clear, diffuse, and other glazing area from
the whole facade area (room width x height), i.e.,
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Awal = Wrgom Nroom - Agl,tot, (134)

where the total glazing area Ay 1t 1S the sum of the clear, diffuse, and other glazing area
of the facade. If the whole facade is made of glass, the total glazing area of the facade
should equal the room width x height, i.€., Wroom Nroom-

MINIMUM INDOOR TEMPERATURE T

This is the minimum indoor temperature Ty, for the heating calculations. If the outdoor
temperature T falls below the minimum indoor temperature T, and the interior and
solar heat gains are not enough to compensate the heat losses through the facade,
auxiliary heating energy must be provided, i.e,, if T < Tmin, the auxiliary heating energy
Qneat IS

Qheat = (Agitot Kg + Awalt Kwal) (Tmin = T) = Qsolar = Qoce = Qiight = Qappis (135)

where the heat transfer coefficient ky is for the whole glazing area and kya is for the
other wall area, Qo IS the solar heat gain, the internal heat gain Qo is for the
occupants, Qiign: is for the electric lighting, and Qappi is for the other appliances. If Onea
in egn (135) isnegative or T > Tpyn, the auxiliary heating energy is zero.

MAXIMUM INDOOR TEMPERATURE T

Thisis the maximum indoor temperature Tma for the cooling calculations. If the outdoor
temperature T rises above the maximum indoor temperature, the excess heat must be
removed by auxiliary cooling. Moreover, the possible internal heat gains and solar gains
must be removed by auxiliary cooling if the outdoor temperature is above the cooling
temperature Teoo Set in the next parameter.

COOLING TEMPERATURE T

If the outdoor temperature T rises above the cooling temperature Teo, al interna and
solar heat gains must be removed by auxiliary cooling. Assuming a mechanical central
cooling system (Santamouris and Asimakopoulos, 1996), if Teeo < T < Tmin < Trax, the
auxiliary cooling electricity Peogl IS
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I:)cool = [Qsolar + roc + Qlight + Qappl - (Agl,tot kgl + AWaII kWaII) (Tmin - T)] / COP,
(136)

where COP is the coefficient of performance of the cooling system. If Trin < T < Trax

Peool = [Qsolar + Qocc + Qlight + Qappl] / COP. (137)

If T> T, then

I:)cool = [Qsolar + roc + Qlight + Qappl + (Agl,tot I<g| + Awa]l kwaJI) (T - Tmax)] / COP,
(138)

The cooling temperature Too has to be below the maximum indoor temperature Tpax. If
the outdoor temperature T is below the cooling temperature Teool, the room is assumed to
be cooled down with outdoor air and no auxiliary cooling energy is needed.

COEFFICIENT OF PERFORMANCE

The COP determines the efficiency of the cooling system, i.e., how many Whs of excess
heat can be removed with one Wh of auxiliary cooling electricity. A typical valueis 2-4
for amechanical compression cooling system.

HUMAN HEAT LOAD W
This parameter determines the internal heat gain Qo Of the occupants. A typical value
is 100 W per occupant.

WINDOW HEAT TRANSFER COEFFICIENT Win?

This parameter determines the heat transfer ky through the glazing surface of the facade.
The same parameter is used for the clear, diffuse, and other glazing area of the facade. A
typical valueis 2.00 for a conventional three-glass window.

WALL HEAT TRANSFER COEFFICIENT Win? «C
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This parameter determines the heat transfer kyai through the other wall area of the
facade. A typical valueis0.20 for awell-insulated wall structure.

NORMAL HEAT TRANSMITTANCE

This parameter determines the solar heat flux through the light-transmitting glazing area
of the facade in normal incidence angle. A typical value is 0.50. The same parameter is
applied to both clear and diffuse glazing area of the facade.

6.3 Execution of the program and output files

It is possible to run the smulation program DeLight straight from DOS, or from the user
interface MENU, MENUWIN, or WEBMENU. The relations between the various
programs (solid line boxes) and input and output files (dashed line boxes) are shown in
Fig. 11 for the www user interface WEBMENU. With all user interfaces, the program
reads first the input (*.DAT), output (*.OUT), graphics (*.GRF), and illuminance
distribution (*.DST) file names from the file MNUFILES. Then, the input data is read
from the input file *.DAT. After the calculation of the illuminances, the
monthly/daily/hourly average values are stored in the output file *.OUT, the bar chart
graphicsfile * .GRF, and the optional interior illuminance distribution file * .DST.

After the execution of the program, the desired output can be seen on the screen, or
viewed later from the output file (*.OUT). It is also possible to print out the output file
with a printer via the user interface. The bar chart graphics of the *.GRF file can be
viewed with the DOS program PICTURES (part of MENU) or Windows program
GRAPHICS (part of MENUWIN). With the MENUWIN user interface, colour graphics
can also be printed. If the optiona interior illuminance distribution graphics mode was
set on (=2), the illuminance distribution file (*.DST) can be later viewed with the DOS
program PALETTI. Examples of the *.OUT, *.GRF, and *.DST files can be found in
Appendices C, D, and E, respectively.
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Fig. 11. The relations between the various programs (solid line boxes) and input and
output files (dashed line boxes) for the www user interface WEBMENU.

The newest and quickest option to run the program is through the www-based user
interface WEBMENU (Mikkola, 2000). The computation time for a year-round
simulation with typical input parameters presented in Table 18 isjust over one minutein
WEBMENU, with DOS version of DeLight it is about 10 minutes. However, it is not
possible to view or print out the graphics through the WebMenu. For that purpose, DOS
or Windows version of the program hasto be used.
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6.4 Verification of DeLight with illuminance measurements

To verify the daylight ssimulation model Delight, horizontal global and diffuse
irradiance were measured simultaneously with interior illuminances at three points
through the year 1996 at Helsinki University of Technology. Kipp & Zonen CM 11
pyranometers with a CM 121 shadow ring were used for the irradiance measurements.
The irradiances were measured on the roof of the Department of Engineering Physics
and Mathematics in Otaniemi, Espoo (60°11'N, 24°50’'E), Finland. The illuminances
were measured inside the same building in aroom whose depth was 4.7 m, width 4.0 m,
and height 3.0 m. The window of the room was oriented to the southwest (the azimuth
angle of the window normal was 60°). The effective width of the window glazing was
1.95 m and height 1.15 m. The lower edge of the window was 0.4 m higher than the
reference plane which was 0.7 m from the floor. The interior horizontal illuminance was
measured at a distance of 1.35 m (#1, front), 2.65 m (#2, middle), and 3.95 m (#3, back)
from the window (Fig. 12). There were no significant obstructions on the horizon of the
measurement points. YF-1065A photometers with 4% accuracy were used. One of the
meters was calibrated in the Laboratory of Measurement Science and Technology at
Helsinki University of Technology, and the other meters were compared to this one.

[EnY
N
w

window ® ©) ©

Fig. 12. The horizontal positioning of the photometers in the verification measurements
of DeLight in atest room: 1 - front, 2 - middle, and 3 - back of the room.

The irradiances and the illuminances were measured at 10 second intervals, and the
measurements were averaged and recorded into the memory of a datalogging system
every third minute. Finaly, the recorded measurements were analyzed and hourly
averages calculated.
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The measured horizontal interior illuminances were compared with the values computed
by the ssimulation program DeLight from the measured hourly irradiances. The mean
bias relative difference (MBRD) and root mean square relative difference (RMSRD)
between the computed and measured illuminance values were used as statistical
indicatorsin the comparison. The MBRD is expressed as

— )7 Ei,m
MBRD =—  —Im (134)
n

where Ej.  isthe computed illuminance (Ix) of the hour j
Eim isthe measured illuminance (Ix) of the hour j
] isthe ordinal number of the hour
n is the number of hours.

The RMSRD can be determined from the equation

i(Ej,C_Ej,m)z

2 E

RMSRD == m . (135)
n

The MBRD and the RMSRD were used instead of the MBD and RMSD because they
reflect better the performance of the model with low illuminance values, i.e., when
electric light is needed to supplement daylight. The MBD and RMSD emphasize more
the performance with high illuminances, i.e., when daylight aone is sufficient and a
relatively large error does not affect the auxiliary electricity requirement. The different
statistical indicators have been analysed by Badescu (1988) and Stone (1993).

Only the hours when the sun was above the horizon and both the measured and the
computed illuminance values exceeded 1 Ix were included in the comparison. The
ground before the window was covered by snow until 10th of April, and again after 14th
of December. During the time of snow cover, an average reflectance of 0.60 of the
ground was used in the calculations, otherwise the ground reflectance was 0.15. The
Perez luminance efficacy and the Perez all-weather sky luminance models have been
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used in the calculated illuminances. The monthly MBRDs and RMSRDs are presented in
Table 20.

Table 20. The monthly mean bias relative differences (MBRD) and root mean square
relative differences (RMSRD) between the computed and measured illuminances (in %)
in Otaniemi (60°11’'N, 24°50' E), 1996

(T

Month Front of theroom  Middle of theroom  Back of the room

MBRD RMSRD MBRD RMSRD MBRD RMSRD n

I

January -33 178 32 195 09 221 109
February -1 218 -04 220 -23 238 176
March 09 200 74 249 35 289 323
April -18 182 -44 251 -131 26.3 271
May -19 256 97 270 -146  29.7 493
June -55 236 -11.0 244 -164 286 543
July -41 269 -10.2 28.0 -152 314 429
August 95 246 -186  29.2 -249 340 435
September  -11.1 225 -132  26.6 -205 303 294
October 20 256 22 298 03 36.0 277
November 14 232 14 284 -10 351 189
December 51 268 72 297 5.7 340 131
(T T

Whole year -3.7 237 -6.5 267 -11.3 306 3670

I

As can be seen from the table, the simulation model dightly underestimates the
illuminance at all three measurement points. This is partly due to the inaccurate
modelling of the reflected beam sunlight. Only first order interior reflections are
included in the ssimulation model. Therefore, the computed illuminance vaues are
lower than the measured values. Moreover, the error is greater the further from the
window the measurement point is. The error is greatest at the back of the room, since
the portion of the reflected light is greatest there. Moreover, al reflections are assumed
to be totally isotropic, which is an over-simplification of the real situation.

The error is greater in the summer than in the winter, because more beam sunlight is
entering the room during the summer. During the winter, the sun is so low that it can not
be seen above the window sill by the photometers. The MBRD was greatest in August
and September which were exceptionally sunny months in 1996. The average monthly
measured and simulated diffuse, beam, and reflected illuminances for the front, middle,

113



and back part of the room are shown in Figs 13, 14, and 15, respectively. The shown
illuminances are the average values of the hours included in the above comparison.

Fig. 13. The monthly average measured (left column) and simulated (right column)
horizontal illuminance (in Ix) on the desk level in the front part of the room in Otaniemi,
1996.
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Fig. 14. The monthly average measured (left column) and simulated (right column)
horizontal illuminance (in 1x) on the desk level in the middle part of the room in
Otaniemi, 1996
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Fig. 15. The monthly average measured (left column) and simulated (right column)
horizontal illuminance (in Ix) on the desk level in the back part of the room in Otaniemi,
1996.
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As mentioned, the inaccurate modelling of the reflected beam light is probably the main
reason for the systematic underestimation of the illuminance values by the simulation
model. For this reason, an independent set of measurements was used to verify the
simulation model under overcast conditions. 29 days during the period from April to
November 1995 were selected for the comparison. Only totally overcast days or days
when no beam sunlight entered the room were chosen. The room and the measuring
apparatus were exactly the same as in the 1996 comparison of Table 20. The yearly
mean bias (MBRD) and root mean square (RMSRD) relative differences between the
simulated and measured illuminance values, together with the yearly differences in
1996, are presented in Table 21. Moreover, one example of atotally overcast day, May
the 15™, 1996, is shown for comparison.

Table 21. The yearly mean bias relative differences (MBRD) and root mean square
relative differences (RMSRD) between the computed and measured illuminances (in %)
for all daysin 1996, for the overcast days in 1995, and for May 15", 1996, in Otaniemi
(60°11’'N, 24°50'E), Finland

(I

Year Front of the room Middle Back of the room

MBRD RMSRD MBRD RMSRD MBRD RMSRD n
(T
1996 (all days) -3.7 237 -6.5 26.7 -11.3 306 3670
1995 (overcast days) -0.5 12.6 -1.8 143 -56 164 368
May 15", 1996 09 65 14 87 04 100 17

As can be seen, the MBRD and RMSRD are clearly lower for the overcast days in 1995
than for the whole year of 1996. Apart from the measurement point at the back of the
room, the MBRD is within the accuracy of the photometers (+ 4%). The RMSRD for the
overcast days in 1995 is only about a half of the RMSRD for al days in 1996. For the
example overcast day, May 15", 1996, the MBRD and RMSRD are even lower. The
RMSRD for all measurement points is under 10% for the example overcast day. The
hourly measured, and the simulated diffuse and reflected illuminances for the front,
middle, and back part of the room for May 15", 1996, are shown in Figures 16, 17, and
18, respectively.
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Fig. 16. The hourly measured (left column) and simulated (right column) horizontal
illuminance (in Ix) on the desk level in the front part of the room in Otaniemi, May 15",

1996.
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Fig. 17. The hourly measured (left column) and simulated (right column) horizontal

illuminance (in Ix) on the desk level in the middle part of the room in Otaniemi, May 15",

1996.
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Fig. 18. The hourly measured (left column) and simulated (right column) horizontal
illuminance (in Ix) on the desk level in the back part of the room in Otaniemi, May 15",
1996.
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It must be emphasized that the illuminance values exceeding the required working plane
level have no effect on the annual auxiliary electricity requirement. Typical
recommended illuminance level for office work range from 300 to 500 Ix (CIBSE,
1984; Suomen Valoteknillinen Seura, 1986; IESNA 1993). Therefore, the yearly MBRD
and RMSRD has also been calculated for the measured illuminance values up to 500 Ix
(Table 22b) and up to 300 Ix (Table 22c) in addition to the previous comparison of
Table 20 for the total illuminances (Table 224). In other words, the hourly error was
zero when the measured illuminance exceeded 500 Ix in Table 22b and 300 Ix in Table
22c.

Table 22. The yearly mean bias relative differences (MBRD) and root mean square
relative differences (RMSRD) between the computed and measured illuminances (in %)
in Otaniemi (60°11'N, 24°50'E), 1996, for the measured &) total illuminance, b)
illuminance up to 500 Ix, and ¢) up to 300 Ix
(T T

Front of theroom  Middle of the room Back of the room

lluminance ~ MBRD RMSRD MBRD RMSRD MBRD RMSRD
(T T

a) Total 37 237 65 267 -11.3  30.6
b) Up to 500 Ix 02 153 09 208 58 257
c) Up to 300 Ix 06 135 02 195 35 239

It can be seen that MBRD and RMSRD are much lower for the illuminances up to 500 Ix
and up to 300 Ix than for the total illuminances. The yearly MBRD is within the
accuracy of the photometers (+ 4%) for all measurement points if only the hours when
the measured illuminance is less than 300 Ix are taken into account. For example, if the
lighting requirement were 500 Ix for the front half and 300 Ix for the back half of the
room, the error on the yearly auxiliary electricity requirement would be about 2% if the
daylight simulation model DeLight is used.

It can be concluded that the simulation program DeLight models fairly well the interior
illuminance at overcast conditions. Considerable errors are possible when beam sunlight
enters the room. However, this is not very significant, as most of the beam illuminance
is usualy in excess of the recommended illuminance level (e.g. 500 Ix). Therefore, for
the auxiliary energy requirement calculations, it is far more important to be able to
model accurately the overcast conditions, when there is not enough daylight coming in.
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6.5 Comparison of DeLight with Adeline/Radiance

Apart from Delight, there are other daylight ssmulation tools which can be used for
daylight illuminance calculations. One of the most commonly used is the
Adeline/Radiance simulation package which was originaly developed in the Lawrence
Berkeley Laboratory, USA (University of Cdifornia, 1993). With the Radiance
simulation program, it is possible to model very complex room geometries and calcul ate
the interior illuminance distributions. However, the complexity of Radiance has its
drawback: the lack of simplifications makes it very slow compared with DeLight. With
a 150 MHz Pentium PC, the ssmulation of al hours of one year took only 15 minutes
with the DOS version of DeLight, but severa days with Radiance (Arpiainen, 1999).

To assess whether the added complexity gives more accurate results, the predictions of
DeLight and Radiance were compared (Arpiainen, 1999) with the illuminance
measurements presented in the previous section. Comparisons of Radiance with long-
term measurements have been scarce in the past because of the long execution time of
the program. For example, Mardaljevic (1995) compared the Radiance model
predictions only with few measurements around noon during four days. In Mardaljevic's
study, the difference between simulated and measured illuminances on the desk level
was within £13%. The main problem with Radiance is that with high number of
consecutive reflections (or 'bounces) which improves the accuracy of the calculations,
the computation time increases dramatically. The simulation of one hour with a
recommended number of 5 bounces would take approximately one hour of computation
time (Arpiainen, 1999). Therefore, a compromise between the accuracy and the speed
has to be made when whole months or years are smulated. In Arpiainen’'s comparison, a
bounce factor of 3 was applied for two months, each taking about one day of calculation
time of Radiance model with a PC. The bounce factor of 3 means that al first-order
interior reflections (as in DeLight model) are taken into account together with second-
order interior reflections of light coming directly from the sky. The results of this
comparison are presented in Table 23. All the hours when solar altitude was less than 1°
were omitted from the comparison which explains the slight difference of the results for
the DeLight model between Tables 20 and 23.

It can be seen that the February results are clearly worse for Radiance than for DelLight.
In September, the difference between the models is small, except for the measurement
point at the back of the room, where Radiance has a clearly lower MBRD than DeL.ight.
That is probably caused by the inclusion of more interior reflections in Radiance than in
DelLight, since the reflected daylight is relatively more important at the back of the
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room, especially when beam sunlight is entering the room. However, in general,
Radiance modelled the sunny conditions much worse than DeLight. Especialy, when
the sun was visible to the measurement point only a part of an hour, the error with
Radiance was great. In the DelLight model, this has been taken into account by
calculating the exact time of sunshine for each hour from the sun’s position and the
window geometry. For Radiance, one hour is apparently too long a time step for
simulations under sunny conditions. However, under overcast conditions, DelLight and
Radiance performed almost equally well (Arpiainen, 1999).

Table 23. The monthly mean bias relative difference (MBRD) and root mean square
relative difference (RMSRD) between the computed and measured illuminances (in %)
in Otaniemi (60°11'N, 24°50'E), for February and September, 1996.
(I

Front of theroom  Middle of the room Back of the room
Month, model MBRD RMSRD MBRD RMSRD MBRD RMSRD
i
Feb, DeLight -81 201 -1.7 207 -4.0 21.7
Feb, Radiance -183 248 -16.7 26.2 -13.9 28.7
Sep, DelLight -13.7 220 -154 259 -22.4 30.0
Sep, Radiance -176 25.0 -145 26.2 -10.1 30.3

I

It can be concluded that it seems that the smulation tool DeLight is not less accurate
than Radiance. In addition to its relatively good accuracy, DelLight's greatest advantage
isits speed. The smulation of all working hours of the day takes only ten minutes with a
pentium PC. In daylight optimization calculations with numerous yearly simulation
runs, the program execution time is a critical factor. Therefore, the simulation tool
DelLight has been used in all of the subsequent daylight calculations of this report.
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7 DAYLIGHT AVAILABILITY IN OFFICE BUILDINGS

As an example of using DelLight for interior daylight calculations, the daylight
availability for office buildings in three Finnish and two other European locations is
assessed in this section. The daylight availability for Sicily, Paris, Helsinki, and
Sodankyla is analysed in section 7.1, and the yearly variations for Helsinki, Jyvaskyl§,
and Sodankyla in section 7.2. In section 7.3, the main parameters affecting the daylight
availability are analysed and in section 7.4, examples of the interior daylight distribution
are presented.

7.1 Daylight availability for four European locations

The daylight availability is defined as the percentage of the yearly lighting requirement
that can be provided by daylight. In this section, the yearly average daylight availability
DA is calculated in a typical office room for four European locations: Trapani, Sicily
(37°55'N, 12°30'E), Paris, France (48°46'N, 2°1'E), Helsinki, Finland (60°19'N,
24°58'E), and Sodankyld, Finland (67°22'N, 26°39'E). Hourly irradiance measurements
from Test Reference Years (TRY) were used as input data for al locations. The Perez
luminous efficacy model and the Perez all-weather sky luminance models were used in
the calculations since these models were found to agree best with the measurements
presented in sections 3 and 4. All the input parameters for the Helsinki simulations were
presented in Table 18. The input parameters for the other locations are the same except
for the TRY file, the coordinate data, and the ground reflectance which was (0.15) for
Trapani and Paris. For Helsinki and Sodankyld, the monthly average measured
reflectances of the year 1979 presented in Table 15 were used.

The window glazing area of the room was 2.45 m? or 24% of the total facade area. The
illuminance requirement Ee for the front half of the room was 500 Ix and E;eqp for the
back half 300 Ix. It is assumed that the tasks requiring more accurate vision could be
performed in the front half of the room. The illuminance requirements correspond to the
normal office work recommendations in various countries (CIBSE, 1984; Suomen
Valoteknillinen Seura, 1986; IESNA 1993). The interior daylight illuminance was
calculated for every office hour of the year (from 9 am to 5 am, 5 days per week), with
summer time applied from April to October. The hourly daylight illuminance up to the
recommended illuminance requirement was counted as useful and the yearly average
daylight availability DA was calculated from the hourly values. A daylight-responsive
continuous electric light dimming system with an automated Venetian blinds control
system (Lee & al., 1998) was assumed for the calculations. All beam sunlight and 75%
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of the diffuse daylight is assumed to be reflected back by the blinds when beam sunlight
would enter the room, otherwise, only 25% of the diffuse daylight is reflected back by
the blinds.

The yearly average daylight availability DA (in % of the lighting requirement during the
office hours of the year) for four different window orientations (south, east, west, and
north) at the four locations with the input parameters of Table 18 is presented in Table
24. It can be seen that the DA is clearly highest for the northern orientation for al four
locations because no blinds are necessary for north-oriented windows during the office
hours. For south-, east-, and west-oriented windows, some of the valuable diffuse
daylight is also lost with all the beam sunlight when the blinds are used. The difference
in DA between the southern and the northern orientation is greatest for Trapani because
there is more beam sunlight in Trapani than in the other locations.

Table 24. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) at four locations and for four different window orientations for
the front half, the back half, and the whole room, S = south, W = west, E = east, N =
north, Ereqs = 500 IX, Ereqn= 300 IX.

(T

Front half Back half Whole room
Location (latitude) S W E N S WEN S WEN
I
Trapani (38°N) 80 84 86 95 45 55 57 85 67 73 75 91
Paris (49°N) 65 73 71 82 38 44 44 65 55 62 61 76
Helsinki (60°N) 61 67 67 75 37 41 43 59 52 58 58 69
Sodankyla (67°N) 55 59 59 66 34 36 36 50 47 51 51 60

To assess the monthly variations in DA, the monthly average useful daylight, surplus
daylight, and electric light requirement for a north-oriented room in Trapani is presented
in Fig. 19, and for Helsinki in Fig. 20. The surplus daylight is the daylight in excess of
the required illuminance level. The values are averages of the two room halves. In
Trapani, most of the required office lighting can be provided by daylight through the
whole year. From March to October, practically no electric light is needed. In December
and January, about a quarter of the lighting requirement must be provided by auxiliary
electric light. In Helsinki, almost all lighting can be provided by daylight from May to
August. From November to January, only 15-25% of the required lighting can be
provided by daylight.

125



Fig. 19. The monthly average useful and surplus daylight (left column) and auxiliary
electric light (right column) illuminance (in Ix) on the desk level for a north-oriented
room in Trapani, Erqe= 500 IX, =300 Ix.
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Fig. 20. The monthly average useful and surplus daylight (left column) and auxiliary
electric light (right column) illuminance (in 1x) on the desk level for a north-oriented
room in Helsinki, Eeqe= 500 Ix, Eioq, =300 Ix.
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7.2 Yearly variations for three Finnish locations

The yearly variations in daylight availability for four window orientations are presented
in Table 25 for three Finnish locations. Helsinki (60°19'N, 24°58E), Jyvaskyla
(62°24'N, 25°39'E), and Sodankyla (67°22'N, 26°39'E). The hourly irradiance data for
the cal culations was provided by the Finnish Meteorological Institute.

Table 25. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) in 1971-93 for four window orientations in Helsinki, Jyvaskyl§,
and Sodankyl&, S = south, W = west, E = east, N = north, Eyeq = 500 IX, Ereqp= 300 IX.
(I

Helsinki Jyvaskyla Sodankyla

Y ear SWEN SWEN SWEN
I

1971 - - - - 52 57 57 69 48 53 53 63
1972 56 60 61 70 52 56 57 68 50 54 54 63
1973 55 59 60 70 53 57 58 68 45 51 51 62
1974 53 56 57 67 51 54 54 64 43 48 47 59
1975 51 57 58 70 51 56 56 67 44 50 49 61
1976 51 57 58 70 51 55 55 67 44 49 49 61
1977 54 57 58 67 46 52 53 65 43 49 48 60
1978 53 59 59 69 48 55 55 68 48 52 52 62
1979 52 58 58 69 47 54 54 66 47 51 51 60
1980 52 58 58 69 50 56 57 69 49 52 53 62
1981 50 57 58 70 51 56 57 67 50 52 52 61
1982 55 59 60 71 53 58 58 68 51 53 52 61
1983 54 61 61 72 55 59 60 69 51 53 53 61
1984 51 56 57 67 50 54 55 65 50 52 52 61
1985 53 58 59 70 52 57 58 69 50 52 53 61
1986 54 58 59 70 53 57 57 68 49 52 52 61
1987 53 58 58 69 52 56 57 67 47 51 51 60
1988 53 58 59 69 51 56 56 67 45 51 51 61
1989 50 56 56 68 49 53 54 65 45 49 49 59
1990 51 56 57 69 51 55 56 66 47 51 51 62
1991 53 58 59 70 47 52 53 64 48 50 51 60
1992 53 59 60 70 47 55 55 67 51 53 53 61
1993 56 60 61 71 48 55 55 67 50 53 53 62
I

Average 53 58 59 69 50 55 56 67 48 51 51 61

128



It can be seen that the yearly variations of DA are rather small, only +3-5% points of the
average, depending on the window orientation and location. The variation is slightly
greater for the southern than for the other orientations because the south gets more beam
sunlight. All beam sunlight with most of the diffuse daylight is reflected back by the
Venetian blinds when the sun would shine into the room. As was seen from Tables 3-8,
the yearly variations are much greater for the beam than for the diffuse radiation. The
worst years with the lowest DA occur when there is relatively little diffuse daylight
available, especially during the winter months. The winter months are more critical to
the yearly average DA because during the summer, there is ailmost always enough
daylight available, as was seen from Figs 19 and 20. An interesting point is that the year
1979 which is often used as a Test Reference Year in Finland (Tammelin & Erkio,
1987) is very close to the average, except in Jyvaskyla where there was less than average
amount of diffuse daylight available in 1979.

7.3 Parameters affecting the daylight availability

In the following sections, the main parameters affecting the daylight availability are
analysed, i.e.:

- location

- window orientation

- shading system for the beam sunlight
- window glazing area

- window position and shape

- hours of lighting requirement

- lighting requirement level

- electric light control strategy

- use of diffusive glazing components

The daylight simulation tool Delight with the input data of Table 18 was used for al the
calculations.

7.3.1 Shading system for the beam sunlight

The beam sunlight usually causes discomfort glare and more overheating than diffuse
skylight, and is, therefore, less useful. Shading is needed for southern, western, and

eastern window orientations. For example, Venetian blinds can be used to reflect back
the beam sunlight, but let in some of the valuable diffuse daylight. To assess the effect
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of the shading system on the daylight availability, five different systems have been
analysed:

(2) no blinds are used and all the beam and diffuse daylight is allowed into the building;

(2) an ideal system where al the beam sunlight is reflected back but all diffuse daylight
isalowedin;

(3) al beam sunlight and 75% of the diffuse daylight is reflected back when beam
sunlight would enter the room, otherwise, all diffuse daylight is allowed in;

(4) al beam sunlight and 75% of the diffuse daylight is reflected back when beam
sunlight would enter the room, otherwise, 25% of the diffuse daylight is reflected back;

(5) al beam sunlight and all diffuse daylight is reflected back when beam sunlight
would enter the room, otherwise, 25% of the diffuse daylight is reflected back.

Advanced shading systems, such as light shelves, were not considered here because they
are not supported by the DeLight simulation tool. System (4) is probably the most
realistic one because the blinds will also reflect back most of the diffuse daylight in
order to block the beam sunlight when the sun would shine in. When the sun is not
shining, the blinds can be opened to let in a maximum amount of diffuse light. If the
blinds are not lifted up, they will still reflect back some of the diffuse daylight. System
(4) could be improved a little by lifting the blinds up when the sun is not shining
(system 3) but this would require more interference by the occupants or a more
expensive automated blind adjusting system. System (5) is a dlight simplification of
totally closed Venetian blinds, since in reality, they would let in a small portion of
daylight.

The percentages for systems (3-5) are based on the measurements made in Otaniemi,
Finland, where the horizontal daylight illuminance, when the blinds where applied to
block beam sunlight, ranged from 20% in winter to 30% in summer in the front, and
from 25% to 50% in the back part of the room, compared with the illuminances without
the blinds. When the sun was not shining in, the optimally opened (not lifted up) blinds
let in 70-80% in the front, and 75-90% in the back part of the room. Therefore, the
diffuse light fraction of 25% for the closed and 75% for the opened blinds was chosen
for the automatic system (4) in this study. However, the adjustment of the blinds is a
highly subjective matter, some people would close the blinds more than the others
(Bulow-Hibe, 2000; Vine & al., 1998). In the pilot study of Bulow-Hube (2000), the
average measured desk level daylight illuminance in the front part of the room with 50
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subjects was 22% when they had adjusted the blinds, compared with the illuminance
immediately before the adjustment when the blinds were lifted up. Moreover, a
completely automated system was less preferred by 12 of 14 subjects than an auto user
control system in a study (Vine & al., 1998) where the subjects were able to adjust the
blinds and the electric light level.

For the above reasons, the actual energy savings of daylight in real offices with
differently behaving occupants are very difficult to predict, and therefore, ssmplified
constant diffuse daylight fractions for closed (25%) and opened (75%) blinds are
assumed here. For all systems except (1), either manual or automated adjusting of the
blinds according to the insolation conditions, with the stated diffuse daylight fractions,
IS assumed.

With all systems, a continuous electric light dimming control system would be required
to utilize the full daylighting potential. Fully automated shading and light control
systems are currently coming to the market; a prototype has been tested in the USA (Lee
& al., 1998). An ideal continuous €electric light control system is assumed in the
following ssimulations, unless stated otherwise, beacuse with an on/off control system, a
large part of the useful daylight would be wasted (Vartiainen & Lund, 1999). In each
half of the room, there is an independently controlled luminaire and the electric light is
adjusted so that the sum of daylight and electric light illuminance is at least at the
required level. The yearly average daylight availability DA (in % of the lighting
requirement during the office hours of the year) for the different shading systems at
different facade orientations at four locations with the input parameters of Table 18 is
presented in Table 26.

Table 26. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for the different shading systems at four locations and for four
window orientations, S = south, W = west, E = east, N = north

I

Shading Trapani (38°) Paris (49°) Helsinki (60°)  Sodankyla (67°)
system SWEN S WEN S WEN S WEN
(I

(1) 97 95 93 91 89 80 83 76 76 72 72 69 68 63 63 60
2 96 95 93 91 87 79 82 76 75 71 71 69 67 63 62 60
(3) 68 78 80 91 56 69 66 76 55 64 64 69 50 56 56 60
4 67 73 75 91 55 62 61 76 52 58 58 69 47 51 51 60
(5) 8 43 48 91 5 43 38 76 16 43 44 69 18 40 39 60
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As can be seen from the small difference between systems (1) and (2), the beam sunlight
is amost always in excess of the lighting requirement: the DA is at most 2% greater
when all beam sunlight is taken into account. However, when arealistic shading system
(4) is used, amost a third of the valuable diffuse daylight is lost at all locations for the
southern window orientation. For north-oriented windows, the DA remains the same
since there is no beam sunlight on the northern side during office hours. For east- and
west-oriented windows, the DA decreases by about a fifth. The effect of lifting the
blinds when no beam sunlight would enter the room (system 3) is relatively small, about
1-3 percentage points for south-facing and 5-7% points for east- and west-facing rooms.
Closing the blinds completely when beam sunlight is entering the room has a dramatic
effect: 70-90% of the valuable diffuse daylight is lost in south-facing rooms and about
half in east- and west-facing rooms.

The daylight availability in sections 7.1 and 7.2 was calculated with using the shading
system (4). The other shading systems have been used by the author in previous
publications: system (1) by Vartiainen (1996a and 1996b), system (2) by Vartiainen &
al. (2000) and system (3) with a different diffuse shading factor by Vartiainen & Lund
(1999). With systems (1-3), the DA is naturally higher, but system (4) probably gives the
most realistic estimation of the possible energy savings achieved by daylighting.

7.3.2 Window area

The effect of window area on the daylight availability isillustrated in Table 27. The DA
for window areas of 14%, 36%, 48%, 60%, and 72% of the total facade area, in addition
to the above base case (24%), for different locations and window orientations is
calculated with the shading system (4). As can be seen, decreasing the window area to
14% of the total facade area will decrease the DA 13-20% points, depending on the
location. Increasing the window area to 36% will increase the DA 9-13% points for
south-, west-, and east-facing rooms, but only 5-8% points for the north-facing rooms.
Increasing the window area to 48% increases the DA a further 3-7% points. Increasing
the window area beyond 48% does not significantly increase the DA for any facade
orientation.
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Table 27. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for the shading system (4) for different window sizes (in % of
the total facade area) at four locations and for four window orientations, S = south, W =

west, E = east, N = north
I
Window area Trapani (38°)
(of totalared) S W E N
(T

14% 47 54 55 73
24% 67 73 75 91
36% 80 85 86 96
48% 87 90 91 97
60% 91 92 93 97
2% 94 94 95 98

I

Paris (49°)
SW E N

39 45 44 59
55 62 61 76
67 74 72 84
74 80 78 87
77 83 82 89
80 85 84 90

7.3.3 Window position and shape

Helsinki (60°)
SW E N

37 42 43 54
52 58 58 69
63 68 68 76
69 73 73 79
73 76 76 81
76 79 78 83

Sodankyl4 (67°)
SW E N

34 37 37 47
47 51 51 60
57 60 60 67
62 65 65 70
66 68 68 72
68 70 70 73

The window position and shape have arelatively small effect on the daylight availability
compared with the window area. Vartiainen & al. (2000) concluded that the optimal
shape of the window is close to the shape of the window facade and that the optimal
position is near to the centre of the facade. The horizontal position of the window is not
as important as the vertical position. The effect of the window sill height on the daylight
availability isillustrated in Table 28.

Table 28. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for different window sill heights (relative to the desk level
height) at four locations and for four window orientations, S = south, W = west, E =

east, N = north
(I

Sill height Trapani (38°)
-desklevel S W E N
(T T
0.0m 66 72 71 89
0.2m 67 73 72 91
04m 67 73 75 91
0.6m 68 75 75 91
0.8m 68 76 75 89

I

Paris (49°)
SWEN

52 57 58 74
53 58 60 76
55 62 61 76
54 63 61 75
54 63 61 74
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Helsinki (60°)
SW E N

52 54 54 68
52 56 57 69
52 58 58 69
53 59 59 69
54 58 58 68

Sodankyla (67°)
SWEN

46 48 47 59
47 50 50 60
47 51 51 60
47 52 51 60
48 51 51 59



As can be seen, the differences are quite small. Placing the window higher gives a more
uniform daylight distribution, i.e., less daylight in the front and more daylight in the
back half of the room. However, the overall DA of the room does not change much. The
optimal window position for the south-facing rooms would appear to be higher than for
the other room orientations for all other locations except Paris. For south-facing rooms,
the brightest part of the sky is higher than for the other orientations because the sun is
higher, on the average. On the other hand, the need for shading the beam sunlight levels
off the variations, and the difference between the lowest and the highest DA is only 1-
6% points, depending on the location and the window orientation.

7.3.4 Hour s of lighting requirement

In the previous analysis, it has been assumed that lighting is needed only during the
office hours (9-17) of the day. Obviously, the DA will decrease if lighting is aso
required outside the office hours. The DA for different hours of lighting requirement is
presented in Table 29.

Table 29. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for different hours of lighting requirement at four locations and
for four window orientations, S = south, W = west, E = east, N = north
(I

Hrs of lighting Trapani (38°) Paris (49°) Helsinki (60°)  Sodankyla (67°)
requirement S W E N SWEN SWEN SWEN
(T T

12-14 79 75 81 97 66 80 64 86 63 68 66 77 57 59 57 67
11-15 77 75 79 96 63 72 66 84 61 64 64 76 55 56 56 65
10-16 72 75 77 95 57 67 64 81 57 61 61 73 51 54 53 63
9-17 67 73 75 91 55 62 61 76 52 58 58 69 47 51 51 60
8-18 65 70 70 86 50 57 56 70 49 54 55 65 44 48 47 57
7-19 60 64 64 80 46 51 51 63 46 49 50 60 42 44 44 53
7-23 47 49 49 62 39 43 43 53 37 39 40 49 34 36 36 45
0-24 32 33 33 42 26 28 28 36 25 27 28 34 24 25 25 33
7-9& 17-23 35 36 35 46 31 32 3341 28 29 30 38 27 28 28 36

I
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It can be seen that a round-the-clock lighting requirement (0-24) will reduce the DA by
about one half. For typical waking hours (7-23), the DA is 13-29% points less than for
office hours. On the other hand, if lighting were needed only during the midday hours,
the DA would increase 2-18% points.

7.3.5 Lighting requirement level

The effect of the lux level of the lighting requirement on the DA is illustrated in Table
30. For example, if only 100 Ix were needed in both room halves, about 97% of the
lighting requirement during the office hours could be produced by daylight in Trapani;
the DA for Paris would be about 90%, for Helsinki about 83%, and for Sodankyla about
73%. These figures are very close to the average proportion of the working day during
which there is any daylight available at these locations. The lighting level of 100 Ix
would be adequate for corridors and areas visited occasionally with visual tasks calling
for only limited perception of detail (CIBSE, 1984). On the other hand, if 500 Ix were
required in both room halves, the DA would be 9-16% points less than in the reference
case where only 300 Ix is needed in the back half of the room. If only 100 Ix were
needed in the back half, the DA would be 4-15% points higher than in the reference
case.

Table 30. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for different lighting requirement levels at four locations and for
four window orientations, S = south, W = west, E = east, N = north
(I

Lighting need Trapani (38°) Paris (49°) Helsinki (60°)  Sodankyla (67°)
(fronttback) S W E N SW EN SW EN SW EN
I

100+1001x 96 96 97 98 87 90 89 93 81 83 82 85 73 73 713 75
300+1001x 93 94 94 97 79 85 83 89 74 78 77 81 66 69 68 72
500+100Ix 82 86 87 95 67 75 73 84 63 69 69 76 57 61 60 67
300+3001x 69 74 75 91 58 65 64 77 55 60 60 70 50 53 53 61
500+3001Ix 67 73 75 91 55 62 61 76 52 58 58 69 47 51 51 60
500+5001x 54 59 60 75 44 50 49 62 42 46 47 56 38 41 40 49
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7.3.6 Electric light control strategy

The preceding calculated daylight availabilities are based on the assumption that the
control system of the electric lighting system permits continuous dimming, i.e., only the
illuminance falling short of the required level is provided by electric light. However, in
most existing offices, on/off control is used. With on/off control systems, the electric
light is always at full power when the daylight illuminance is below the required level.
An intermediate option would be an on/haf/off control where the electric light can aso
be at haf of the full power. This could be easily implemented since most office
luminaires consist of two fluorescent tubes which could be controlled independently.

The DA for the different electric light control strategies is presented in Table 31. For the
non-continuous control strategies, it is assumed that the electric light can always be
switched on/off every hour, depending on the daylight illuminance. It can be seen that
with the on/off strategy at south-, west-, and east-facing rooms, the DA is less than half
of that with the continuous strategy. This indicates that for most hours, the daylight
illuminance is below the required level and must be at least partly supplemented by
electric lighting. For north-facing rooms, the DA with on/off control does not decrease
as dramatically, since during the majority of the working hours when daylight is
available, the daylight illuminance exceeds the required level. Thisis due to the fact that
no blinds are needed on north-facing windows and valuable diffuse daylight is not lost
when the sun is shining.

Table 31. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for different electric light control strategies at four locations and
for four window orientations, S = south, W = west, E = east, N = north
(I

Control Trapani (38°) Paris (49°) Helsinki (60°)  Sodankyla (67°)
Strategy SWEN SWEN SWEN SWEN
(T T

Continuous 67 73 75 91 55 62 61 76 52 58 58 69 47 51 51 60
On/half/off 46 56 56 82 36 44 42 63 35 41 42 57 31 36 36 49
On/off 26 36 37 71 20 27 25 48 22 26 28 46 19 23 23 38
(T T
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With the on/half/off control strategy, the DA is only 9-21% points less than with the
continuous control, depending on the location and the window orientation, because full
power is not always needed when the daylight illuminance is below the required level.
The above DAs for the on/off control strategy are probably closest to the redlistic
daylight availabilities achieved in existing offices. If electric lighting is switched on/off
manually by the occupants, the results could be even too optimistic since it is unlikely
that every occupant is always going to switch off the electric light every hour when the
daylight illuminance is sufficient. Moreover, it was assumed that the blinds were also
adjusted every hour according to the sunlight. In real cases, the occupants might leave
the blinds closed when it is not necessary any more. For example, it is possible that the
electric lights are switched on/off and the blinds are adjusted only three or four times
during the day: in the morning, during the lunch hour, and in the evening when leaving
the office. That way, most of the useful daylight will be lost. Therefore, it is obvious
that a mere on/off control of electric lighting is not enough for optimal utilization of
daylight. The effect of the time interval for switching on/off the electric light and
adjusting the blinds on the DA has been analysed in greater detail by Vartiainen & Lund
(1999).

7.3.7 Use of diffusive glazing elements

From Tables 26 and 31 it is clear that the behaviour of the occupants controlling the
blinds and electric light switches is a key variable affecting the interior daylight
availability. An automated, continuous daylight-responsive control system is an obvious
way of increasing the daylight utilization. However, it would be simpler and easier for
the occupants if a passive beam sunlight control system not requiring intervention by the
occupants could be used. One way of achieving this would be to use diffusive glazing
elements. Diffusive elements will diffuse all incoming beam, diffuse, and ground-
reflected daylight. However, it is not possible to have a clear outside view through the
diffusing elements:. therefore, they should be positioned above the clear glazing window
in the facade. Fig. 21 shows one possible layout of a solar facade with diffusive glazing
elements. The window at the centre has an area of 14% of the total facade area which
can be regarded as a minimum window area offering an adequate outside view. The
diffusing element directly above the window has an area of 10% of the total facade area.
The window at the centre together with the top centre diffusive element have an overall
area equivalent to the base case window in the previous calculations (24%). In addition
to the top centre diffusive element, it is possible to place diffusive elements at the top
corners of the facade, giving an overall glazing area of 40% of the total facade area.
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The daylight availability of the diffusing elements with and without the centre window
is presented in Table 32. The calculations are based on the assumption that the diffusive
glazing is idedly diffusing with a transmittance equal to that of the window. The DAs
without the window are shown just to indicate how much daylight they can provide; it is
not suggested that a facade without a clear glazing window should be applied.

Fig. 21. Layout of afacade with diffusive glazing above the window.

Table 32. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for different diffusive glazing facade layouts at four locations
and for four facade orientations, S = south, W = west, E = east, N = north
(T

Facade Trapani (38°) Paris (49°) Helsinki (60°)  Sodankyla (67°)
layout SWEN SWEN S W EN S WEN
(T T

Window (A) 47 54 54 73 39 45 44 59 37 42 43 54 34 37 37 47
Base case 67 73 75 91 55 62 61 76 52 58 58 69 47 51 51 60
Centre diff.(C)86 66 63 45 67 46 50 32 57 42 43 32 49 37 37 27
A+C 94 90 88 91 78 72 75 76 69 66 66 69 62 58 58 60
All diff.(BCD)96 93 90 86 84 74 78 68 71 66 66 63 63 58 58 54
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A+BCD 97 97 95 95 88 84 86 84 77 75 75 75 69 67 66 66
A+BCD+EF 98 98 97 97 94 90 92 89 82 81 80 81 73 72 72 72
I

From Table 32 it can be seen that the top centre diffusive glazing (C) alone will produce
more daylight than the clear glazing window (A) for south-, west-, and east-facing
rooms in Trapani; the diffusive glazing does not require the blinds used with the clear
glazing window, making available much unexploited beam and diffuse daylight. For the
other locations, the diffusive glazing C is aso better than the window for south-oriented
facades, but for east- and west-oriented facades there is not much difference since they
receive less beam sunlight. For north-facing facades, the window is always better than
the diffusive glazing C because it is bigger and the north-facing facade receives no beam
sunlight during the office hours.

Combining the window and the diffusive glazing (A+C) almost doubles the daylight
availability for south-oriented facades, compared with the window alone. For east- and
west-oriented facades, layout A+C increases the DA 21-36% points, and for north-
oriented facades, 13-17%. Compared with a clear glazing window of equal area (24% of
the total facade area), the layout A+C gives 15-27% points higher DA for south-oriented
facades and 7-17% points higher DA for east- and west-oriented facades. For north-
oriented facades, there is no difference since there is no beam sunlight available.

If diffusive glazings were also added to the top corners of the facade, the glazing area
increases to 40% of the total facade area. This facade layout (A+BCD) would further
increase the DA 3-7% points for Trapani and 6-12% points for the other locations.
Increasing the glazing area further to 60%, by adding diffusive glazing to both sides of
the window ( layout A+BCD+EF), would increase the DA only afurther 1-6% points.

7.3.8 Summary of the effects

As has been seen in the previous sections, the daylight availability for the southern
locations is greater than for the northern locations, but the difference is not as great asin
the solar radiation availability (Table 9) because the diffuse daylight is more evenly
distributed than beam sunlight. Because of the beam sunlight, there is also another
difference between the utilization of solar radiation and daylight: the south is not the
optimal window orientation because also valuable diffuse daylight is lost when blinds
are used. The DA for a north-facing window is higher than for the other orientations
because no blinds are needed in the north, at least not during the office hours.
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The window areais an important parameter and has been analysed by Vartiainen (1996a
and 2000c) and Vartiainen & al. (2000). It seems that for most cases, the DA does not
increase significantly beyond window areas of 40% of the total facade area because the
additional daylight is in excess of the lighting requirement. In multifunctiona
photovoltaic (PV) facades producing electricity, the optimal window area is 15-25% of
the total facade area (Vartiainen & a., 2000; Vartiainen 2000c).

The effect of position and shape of the window on the DA have been analysed by
Vartiainen (1996a) and Vartiainen & al. (2000). The optimal window sill height is
higher than the desk level because it gives a more uniform interior daylight distribution.
The higher the window is the more daylight is received at the back of the room. The
optimal horizontal window position is close to the centre of the facade. The shape of the
window should be close to the shape of the facade. A high window gives a more
uniform daylight distribution than a wide window.

The hours of lighting requirement or the occupancy hours have a great effect on the DA.
Daylight is best suited for office lighting because it is available during most of the office
hours of the year. For residential buildings, the DA is much lower because lighting is
also needed during the dark hours. The yearly average DA for a continuous lighting
requirement (0-24) is only about half of the DA for office hours (Vartiainen & al., 2000).

The lighting requirement level is obviously an important parameter. The greater the
lighting requirement the lower the DA. One way of increasing the DA is to perform the
tasks requiring accurate vision near the windows, so that the rest of the room can have a
lower lighting requirement, as was assumed in the previous calculations. In corridors
and other less frequently occupied areas of the building, the lighting requirement can be
as low as 100 Ix (CIBSE, 1984). For typical office work, such as reading and writing,
500 Ix is recommended (CIBSE, 1984; Suomen Valoteknillinen Seura, 1986; IESNA
1993). The DA for a lighting requirement of 100 Ix can be 20-40% greater than for 500
Ix (Vartiainen, 19964).

The two most important parameters affecting the daylight availability would appear to
be the shading system for the beam sunlight and the electric light control startegy. Full
daylight utilization would necessitate an intelligent daylight-responsive dimming and
blind control system. Such systems are currently coming to the market. Another
possibility would be to use advanced passive daylighting systems not requiring
intervention by the occupants, e.g., diffusive glazings or light shelves (Littlefair, 1990)
to redirect the beam sunlight. One solution to the glare problem could be to use skylight
windows which also give amore even interior illuminance distribution than the sidelight
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windows. However, such systems are beyond the scope of this report and are currently
not supported by the DeLight daylight simulation tool.

7.4 The interior daylight distribution

The interior distribution of daylight calculated by the simulation tool DelLight can be
viewed with the graphics program PALETTI (Pyykkonen, 1997). Four examples of the
hourly horizontal daylight distribution on the desk level in a south-facing room in
Helsinki during a clear midsummer day (without blinds in the window) are shown in
Figs 22-25. The window is at the top of the room layoutsin the figures.

Helsinki 22.6.1972 at 5:30

5 71 137 203 269 335 401
38 104 170 236 302 368 434

Fig. 22. Interior horizontal daylight distribution on the desk level in a south-facing room
in Helsinki, 22™ June, at 5.30 am.

It can be seen from the figures that the illuminance is more than 500 Ix in most part of
the room around solar noon (at 1:30 pm, Fig. 24). In the morning (at 8:30 am, Fig. 23)
when the sun is in the east, the western side of the room gets more daylight, and in the
evening (at 6:30 pm, Fig. 25) when the sun is in the west, the eastern side is sunnier.
Early morning (at 5:30 am, Fig. 22), only a small area close to the window gets more
than 500 Ix of daylight.
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Helsinki 22.6.1972 at 8:30

5 71 137 203 269 335 401
38 104 170 236 302 368 434

Fig. 23. Interior horizontal daylight distribution on the desk level in a south-facing room
in Helsinki, 22™ June, at 8.30 am.

Helsinki 22.6.1979 at 13:20

5 71 137 203 269 335 401
38 104 170

Fig. 24. Interior horizontal daylight distribution on the desk level in a south-facing room
in Helsinki, 22" June, at 1.30 pm.

143



Helsinki 22.6.19279 at 18:30

5 71 137 203 269 335 401
38 104 170 236 302 368 434

Fig. 25. Interior horizontal daylight distribution on the desk level in a south-facing room
in Helsinki, 22™ June, at 6.30 pm.
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8 COMPARISON OF DeLight WITH SIMPLE DAYLIGHT MODELS

In this section, the daylight availabilities calculated by DeLight are compared with the
DAs calculated by simple models based on daylight factors.

8.1 Daylight factors

A simple method of calculating the interior daylight illuminance is to use daylight
factors. Traditionally, the daylight factor is defined as the ratio of the illuminance at a
point on a given plane due to the light received directly or indirectly from a sky of
assumed or known luminance distribution, to the illuminance on a horizontal plane due
to an unobstructed hemisphere of this sky (Commission of the European Communities,
1993). The contribution of direct sunlight to both illuminances is excluded. Therefore,
only diffuse skylight and reflected diffuse skylight are included, i.e.

DF = (Er,d + Er,rd) ! Eq
(136)

where DF  isthe daylight factor
E.q istheinterior horizontal diffuse illuminance (Ix)
Er.q  istheinterior horizontal reflected diffuse illuminance (Ix)
Eq isthe horizontal diffuse illuminance measured outdoors (Ix).

The contribution of direct sunlight is considered separately. The sunlight factor is
defined as the ratio of the illuminance at a point on a given plane due to the light
received directly or indirectly from the sun, to the illuminance on a horizontal plane due
to the sun only (Commission of the European Communities, 1993), i.e.

S = (Er,b + Er,rb) ! Ep (137)

where SF isthe sunlight factor
Ep,  istheinterior horizontal beam illuminance (Ix)
E.nn  istheinterior horizontal reflected beam illuminance (1x)
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Ep isthe horizontal beam illuminance measured outdoors (1x).

8.2 Lynes and Littlefair daylight factor model

Crisp and Littlefair have proposed a simple one-zone daylight factor model (egn 142)
which Lynes and Littlefair (1990) developed into a two-zone model. The Lynes and
Littlefair formulafor the average daylight factor of an unobstructed side-lit room (Lynes
& Littlefair, 1990) is

T.h
DF,, =2.75 ry (i‘”_ ZZW“")d (138)

where A, istheareaof thewindow glazing (m?)

Tw isthe light transmittance of the window
hwhp IS the height between the window head and the plane of reference (m)
A isthe total area of the interior room surfaces (m?)

Psave 1Sthe average reflectance of the interior surfaces
d is the depth of the room (m).

However, the daylight factor is not constant over the horizontal reference plane in the
room. Therefore, the room is divided into two depth parts. The ratio DR between the
average daylight factors of the front part of the room, DF4.e¢, and the back part of the
room, DF4ep, Can be expressed as

where paep  ISthe average reflectance of the back part of the room
Wy is the width of the room (m)
hwn  isthe height of the window head above the floor (m).

The average daylight factor of the back part of the room can be determined from the
equation
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and the average daylight factor of the front part of the room from the equation

The Lynes and Littlefair daylight model does not take into account the orientation of the
window because it assumes that the sky is totaly overcast and is based on the CIE
overcast sky model. However, the average real sky luminance distribution is far from the
CIE overcast sky which states that the luminance of the zenith is three times the
luminance of the horizon. The yearly average sky luminance distribution calculated with
the Perez all-weather model from the Helsinki-Vantaa hourly irradiance measurements
of 1979 shows that the brightest point of the sky, at the altitude of 30° in the south, is
50% brighter than the average sky. On the other hand, the darkest point, at the altitude
of 60° in the north, has an average luminance which is about two thirds of the average
luminance of the whole sky dome. Therefore, the daylight factors calculated with the
Crisp and Littlefair model, based on the CIE overcast sky, may differ significantly from
the factors based on the real average sky.

8.3 Peippo & al. daylight factor model

A simplified version of the Lynes and Littlefair daylight factor model is a one-zone
model proposed by Crisp and Littlefair (Lynes & Littlefair, 1990) where the average
daylight factor of an unobstructed side-lit roomis

DF,, = 0.90$ . (142)

The problem with the Crisp and Littlefair model, as with the Lynes and Littlefair model,
isthat it does not take into account the window orientation. To overcome this weakness,
Peippo & al. (1999) proposed a modified version of the Crisp and Littlefair model
where the average daylight factor is used with vertica instead of horizontal
illuminances:
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E,..= 2.25% E,. (143)

where E; o IS the average interior horizontal illuminance and E, is the total exterior
vertical illuminance. The factor 2.25 ( = 0.9 / 0.4) is based on the CIE overcast sky
where the ratio of the exterior vertical and horizontal diffuse illuminances is about 0.4.
However, the exterior total vertical illuminance is used instead of diffuse vertical
illuminance to account for the anisotropic azimuth sky luminance distribution. The total
exterior vertical illuminance E, is calculated from the total vertical irradiance G,:

E.=KG, (144)

where a constant luminous efficacy of 110 Im/W isused as K.

It is possible that the Peippo & al. model will overestimate the average interior daylight
illuminance since aso the exterior vertical beam illuminance, in addition to the diffuse
illuminance, is multiplied by the daylight factor. Moreover, the slope irradiance model,
used for calculating the vertical irradiance G, from the horizontal input irradiance
values, is likely to have an effect to the results. The Klucher model (see section 4.3.3)
was used by Peippo & al. (1999).

8.4 Comparison of DeLight with daylight factor models

The yearly average calculated daylight availability during the office hours for the ssmple
Lynes and Littlefair model and Peippo & al. model with the input data of Table 18 was
compared with the results obtained by the DeLight model. It is not possible to compare
the results of the simple models with the measurements because the simple models give
only the average illuminance of the room, not the illuminances at individua
measurement points. Moreover, the Peippo & a. model has only one zone whereas
DeLight and the Lynes and Littlefair models have two zones. For that reason, the
illuminance requirement of 500 Ix is used for the whole room for al models in this
comparison. For the Lynes and Littlefair and the Peippo & al. models, a constant
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luminous efficacy of 110 Im/W (Vartiainen, 2000b) is used. Moreover, the Klucher
slopeirradiance model is used for the Peippo & a. model.

For arealistic comparison, a blind system for the beam illuminance is required for the
south-, east-, and west-oriented windows. Because the position of the sun has to be
calculated to be able to adjust the blinds, part of the benefit of the simplification in the
Lynes and Littlefair model is now lost. In the Peippo & a. model, the position of the sun
has to be calculated anyway to determine the vertical beam irradiance. The same blind
system as in sections 7.3.2-6 was used for al models, i.e., al beam and 75% of the
diffuse radiation is reflected back by the blinds when the sun is shining on the window,
otherwise, 25% of the diffuse radiation is reflected back. The daylight availability (DA)
for four locations and four window orientations for the three models is presented in
Table 33.

Table 33. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) for the different daylight models at four locations and four
window orientations, S = south, W = west, E = east, N = north; Ereqf = Ereqp = 500 IX.
(T

Daylight Trapani (38°) Paris (49°) Helsinki (60°)  Sodankyla (67°)
model SWEN SWEN S WEN SWEN
(T T

DeLight 54 59 60 75 44 50 49 62 42 46 47 56 38 41 40 49
Lynes & Littl. 26 43 45 71 23 39 37 62 25 34 35 52 23 30 31 45
Peippo& al. 56 73 75 95 42 61 56 82 47 57 57 73 42 50 51 65
(T T

It can be seen that the Lynes and Littlefair model gives a clearly lower DA than DeLight
for other than north-oriented windows. For a south-oriented window, the Lynes and
Littlefair model has only about half of the DA of DelLight in Trapani and Paris, and
about 60% in Helsinki and Sodankyld. For east- and west-oriented windows, the
difference is 20-30%. For north-oriented windows, the DA of DelLight and the Lynes
and Littlefair model is about the same. This can be explained by the fact that there is no
beam radiation on the north-oriented window during the office hours and the average
sky seen by the north-oriented window is fairly close to the CIE overcast sky model
which underestimates the diffuse illuminance of the rea sky for the other window
orientations.
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The Peippo & al. model gives a clearly higher DA than DeLight for other than south-
oriented windows. For south-oriented windows, the DA of the Peippo & al. moddl is
within 12% of the DA of DeLight for all locations. For east- and west-oriented windows,
the difference is 14-28%, and for north-oriented windows, 27-33%. Part of this
difference is explained by the Klucher slope irradiance model which overestimates the
vertical irradiance rather heavily in the northern orientations (see Table 12). A separate
comparison where the best of the slope irradiance models in section 4, the Perez model,
was used for the vertical irradiance calculation, reduced the DA of the Peippo & al.
model by 3-6% points for east-, west-, and north-oriented windows. However, the
majority of the overestimation is probably due to the fact that a one-zone fixed daylight
factor model is not accurate enough to predict the interior illuminances because the real
daylight factor can vary by a factor of five (Tregenza, 1980) according to the sky
conditions. Another explanation is a too low vertical to horizontal diffuse illuminance
ratio (0.4) used in formulating egn (143), corresponding to the CIE overcast sky model.
For an isotropic sky, the ratio is 0.5, giving a factor of 1.8 instead of 2.25 in egn (143).
However, using a realistic average vertical to horizontal diffuse illuminance ratio (0.67)
for a south-oriented window in Helsinki would lead to a factor of 1.34 in egn (143) and
to a consequent underestimation of the DA.

It can be concluded that for preliminary yearly calculations, properly adjusted ssimple
daylight factor models can give reasonable predictions of the average interior daylight
availability. However, for hourly values, and especially, for parametric and optimization
studies, more detailed smulation tools with redlistic luminous efficacy and sky
luminance models, like DeLight, should be used.

8.4 Summary of the effect of the various modelling measures on the DA

To get an overview of the effect of the various daylight modelling measures on the
daylight availability, the following simplifications are considered:

(2) The shadow ring correction of the diffuse irradiance measurements is neglected

(3) Constant luminous efficacy of 110 Im/W is used for both beam and diffuse radiation
(4) Isotropic sky luminance model is used

(5) Measures (2-4) applied simultaneously

All measures are applied for the Helsinki irradiance data and for four window

orientations, and the DeLight model with the input data of Table 18 is used for the
calculations. The results are compared to the reference case (Tables 26-32) in Table 34.
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As can be seen, neglecting the shadow ring correction (2) has the greatest effect for
every window orientation. For the southern orientation, the DA is underestimated by
17%. Using isotropic sky model (4) has also greatest effect for the south, the DA is
underestimated by 15%. For the east and west, the average rea sky is very close to
isotropic. For north, the DA is dlightly overestimated with the isotropic sky model.
Using constant luminous efficacy (3) will reduce the DA only 3-7%. The overall effect
of measures (2-4) is greatest for the southern orientation where the DA will be reduced
to amost one half. For the east and west, the DA will be reduced by 17%, and for the
north, the overall effect of measures (2-4) isnegligible.

Table 34. The yearly average daylight availability DA (in % of the lighting requirement
during the office hours) with the different daylight modelling measures in Helsinki for
four window orientations, S = south, W = west, E = east, N = north
(I

Modelling measure S WEN
(I

(1) Reference case 52 58 58 69
(2) Neglecting the shadow ring correction 43 50 51 65
(3) Using constant luminous efficacy 49 54 55 67
(4) Using isotropic sky model 44 58 58 72
(5) Measures (2-4) applied simultaneously 28 48 48 68
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9 CONCLUSIONS

In this report, a new daylight simulation tool, DeLight, developed in the Helsinki
University of Technology has been presented. The simulation tool uses hourly
horizontal diffuse and beam irradiance measurements as input data. The irradiance
measurements are converted to illuminance values by a luminous efficacy model. The
illuminance values are used to generate a sky luminance distribution by a sky luminance
model. The interior daylight illuminance is calculated from the room geometry and the
sky luminance distribution by an interior light transfer model.

In the process of developing the model, some important observations have been made:

- Neglecting the shadow ring correction of the input diffuse irradiance measurements
can lead to an average underestimation of 20% of the diffuse irradiance component. A
novel anisotropic correction method has been presented by the author (Vartiainen,
1999).

- Using a constant luminous efficacy model in converting the input irradiance data to
illuminance values will underestimate the diffuse daylight illuminance by about 15% on
the average. Various luminous efficacy models were compared (Vartiainen, 2000b) and
the Perez model was found to agree best with the measurements.

- Selection of the sky luminance model is even more important than the luminous
efficacy model. Several sky luminance models were compared with measurements by
the author (Vartiainen, 2000a) and a new method of calculating the slope irradiance and
illuminance was also presented. The Perez all-weather luminance model was found to
be the most realistic. Using an isotropic sky model would underestimate the diffuse
component by an average of 25% on a south-oriented surface.

In this report, the simulation tool DeLight has been used to assess the interior daylight
availability in office buildings. Detailed calculations have been made with a case study
room at four locations with four window orientations. The yearly average daylight
availability (DA) is affected by location, orientation, window area, window position,
room geometry, lighting requirement, occupancy hours, and most importantly:

- Electric light control strategy. With an on/off control strategy, the amount of useful

daylight replacing the electric lighting is only half of the amount achieved with
continuous dimming. The DA can be increased by haf with an on/half/off control
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strategy, compared with on/off control. Moreover, the behaviour of the occupants have
an important effect on the DA with an on/off control system. The more frequently the
electric lights are switched on or off, the more daylight can be utilized (Vartiainen &
Lund, 1999).

Shading system of the beam sunlight. Beam sunlight is usually in excess of the lighting
requirement and causes discomfort glare to the occupants. Therefore, beam sunlight is
normally not wanted and is reflected back, e.g., by Venetian blinds. However, valuable
diffuse daylight is also lost with the shading system. If the blinds are totally closed when
the sun shinesin, almost all useful daylight will be lost in south-facing rooms and about
half in east- and west-facing rooms during the office hours. Moreover, if the blinds are
left closed when the sun is not shining anymore, even more daylight will be lost. One
solution would be an automated daylight-responsive blind control system.

It is obvious that the behaviour of the occupants is the single most important factor
affecting the daylight availability. An easy way of increasing the DA without causing too
much trouble and discomfort to the occupants would be to use passive daylighting
components, like diffusing glazing. Diffusive glazing could be installed near the top of
the facade where a clear outside view is not necessary. This way, more daylight can be
utilized inside and there is no glare because al sunlight through the diffusive glazing
will be diffused. However, it is important to also have a clear glazing window at the
centre of the facade to provide visual contact with the environment. Other advanced
daylighting techniques than diffusive glazings, like light shelves and skylight windows,
are not currently supported by DeLight.

In conclusion, the new daylight simulation program DeLight has been proved to be a
useful tool for daylight modelling and optimization of solar facades. Because of its
simplified geometry, it is much faster than the more complicated commercially available
tools. By omitting higher-order interior reflections in the calculations, alot of computer
time is saved, and the simulation error is only a few per cent with typical lighting
requirement levels (300-500 Ix). A possible object for future development of DelLight
would be the inclusion of skylight windows. Another interesting subject would be
detailed modelling of shading systems. Finally, the ssmple PV electricity, heating, and
cooling energy models currently included in DeLight could be further developed, to
allow more detailed overall solar facade optimization studies. So far, DelLight has been
used for detailed daylight optimization and for simplified calculation of the total energy
benefits of solar PV facades (Vartiainen & a., 1997; Vartiainen, 1997, Vartiainen & al.,
2000; Vartiainen, 2000c).
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APPENDIX A: HORIZONTAL IRRADIANCE MEASUREMENTS

(only in the printed version of the thesis)

In this Appendix, the monthly beam, diffuse, and global irradiation, beam and diffuse
irradiation percentages of the global irradiation, monthly average temperature (Tave),
and the monthly average isotropic (Ciso), anisotropic (Cani), and total (Ctot) correction
factors for the diffuse irradiance measurements is presented for three Finnish locations:
Helsinki (60°19'N, 24°58'E) for 1972-1993, and Jyvaskyla (62°24'N, 25°39'E) and
Sodankyla (67°22'N, 26°39'E) for 1971-1993. The shadow ring correction has been
made using egn (25) and the Perez all-weather sky model. The hourly irradiance data for
the cal culations was provided by the Finnish Meteorological Institute.
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APPENDIX B: COEFFICIENTS FOR THE PEREZ SLOPE
IRRADIANCE MODEL

The coefficients F; and F, in egn (100) of the Perez dope irradiance model can be
calculated from the following equations:

F.= F11(€) + F12(€) A+ F13(€) Z (Bl)

and F,= F21(€) + F22(€) A+ F23(€) Z (BZ)

where € is sky’s clearness (egn 36), 4 is sky’s brightness (egn 35), and Z is the solar
zenith angle in radians, and the coefficients Fi1, Fio, Fi3, F21, F22, and Fo3 can be
determined from the following table according to the sky’s clearness category:

Table B1. The coefficients F11, F12, F13, F21, F22, and Fy3 for the Perez dope irradiance
model as afunction of the sky’s clearness &.
(I

Lower Iimt for the sky's clearness ¢

0.000 1.065 1.230 1.500 1.950 2.800 4.500 6.200
I
F, -0.196 0.236 0.454 0.866 1.026 0.978 0.748 0.318
F, 1.084 0.519 0.321 -0.381 -0.711 -0.986 -0.913 -0. 757
F., -0.006 -0.180 -0.255 -0.375 -0.426 -0.350 -0.236 0.103
F,, -0.114 -0.011 0.072 0.203 0.273 0.280 0.173 0.062
F,, 0.180 0.020 -0.098 -0.403 -0.602 -0.915 -1.045 -1.698
F,, -0.019 -0.038 -0.046 -0.049 -0.061 -0.024 0.065 0.236
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APPENDIX C. EXAMPLE OF AN OUTPUT FILE (HKIS.OUT)

Qutput file: HKIS. OQUT 3.6.2000 at 19.16

Hel si nki (60. 32N, 24.97E) HKI 79AW SAA
I'l'lum nance requirement in the front part = 500.0 | x, back part 300.0 Ix
Blinds = 1, BlindDiffMn = 0.25, BlindD ffMax = 0.75, BlindBeam = 0.00
Beam = 1.00, Orient = 0.0, from9-17, 5 d/wk, Sky: Perez Al W 16x16
W ndLef t Edge- Left WAl | 0.850 m LunEffMdel: Perez, Ceiling: 4x 4 (Perez ALl W
Room height = 3.00 m width = 3.40 m depth = 5.00 m parts: ( 8+ 4)x 8
W ndow. hei ght 1.44 m width = 1.70 m Wsill-TableL = 0.40 m parts: 1 x 1

W ndTransmi t 0.700 , FrontRefl = 0.527, BackRefl = 0.573, G oundRefl =0.235
ost: hei ght 0.0 m distance = 0.0 m ElectricLunEff = 36.0 ImfW

PV-eff. = 4.0 % OfEl ecReq = 15.0 WnR2, PVArea = 5.85 n2, PV-prod from 0-24
HummanHeat = 200.0 W RooniTenp = 18.0 - 26.0 C, COP = 2.00, d assArea =2.45 n2

U-val ues: window = 1.50 WKn2, wall = 0.20 WKnR2, W ndowHeat Transnit = 0.50
1979 daylight in roomfront part (IXx) daylight in room back part (Ix)
mm diff beam refl usefl surpl total diff beam refl usefl surpl tota
1 80 0 28 107 0 107 23 0 19 42 0 42
2 198 0 78 258 18 276 68 0 55 123 0 123
3 379 0 125 372 133 504 94 0 78 160 12 172
4 432 0 79 408 103 510 88 0 50 138 1 138
5 588 0 101 471 218 689 96 0 57 152 1 154
6 502 0 102 437 167 604 77 0 58 134 1 135
7 642 0 106 473 275 749 97 0 59 155 1 156
8 491 0 92 446 137 583 95 0 56 152 0 152
9 317 0 62 322 58 380 75 0 42 116 1 117
10 199 0 43 236 6 242 62 0 34 95 0 95
11 74 0 19 92 1 93 19 0 13 33 0 33
12 37 0 12 49 0 49 16 0 12 28 0 28
Av 328 0 71 306 93 399 68 0 44 111 1 112
Li ght (Wh/ f c- nR) PV(Wh/ f acade- nR) Heat Cool Total (W/ facade-nR)
1979 useful auxil. useful excess auxil. aux aux useful excess auxil
Jan 638 3111 218 141 4382 7386 0 856 141 14878
Feb 1412 1847 1018 601 2982 6700 0 2430 601 11529
Mar 2168 1418 1226 718 3174 4804 0 3393 718 9396
Apr 2120 1302 1456 856 2744 3738 0 3576 856 7785
May 2652 1096 1576 1211 3024 1776 2044 4228 1211 7940
Jun 2223 1200 1742 1203 2458 612 3701 3964 1203 7971
Jul 2560 1025 1233 802 3167 687 1663 3793 802 6542
Aug 2543 1205 1724 946 2876 649 3357 4267 946 8087
Sep 1620 1639 1043 1149 2957 2008 0 2663 1149 6605
Cct 1412 2336 893 425 3707 3751 0 2305 425 9794
Nov 509 3076 149 154 4251 4409 0 658 154 11736
Dec 300 3123 412 135 3788 6368 0 711 135 13279
Tot 20157 22377 12688 8340 39512 42887 10765 32845 8340 115541
Yht 80.5 0.0 17.2 53.4 0.0 66.6 133.9 0.0 83.9
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APPENDIX D. EXAMPLE OF A GRAPHICS FILE (HKIS.GRF)

4 Nunber of figures
2 Bar graph
6 Nunmber of Bars

13 useful surplus di ff beam refl auxil
Jan 107.2 0.0 79.7 0.0 27.5 392.8
Feb 257.9 18.1 197.5 0.0 78.5 242.1
Mar 371.9 132.5 379.2 0.0 125.2 128.1
Apr 407.6 102.6  431.7 0.0 78.6 92.4
May 470.7 218.0 588.0 0.0 100.7 29.3
Jun 437.3 166.7 502.5 0.0 101.6 62.7
Jul 473.1 275.4 642.0 0.0 106.5 26.9
Aug 445.5 137.2  491.2 0.0 91.6 54.5
Sep 321.8 57.8 317.5 0.0 62.1 178.2
Cct 236.2 6.0 199.0 0.0 43.2  263.8
Nov 92.2 0.7 73.8 0.0 19.1 407.8
Dec 49.2 0.0 37.2 0.0 12.0 450.8
KA 305.9 92.9 328.3 0.0 70.5 194.1
Il lum nance, front room 1979, Hel si nki

nmont h

I x

Useful daylight

Sur pl us dayl i ght

Si nul at ed diffuse daylight

Si nul at ed beam dayl i ght

Sinmul ated refl ected daylight

Auxiliary lighting requiremnent

2 Bar graph

6 Nunmber of Bars

13 useful surplus di ff beam refl auxil
Jan 42.5 0.0 23.0 0.0 19.4  257.5
Feb 123.3 0.1 68. 2 0.0 55.3 176.7
Mar 160.1 11.7 94.2 0.0 77.6  139.9
Apr 137.5 0.8 88.3 0.0 50.0 162.5
May 152.0 1.5 96.1 0.0 57.5 148.0
Jun 134.3 1.1 77.4 0.0 57.9 165.7
Jul 155. 3 1.2 97.5 0.0 59.0 144.7
Aug 151.6 0.2 95.5 0.0 56. 2 148. 4
Sep 115.6 1.1 74.7 0.0 42.0 184.4
Cct 95.4 0.0 61.8 0.0 33.6 204.6
Nov 32.9 0.0 19.4 0.0 13.5 267.1
Dec 27.8 0.0 16. 2 0.0 11.6 272.2
KA 110.7 1.5 67.7 0.0 44.5 189.3
I'llum nance, back room 1979, Hel si nk

nmont h

I x

Useful daylight

Sur pl us dayl i ght

Si nmul at ed di ffuse dayl i ght

Si nmul at ed beam dayl i ght

Sinmul ated refl ected daylight

Auxiliary lighting requiremnent

2 Bar graph

6 Nunmber of Bars

13 useful surplus diff beam refl auxil
Jan 74.9 0.0 0.0 0.0 0.0 325.1
Feb 190.6 9.1 0.0 0.0 0.0 209.4
Mar 266.0 72.1 0.0 0.0 0.0 134.0
Apr 272.6 51.7 0.0 0.0 0.0 127.4
May 311.3 109.8 0.0 0.0 0.0 88.7
Jun 285.8 83.9 0.0 0.0 0.0 114.2
Jul 314.2 138.3 0.0 0.0 0.0 85.8
Aug 298. 6 68. 7 0.0 0.0 0.0 101.4
Sep 218.7 29.5 0.0 0.0 0.0 181.3
Cct 165. 8 3.0 0.0 0.0 0.0 234.2
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Nov 62.5 0.4 0.0
Dec 38.5 0.0 0.0
KA 208. 3 47.2 0.0
Il um nance, whole room 1979

nont h

I x

Useful dayli ght

Sur pl us dayl i ght

Si mul at ed diffuse dayl i ght

Si mul at ed beam dayl i ght

Sinmul ated refl ected daylight
Auxiliary |ighting requirenment
2 Bar graph

6 Nunber of bars

13 Useful Li ght Useful PV AuxLi gh
Jan 637.6 217.9 3110
Feb 1412.0 1018. 3 1847
Mar 2167.5 1225. 6 1417.
Apr 2120.0 1456.0 1302
May 2652. 2 1576. 2 1096
Jun 2222.7 1741.7 1199
Jul 2560.1 1233. 4 1025
Aug 2543. 2 1723.7 1204
Sep 1620. 0 1042. 7 1639
Cct 1412.5 892.6 2335
Nov 509. 4 148. 6 3075
Dec 299.6 411.6 3122
Ave 1679. 7 1057. 3 1864

Ener gy bal ance, Hel sinki 1979
Mont h
Wh/ f acade- n2

t

5
3
7
3
0
5
1
9
2
7
8
6
7

AuxEl ec

4382.
2981.
3174.
2744.
3023.
2458.
3166.
2876.
2957.
3707.
4251.
3788.
3292.

~NARRARRWWOWOLOORANER

AuxHe

7385
6699
4803
3738.
1776
611.
686.
649.
2008
3750.
4409.
6367
3573.

Electricity requirement replaced by daylight

Useful PV electricity

Auxiliary lighting electricity requirenent
Auxiliary electricity requirenent for appliances
Auxi | i ary heating energy requirenent
Auxi | iary cooling energy requirenent
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at

OCOPFRPOUIOONONDOOO®

AuxCoo
0.

0.
0.
0.
2044.
3701.
1663.
3356.
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APPENDIX E. EXAMPLE OF AN INTERIOR ILLUMINANCE
DISTRIBUTION GRAPHICS FILE (HKIS.DST)

8
8
8
4
3.400 5. 000
1. 050 2.350
3
5 500
0
Hel sinki 22.6.1979 at 9:30
233.5 337.2 558. 6 821.5 1172.0 1330.6 1732.0 2942.5
296. 7 448. 7 730.1 1116.0 1765.8 2189.4 2499.8 3786.0
329.7 483.0 718.2 1052.9 1577.9 2248.1 2895.2 7877.1
341.8 476.0 658. 7 913.2 1279.6 1787.4 2441.3 3603.8
340. 3 447. 2 584.5 769.0 1015.6 1333.6 1686.6 1717.4
324.5 407. 6 508. 3 637.5 796.7 973.7 1097.1 900.0
301.2 363. 8 436. 2 524.1 622. 4 712. 4 740. 3 613.6
271.9 319.2 371.1 429. 8 488.5 531. 3 528.5 459. 5
221.0 257.5 289.9 321.6 347.7 359.6 345.6 293.2
176. 3 195.4 212.8 227. 2 236.0 236. 2 225.6 207.6
137.9 154.7 166. 4 174. 3 177.7 175. 4 166. 4 148. 9
122.9 136.4 146. 4 151.9 154.7 152.9 146.7 134.1
Hel sinki 22.6.1979 at 10: 30
214.1 313.2 531.6 785.9 1106.5 1134.5 1396.4 2703.4
277.1 425. 6 712.6 1148.5 23438.9 28306.6 28197.2 9429.8
306.0 454. 0 695.4 1078.0 1771.8 19177.1 32586.3 34990.1
315.0 444. 7 631. 6 911.3 1332.5 2049.5 16699.7 28365.5
312.1 417. 3 556. 9 750.9 1006.5 1337.8 3420.9 14300.6
298. 2 381.6 483. 4 615.5 772.6 941.9 1071.1 948. 5
278. 2 342. 7 416.0 505.0 601. 3 687. 3 724.2 645.5
253.2 303.2 356. 4 416. 3 475. 1 518. 8 526.0 486. 7
209.5 248. 4 282.7 316. 4 345.0 360. 8 354.8 314.9
170.9 193. 4 213.0 230.0 242.0 246.0 240. 4 227.5
137.6 157.5 171.8 182. 4 188.5 189.1 182.9 166. 8
124. 7 141.5 154.5 162. 6 168. 4 168. 9 164. 6 152.0
Hel sinki 22.6.1979 at 11:30
166. 2 246. 6 448. 2 666. 8 874.9 590. 4 323. 4 264.5
238. 2 379.8 681.2 28448.5 45099. 3 44380.6 19722.1 509. 9
273.1 418. 9 679.2 1168.8 40845.3 47922.4 44379.8 7007.8
287.0 415. 1 612.6 943.0 18412.3 44987.1 44491.5 28387.0
289. 3 391.6 532.7 736.5 1027.7 1329.8 10010.9 9649.6
280.0 359.6 457. 8 583. 4 727.0 844. 2 841.2 718. 6
264. 3 324.7 392.9 472. 6 552.2 609. 3 615.9 578.7
242.9 289. 4 338.1 390.7 439. 1 471. 7 479. 1 471.9
203. 3 240. 4 272. 3 303.0 328.9 345. 2 348. 1 330. 3
170.1 191.9 211. 3 228.6 241.7 249. 2 250. 3 248. 2
139.9 160. 8 176. 2 188. 2 196. 2 199.4 196. 8 185. 2
131.6 150.1 165. 3 175.0 182.6 184.8 181.8 170.9
Hel sinki 22.6.1979 at 12: 30
192.0 289.1 553. 3 861.1 1027.3 652. 7 334.6 235.8
290. 3 483. 0 945. 0 48324.4 50680.6 48070.5 757.9 421.0
340. 3 549.0 994. 3 46350. 7 53959. 6 49204.4 6362.8 563. 9
360. 8 546. 4 892.5 29655.3 49361.1 48661.6 21825.4 623. 6
364.5 510.6 749.4 1147.8 1605.5 1478.6 956. 5 613.1
351.9 461. 8 618. 7 830.6 1015.5 982.5 762. 6 562.7
330.5 410. 3 512.6 631.9 720.9 711. 3 611.0 501.5
301.9 360. 3 428. 8 500. 2 549.0 546. 8 496. 7 436. 1
249. 8 294.0 334.9 372.0 395.5 396. 1 373.6 333.2
207. 2 230.7 253.2 272.0 283.0 283.5 274. 2 261.0
168. 7 191.6 208. 6 220.8 227. 2 226.6 218. 4 201.1
160. 7 181. 2 197.8 207.5 213. 4 212.6 204.6 189.0
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Hel si
211.
343.
421.
453,
456.
435.
402.
361.
290.
235.
186.
176.

Hel si
225.
400.
559.
630.
610.
547.
479.
412.
310.
240.
184.
170.

Hel si
270.
514.

18708.
40107.
21296.
711.
558.
451.
311.
233.
174.
159.
Hel si
4534,
11275.
34084.
20342.

6092.

1084.
685.
495,
312.
220.
160.
144.

nki 22.6.1979 at 13:30
600.

195
ki 22.

184
ki 22.

170
ki 22.

19703
23521
8458

POCONNOOORARWSNNOORPROPMAONOUUIOS UINCORPNNOWRARONRL,SIUIORANOONONOOO®

311.
592.
731.
740.
675.
587.
503.
428.
337.
256.
208.

2192.
1347.
871.
604.
386.
249.
184.
160.

NONWWORRLORARLO

6.1979 at
307.
711.

20546.

37226.
951.
727.
570.
459.
344.
252.
200.

QORRPN~NOWERLRNO A

6. 1979 at
312.
31250.
44464.
44484.
12248.
779.
571.
446.
326.
235.
185.

NOORPRANNWOOITWON

6.1979 at
2354,

8
.1
.0
.4
4
7

©COoOhwWhrO

36484
35464
34716

1072.
806.
625.
500.
374.
274.
221.

208

571.
51540.
53124.
52293.

1360.

878.

633.

489.

358.

258.

206.

191

548.
44041.
46243.
32765.

1133.

745.

550.

433.

321.

234.

188.

173

1658.
19118.
10333.

2287.

1644.

1172.

840.
616.
4009.
265.
196.
168.

2 946.

3 53360
1 55076
3 52804

QUITWNUIWOR

14: 30

N

ONUIONWWOO

15: 30

ORPWUIkPRNWhOONR

16: 30

OONNRFRPROUUIOOR~AODORLE
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