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INTRODUCTION

Background

External climatic conditions have strong impact on the energy use for space
heating and cooling of buildings (Wojdyga, 2008). One of them is solar radiation
incident on external surfaces and transmitted through windows into an internal
space of a building. Thus solar heat gain is a significant element of thermal
balance of each building.

In Poland, in 2008, files containing typical meteorological years (TMYs) in the
hourly data format and based on them monthly statistical data were developed
and have been made publicly available at no charge (MIiR, 2019). In addition to
the basic climate parameters (air temperature, barometric pressure, relative
humidity, wind speed and direction), they also include hourly global solar
irradiance on a horizontal surface and inclined surfaces (30°, 45°, 60° and 90°)
oriented in eight basic directions (N, NE, E, SE, S, SW, W and NW). They were
prepared for the buildings' energy calculations using methods from EN ISO
13790 (The Polish Committee for Standardization, 2009).

In 2017 a new PN-EN ISO 52010-1 standard (The Polish Committee for
Standardization, 2017) was published. The introduction of the new standard
means that impact of modelling methods to obtain global solar irradiance
incident on a building's envelope on its calculated annual energy demand for
space heating and cooling should be estimated.

LITERATURE REVIEW

In meteorological stations global horizontal and additionally direct (beam) and
diffuse horizontal irradiances are measured (Mazurek, 2014). But in technical
applications inclined and vertical surfaces are usually found (solar collectors, PV
panels or external walls of buildings). Because of that a number of mathematical
models for the calculation of solar irradiance incident on sloped surfaces, using
the solar irradiance data from meteorological measurements, over the last few
decades have been developed. These models, as well as TMYs, were used also
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in Polish conditions. Cyrankowski et. al. (Cyrankowski et al., 2014) showed
calculations of the heating and cooling energy demand of a single family house
using the simple hourly method of PN-EN ISO 13790. The TMY for the
Warszawa-Okecie weather station was used. In another paper (Basinska et al.,
2018) a theoretical energy demand of two apartments in a residential building
was compared with measurements in the period 2010-2017. Climatic data were
taken from the meteorological station Poznan-tawica and from the TMY for
Poznan. Authors stated that the energy assessment of a building depends on
input weather data and calculation assumptions.

In (Grudzinska and Jakusik, 2015) and (Grudzinska and Jakusik, 2015) the
energy demand for heating and cooling of a single flat in a multifamily residential
building located in Warsaw (central Poland), Wielun (central-south Poland),
Wiodawa (central-east Poland) and teba (Baltic Coast) was calculated using
two weather datasets and the BSim tool. In each location the TMY and climatic
data from measurements during the 2001-2012 period were used. The heating
demand calculated using the second dataset was lower by up to 11% than in
the case of the TMY. The cooling demand was greater by more than 20%. A
similar analysis for other five locations (Koszalin, Poznan, Lublin, Biatystok and
Zakopane) was presented in (Grudzinska, 2016). Comparing to the TMY the
heating demand was lower in a range from 2% (warmer climatic zones) to 28%
(coldest zone).

Analogous considerations, but concerning photovoltaics, were shown in (Nelken
and Zmudzka, 2016). The TMY's and data from measurements during the period
1971-2000 for 16 weather stations were used. Differences between these two
input datasets exceeded 9%.

This overview shows an impact of solar irradiance on the theoretical and real
energy performance of buildings. Thus an assessment how the calculation
method to obtain global solar irradiance on external surfaces influences
calculated solar gains and heating demand of residential buildings is the main
topic of this paper. The next section presents briefly Polish typical
meteorological year. Next five transposition models to calculate global solar
irradiance on sloped surfaces (Hay, Muneer, Reindl, Perez and Perez according
to the PN-EN ISO 52010-1 standard) are described. Then an annual energy
demand for space heating of an exemplary residential building was calculated
using the monthly method from PN-EN ISO 13790. Finally the results and
conclusions are presented.

GLOBAL IRRADIANCE ON A SLOPED SURFACE

Direct and diffuse irradiance on a horizontal surface

Files with TMYs have been prepared for 61 Polish weather stations. In each file
there are given hourly values of the dry bulb temperature, relative humidity, wind
speed and direction and global solar irradiance on a horizontal plane from
measurements for the whole year. Using the method given in PN-EN ISO 52010-
1 (The Polish Committee for Standardization, 2017) global horizontal irradiance
can be used to obtain diffuse and direct horizontal irradiances.
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Diffuse irradiance incident on a sloped surface

To calculate global solar irradiance on a sloped surface in a given location
(latitude and altitude) and known orientation (azimuth and slope angle), some
additional variables should be computed at first. These are solar declination,
solar time, equation of time, solar hour angle, solar altitude angle and zenith
angle. They can be obtained using the method given in PN-EN ISO 52010-1
(The Polish Committee for Standardization, 2017, Michalak, 2018).

Global irradiance on a sloped surface is the sum of beam (direct), diffuse and
reflected components. It can be calculated from input (measured and/or
modelled) beam and diffuse horizontal irradiances using a transposition model
of the form:

lgs =IpnRp+Igh-Ra+ (pn +Ign) PRy (1)
where:
Ry, = cosB/cos6, (2)
The ground reflected component is assumed to be isotropic (Grudzinska, 2018):
R, = (1 —cosP)/2 (3)
The diffuse component is given by:
lgs = Ign " Rq (4)

To calculate diffuse irradiance on a tilted surface five anisotropic transposition
models were used, as follows: Hay, Muneer, Reind|, Perez and Perez according
to PN-EN ISO 52010-1. They were recommended by other researchers for
Polish conditions (Witodarczyk and Nowak, 2009, Frydrychowicz-Jastrzebska
and Bugata, 2015). Short descriptions of all models are presented in the
following sections.

Transposition models

Hay model
In this model (Hay, 1979) the Rd factor is given by:
Rq = kg " Rp + 0.5(1 + cosB) - (1 — ky) (5)
where:
ky = Ib,n/Is,c (6)
Muneer model
This model (Muneer and Satuja, 1989) uses a modified anisotropy index of Hay:
Kp = Ipn/lexth (7)
with:
lexth = lext " SINQq (8)

lext is calculated in accordance with PN-EN ISO 52010-1 (The Polish Committee
for Standardization, 2017). For the slope angle () in radians:

Rq = kp * Ry, + (1 — kp)[cos? (g) + M(sinf — Bcosp — Tsin? (9)] (9)
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The value of the M variable can be modified for different locations. For Northern
Europe it is recommended (Muneer and Satuja, 1989):

M = 0.00333 — 0.415kp, — 0.6987k3 (10)

Reindl model
In this model (Reindl et al., 1990) the same anisotropy index is used as
previously. Then:

Rq = kp * Ry + 0.5(1 + cosB) (1 — kp)(1 + kgsin3 (g)) (11)

A modulating factor is given by:

kg = /Ib,h/lg,h (12)
Perez model

This model has been developed and then validated by its authors intensively.
Here its latest version (Perez et al., 1990) is used. In this model:

Ry = 0.5(1 + cosB)(1 — Fy) + F, -%+ F,sing (13)

The coefficients a, b and ¢ and are given by the following equations,
respectively:

a = max [0; cos0] (14)
b = max [cos(85°); cosb,] (15)

_(lant1lpn T 3 /( T 3)
s—( " +1.o41(18092) 1+1.041(18092) (16)

The optical air mass is calculated from PN-EN 1S0O52010-1 (The Polish
Committee for Standardization, 2017). If asol < 10, then:

m = 1/(sin agy +0.15(0g,; + 3.885)71253) (17)
elsewhere:
m = 1/sinog,; (18)
Sky's brightness A:
A=m - Ign/lext (19)
F1 and F2 coefficients are defined as:
F; = max [0; f;;(e) + f12(e) - A+ f15(e) - (- 6,/180)] (20)
Fp =1f51(e) +f,(8) - A + fo5(¢) - (- 6,/180) (21)

Coefficients f11...f23 are dependent on a sky's clearness €. In each time-step they
can be determined from (Perez et al., 1990).

Model of PN-EN ISO 52010-1

The PN-EN ISO 52010-1 standard introduced the model of Perez (The Polish
Committee for Standardization, 2017) shown in the previous section. But the
equation describing sky clearness was given in the form:



Piotr MICHALAK 509

— Id,h+1b,n U 3 n ’
= (B2 on () ) (110 (o))

Comparing equations (16) and (22) there can be noticed that the solar zenith
angle was changed into the solar altitude angle. This model was also used in
calculations to evaluate impact of this error on the final results.

CALCULATIONS AND RESULTS

Assumptions

To compare the mathematical models described in the section 2.3 solar gains
and heating demand of a test building was calculated. This was an exemplary
typical Polish multifamily building from the 80's after thermal refurbishment. The
building is located in Krakow (50°3' N and 19°56' E). It is north-south oriented
and built on a rectangular plan of 60 x 11 m. The total heated area and volume
are 2991.5 m? and 7478.8 m3, respectively. Constant internal heat gains density
of 4.0 W/m? and ventilation airflow of 7478.8 m3/h were assumed. The thermal
resistance of external walls and roof is 4.048 m?K/W and 4.885 m2K/W,
respectively. Its main geometric features are shown in Table 1. Area of windows
includes frames.

Table 1 Geometric parameters of the test building

Orientation N S E w Roof
External wall area [m?] 149.6 149.6 816.0 816.0 660.0
Area of windows [m?] 172.8 127.2 0.0 0.0 660.0
Total effective collecting area [m?] 97.31 73.09 1.01 1.01 7.02

External walls were covered with a mineral plaster with a solar absorption
coefficient aop = 0.6. The roof was covered with an asphalt felt with aop = 0.9.
The long wave emissivity of external surfaces eLw = 0.9. The external radiative
heat transfer coefficient hre = 4.6 W/(m?K). There are PVC windows and glazed
balcony doors with white frames. Thermal transmittance of glazing and frame is
U =1.3 W/m?K and U = 1.8 W/m?K, respectively. The frame factor Fr = 0.3 and
solar energy transmittance is gqg = 0.75. No shading was assumed.

To calculate a heating and cooling demand of buildings in Poland the quasi-
steady state monthly method of PN-EN ISO 13790 is currently used (Panek and
Kwiatkowski, 2007). Poland is a country with heating dominated climate
(Jedrzejuk and Dybinski, 2015), (Firlgg and Piasecki, 2018). To simplify
presented considerations it was therefore reasonable to limit further analysis to
the heating demand.

Solar gains

For clarity the presented results of solar gains not contain the extra heat flow
due to thermal radiation to the sky which in PN-EN ISO 13790 was included in
solar gains for convenience.

Total annual solar gains for the tested building calculated using solar irradiance
data from the TMY for Krakéw amounted 529 GJ and was greater than for
presented five models for which it varied from 326 GJ (Hay model) to 343 GJ
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(both Perez's models). Monthly solar gains for the roof were the same for all
models and varied from 0.64 GJ in December to 4.10 GJ in June. Figures 1-2
show monthly solar gains for vertical external walls. Numbers from 1 to five are
assigned to the considered models: Hay, Muneer, Reind|, Perez and Perez from
PN-EN ISO 52010-1, respectively. The ground reflected component was omitted

(p=0).
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Since input global horizontal irradiance is the same for all models, there were
no differences in results for the roof. Because of their geometric and effective
collecting areas, the greatest part of solar gains was received by the north and
south oriented walls. Variations of annual gains calculated by five models were
relatively small: from 189 GJ (1-st model) to 204 GJ (5), from 107 GJ (1) to 113
GJ (2), from 1.9 GJ (2)t0 2.5 GJ (4) and from 1.6 GJ (1) to 1.7 GJ (2), for the N,
S, E and W oriented walls, respectively. But regarding values of solar irradiance
given in the TMY, resulting gains were significantly greater, and amounted (in
the same order): 243 GJ, 253 GJ, 3.1 GJ and 3.1 GJ what means 23%, 131%,
46% and 91% differences.

Heating demand

The annual energy demand for space heating (Qn) of the considered building
was from 973 GJ (5) to 989 GJ (1) compared to 891 GJ calculated using the
TMY. Its monthly variation for all models is shown in Figure 3.

BTMY
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Fig. 3 Monthly heating demand of the building



Piotr MICHALAK 511

In spite of the noticeable differences in solar gains, differences in monthly
heating demand were smaller. But this conclusion, without more detailed
analysis, may be misleading. Dividing the value of the Qn by the heated area a
unit heating demand Ea in kWh/m? is obtained (Wiercinski and Skotnicka-
Siepsiak, 2012), (Lis, 2018). For the analysed building it was from 90.4 kW/m?
(4-th and 5-th model) to 91.9 kWh/m? (1) with 91.2 kWh/m? on average, what
was 10.2% greater than the reference value of 82.8 kWh/m? for the TMY. It
means that the energy rating of a building changed without modernisation,
resulting only from the different calculation method to obtain solar irradiance
incident on a building's envelope.

CONCLUSIONS

Five transposition models to obtain global solar irradiance, incident on an
arbitrarily oriented surface, were presented. All of them may use as the input
data global horizontal irradiance from Polish typical meteorological years.
These models were compared in calculations of solar gains of the exemplary
multifamily residential building in reference to the currently used solar irradiance
data from the typical meteorological year for Krakow. The largest portion of solar
gains was transferred into the building's zone through the north oriented wall
and it was on average 197 GJ (243 GJ from the TMY), comparing to 109 GJ for
the south direction (253 GJ for the TMY).

Presented models provided very similar results of monthly irradiance on vertical
walls. Annual solar gains varied for the cold half year from 45.6 GJ (2) to 70.4
GJ (5), from 22.2 GJ (4) to 30.3 GJ (2), from 1.4 GJ (2) to 1.9 GJ (4 and 5) and
from 1.16 GJ (1) to 1.25 GJ (2) forthe N, S, E and W oriented walls, respectively.
For the warm half year (months from IV to IX) solar gains varied from 133 GJ (4)
to 147 GJ (3), from 78 GJ (1) to 87 GJ (4), from 1.4 GJ (2) to 1.9 GJ (4) and
from 1.16 GJ (1) to 1.25 GJ (2) also for the N, S, E and W oriented walls,
respectively. Values from the TMY amounted 179 GJ, 172 GJ, 2.4 GJ and 2.34
GJ in the same order.

The biggest differences between the values from TMY and calculated by
presented models were noticed for the south wall and, on average, amounted -
67.2% and -51.9% for the cold and warm half-year, respectively.

What is also important, the mistake in the PN-EN ISO 52010-1 standard shown
in the section 2.3.5 influenced final results. Differences between values of
annual irradiance from the standard and the original Perez's model were from
0.07% (west) to 2.9% (south). This statement provides very important
conclusion that the calculation method to obtain global solar irradiance incident
on external walls of a building has impact on its heating demand and theoretical
building's energy rating.

NOMENCLATURE

Ao effective collecting area of an envelope element, m?

Ea annual heating energy demand per unit floor area of a building, kWh/m?
Fr frame area fraction of the glazed element,
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F1 circumsolar brightness coefficient,

F2 horizontal brightness coefficient,

Is,c solar constant, 1370 W/m?,

Ip,» direct (beam) solar irradiance on a horizontal surface, W/m?
In,s direct (beam) solar irradiance on a sloped surface, W/m?
la,» diffuse solar irradiance on a horizontal surface, W/m?

las diffuse solar irradiance on a sloped surface, W/m?

lext €xtra-terrestrial irradiance, W/m?

lexth €xtra-terrestrial irradiance on a horizontal surface, W/m?
lg.» global solar irradiance on a horizontal surface, W/m?

lg.s global solar irradiance on a sloped surface, W/m?

s solar irradiance due to ground reflection on a sloped surface, W/m?
R, beam (direct) transposition factor,

Rg diffuse transposition factor,

R reflected transposition factor,

U thermal transmittance, W/(m?-K)

f brightness coefficient (Perez model),

gg monthly mean effective total solar energy transmittance,
kp anisotropy index (Muneer model),

kn anisotropy index (Hay model),

kr modulating factor (Reindl model),

kr clearness index of the atmosphere,

m air mass,

A sky brightness parameter,

Oop absorption coefficient for solar radiation of the opaque element,
Osol SOlar altitude angle, °

B slope angle of inclined surface, °

€ clearness parameter (Perez model),

eLw long-wave emissivity,

8 angle of incidence of beam irradiance, °

0. zenith angle, °

p solar reflectivity of the ground.
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Abstract.

The paper presents calculations of global solar irradiance on inclined surfaces of any
orientation in the hourly time step. For computational purposes there were used the data from
typical meteorological years (TMY) available in a form of text files on the website of the
Ministry of Infrastructure and Development. Hourly solar global horizontal irradiance from
measurements from the file for Krakéw was used as input for five anisotropic models (Hay,
Muneer, Reindl, Perez and Perez according to the new PN-EN ISO 52010-1 standard). Direct
normal and diffuse horizontal and then global irradiances were calculated. To illustrate the
effects of using different models, for the exemplary residential building, monthly solar heat
gains and heating demand was determined according to the monthly method of PN-EN ISO
13790. In comparison to the solar data from the TMY, an average decrease in the value of
solar gains amounted 37%, what resulted in an increase in the calculated heat demand of the
building by 10%. This is very important since this change takes place without any
modernisation works.

Keywords: Diffuse irradiance, anisotropic model, sloped surface, typical meteorological year,
EN-ISO 52010-1



