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Abstract: The accurate distribution of solar energy on indoor walls is the basis of simulating the
indoor thermal environment, and its specific distribution changes all the time due to the influence of
solar azimuth and altitude angle. By analyzing the assumptions of each model, the existing solar
energy distribution models are eight kinds in all and are divided into three categories. The solar
radiation models in TRNSYS, EnergyPlus, and Airpak software all use the absorption-weighted area
ratio method, which assumes that a single interior surface is a whole, but the detailed assumptions
of the models used in the three software are different. In the Radiosity-irradiation method, the
indoor surfaces are discretized into small surfaces for calculation. The calculation accuracy of solar
radiation distribution indoors can be controlled by the number of discrete small surfaces. The
Radiosity-irradiation method is implemented by using Matlab software programming in this paper.
Through the numerical calculation and analysis of typical cases, the solar distribution results of the
absorption-weighted area ratio method and the Radiosity-irradiation method all show the asymmetry.
The asymmetrical ratio of direct solar radiation varies during the time between 7.96-9.89, and the
minimum turns up at 11:30 in the summer solstice. The asymmetrical ratio of diffuse solar radiation
is 3.23 constantly. The asymmetrical ratio of total solar energy is mainly influenced by the direct
and diffuse solar feat gain and its value changes in the range from 3.4 to 4.45 in the summer solstice.
Calculation comparison and error analysis on the solar radiation models used in TRNSYS, EnergyPlus,
and Airpak software are conducted. There are significant errors in the simulation results of all three
software. TRNSYS has the highest error among the three software as its results do not change over
time. For EnergyPlus, the distribution ratio of floor 1 is too large. Airpak has the smallest error,
but the solar radiation distribution ratios of the indoor surfaces near the south glazing facade are
underrated, especially the indoor surfaces that have not been exposed to direct solar radiation.

Keywords: glazing facade; solar energy distribution; indoor thermal environment asymmetry;
simulation software

1. Introduction

High-rise buildings are the products of addressing issues such as increased population
density and land scarcity in the development of urbanization and are also a symbol of urban
economy and strength. As of 2022, 2071 buildings of 200 m and above and 211 super high-
rise buildings of 300 m and above have been built worldwide [1]. Due to the large weight
of high-rise buildings, glass curtain walls are often used for building envelopes because
of structural safety considerations. Compared to walls, factors such as the transparency,
weak insulation performance, and increased window-to-wall ratio of glass curtain walls
significantly increase the solar radiation heat gain of buildings, which not only leads to an
increase in building energy consumption but also exacerbates the deterioration of the indoor
thermal environment. The near window area is prone to overheating [2], and the human
body’s thermal sensation under direct solar radiation is equivalent to an average radiation
temperature increase of 11 °C [3]. Previous studies have shown that high-temperature
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environments have a significant impact on the thermal comfort [4], work efficiency [5], and
physical health [6] of indoor occupants.

In the building thermal process, after transmitting through glass, solar radiation is
absorbed by interior walls and increases wall temperature directly, and then indoor air
temperature is increased by heat convection with interior surfaces. In glazing facade
buildings, the increased solar heat gain leads to higher mean radiant temperature and
air temperature. Beyond that, the asymmetrical distribution of solar heat gain intensifies
indoor thermal environment asymmetry. Lots of research has been conducted on the
thermal environment and energy consumption in conditions of different ratios of window
to wall, windows’ thermal properties, and shading devices [7-11]. These studies show that
in glazing facade buildings, solar radiation’s impact on the indoor thermal environment
is much bigger than in traditional buildings. In fact, in buildings with glazing facades,
the key to accurately simulating the indoor thermal environment is to grasp the accurate
distribution of incoming solar energy on the indoor surfaces. The specific distribution
of solar radiation heat indoors is constantly changing due to the influence of the sun’s
azimuth and altitude angles. For this issue, scholars have adopted different solar radiation
distribution calculation models in the indoor thermal environment calculation process,
and based on assumptions, these calculation models can be divided into three categories:
(1) weight method, (2) Monte Carlo method, and (3) radiosity-irradiation method (RIM).

(1) Weight method

The first type of calculation model is relatively simple but has a large number. This
type of model assumes that a single interior surface is a whole and the distribution of solar
radiation on a single surface is uniform. Different models use different weights, and solar
radiation is distributed on different internal surfaces based on wall weights.

Kraus [12] assumed that after passing through a transparent envelope, the direct solar
radiation loses most of its directional character, so solar radiation distributes on each of
the enclosure’s surfaces uniformly after entering the room. Kontoleon [13,14] considered
it a bit more complex, assuming that direct radiation enters the room through a window
and maintains directionality. After the first reflection from the internal surface, it becomes
diffuse radiation, which is uniformly distributed in the enclosure.

Cao [15] adopted the absorptance-weighted area ratios method, assuming that the
incoming diffuse solar radiation and the reflected direct solar radiation are distributed
within an enclosure. Software such as TRNSYS (version 18), EnergyPlus (version 23.2.0),
and Airpak (version 3.0) have also applied this method, but there are some differences in
their respective assumptions. The solar radiation model in TRNSYS [16] assumes that direct
solar radiation loses directionality and becomes a part of scattered radiation after entering
the room through the system. The solar radiation model in EnergyPlus [17] assumes that
the incident direct solar radiation falls entirely on the ground, and some of it becomes
diffuse radiation after being reflected by the ground. At the same time, the distribution rate
on each wall can also be manually input. The solar radiation model in Airpak [18] assumes
that the incident direct solar radiation maintains directionality after entering the room and
lands on the indoor surfaces. Some of the direct radiation loses directionality after being
reflected by the wall and becomes diffuse radiation. The specific comparative analysis will
be conducted in the third section.

(2) Monte Carlo method

The Monte Carlo method is a probabilistic statistical method. It is more commonly
applied to studies which require statistical analysis of data [19-21]. It is established based
on the ray-trace method. Manni [22] used this method for solar distribution between
buildings in the city.

(3) Radiosity-irradiation method (RIM)

The radiosity-irradiation method was proposed by Sparrow [23], which discretizes the
indoor wall into N small walls when calculating indoor radiation heat transfer; Wen [24]
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developed a model that described the dynamic thermal behavior of a building based on
the RIM algorithm.

In both the first and second methods, a single internal surface is considered as a
whole, and the distribution ratio of solar radiation heat on each surface is given, which
cannot reflect the asymmetry of solar distribution on a single surface. In the third type
of method, the indoor surfaces are discretized into small surfaces for calculation. The
calculation accuracy of solar radiation distribution indoors can be controlled by the number
of discrete small surfaces, but its disadvantage is that it cannot be achieved through existing
simulation software, and the calculation duration is long.

In this paper, the RIM algorithm will be programmed by using Matlab software
(version R2019a) to calculate the accurate distribution of solar radiation in the enclosure, and
the results will be compared and analyzed with the results calculated by the absorptance-
weighted area ratios method. At the same time, error analysis will be conducted on the solar
radiation distribution models in TRNSYS, EnergyPlus, and Airpak, which are commonly
used software.

2. Radiation Models
2.1. Overview

A comparison is made between the absorptance-weighted area ratios method and the
radiosity-irradiation method, which are widely used. On the one hand, the two algorithms
both deal with direct solar radiation and diffuse solar radiation separately and figure
out solar distribution in enclosures by weighted average calculation. On the other hand,
these two algorithms are developed with different hypotheses. To highlight solar energy
distribution’s asymmetry, the floor, ceiling, east wall, and west wall are all divided into two
equal surfaces. The surfaces in the zone near the glazing facade are marked as “1,” and the
surfaces in the adjacent zone are marked as “2”. Therefore, the enclosure consists of ten
surfaces, including the north wall and the south curtain wall, as shown in Figure 1. Some
modifications are made to the two algorithms correspondingly.

BN

Figure 1. Divided surfaces within the enclosure.

This analysis focuses on the radiant exchange for the short wavelength solar radiation;
long wavelength radiation is not included in this calculation.

2.2. Absorptance-Weighted Area Ratios Method

This algorithm is developed on these hypotheses: (1) each divided wall is considered
as a single surface, and the absorbed solar radiation would be distributed over the whole
surface uniformly; (2) all internal walls are treated as a Lambert surface, i.e., a perfect
uniform and diffuse emitter, absorber and reflector of radiant energy, their parameters are
the same except glazing surface; (3) incoming solar radiation cannot escape again.

Direct solar radiation distribution is calculated depending on sun patches and the
beam spot formed on internal surfaces. A rectangular coordinates system is established
on the plate of the floor. As shown in Figure 2, the beam spot on the floor plate is a
parallelogram in south-oriented glazing facade buildings. It varies according to solar
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altitude and solar azimuth. For example, in Figure 2c, area 0463 is an irradiated area on
floor 1, area 4576 is on floor 2, area 1578 is on the north wall, area 7896 is on east 2, and area
2369 is on east 1. All the cases shown in Figure 2 occur when solar azimuth is positive. If it
is negative, the beam spot will arrive on the west wall.
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(a) (b) (c)

Figure 2. Beam spot on the plate of floor: (a) Low solar altitude and solar azimuth; (b) Medium solar
altitude and large solar azimuth; (c) Large solar altitude and low solar azimuth.

u; represents the proportion of the beam radiation hitting on surface 7 to the whole
incoming direct radiation, u; = Q;/Q = S;/S, where Q is the total incoming direct solar
energy and Q; is the direct solar radiation quantity that hits surface i. For example, in
Figure 2a, u of floor 1 is Spo143/ Smo123, t2 of east 1is S 34/ Smo123, and u; of other surfaces
is 0.

As shown in Figure 3, when direct solar radiation Q; arrives at surface i, (1 — p)Q; is
absorbed by surface i and pQ); is reflected, where p is the reflectance of internal surfaces.
An assumption is made that all the internal surfaces except surface i are considered as an
ensemble, (1 — p)pQ; is absorbed, and p2 Q; is reflected by this ensemble. pz Q; arrives at
surface i and the absorption and reflection are repeated until the end.

(1-p)pQ;

surface i (1 —p)Q; (1-p)p*Q;
Figure 3. Absorbed and reflected radiation on surface i.

Absorbed by surface i from Q; is:

Qi Uj
= , 1
1+p 1+pQ M
Absorbed by other surfaces from Q; is 1 + - LQ.
Absorbed by surface j from Q; is AAj fj:lp Q
Absorbed by surface k from Q is 1 Q + Z A’E’;‘i filp Q.

i=1,i#
The direct solar radiation distribution parameter of surface k is:

Ak U
i=1,i%k il+p

2
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The distribution of the diffuse solar radiation can be calculated by the ratios of areas
because of its non-directional character.
The diffuse solar radiation distribution parameter of surface k is:

" A
=4 ©

The total direct radiation entering the enclosure is:

Q = Spo123 sin(h) Lyirn Tairs “4)

where F is the solar altitude angle, 1, is the direct solar radiation intensity, and t;, is
direct solar radiation’s transmittance of glazing.
The total diffuse radiation entering the enclosure is:

Q" = folaifaif, ®)

where f; is the glazing area, ;s is the diffuse solar radiation intensity, and 1y; is diffuse
solar radiation’s transmittance of glazing.
The solar radiation absorbed by glazing is:

Q” = 550123 Sin(h)ldirN’Xdir + fgldiflxdif’ (6)

where ay;, and ay;¢ is the direct and diffuse solar radiation absorptance of glazing. The
absorbed solar energy is treated as the glazing’s distribution part.
The total solar radiation distribution parameter of glazing is:

pe = Q _ Sto123 sin(h) Lyiyn@air + felaifair )
T Q+Q+Q  Soozssin(h) Lupen (Tair + aair) + folair (Tair + ai)’
The total solar radiation distribution parameter of the interior surface k is:
_ pQ+rQ PSo123 sin(h) Liin Tair + P, folaif Taif ®

T Q+Q Q" Stonzs sin(h) Lainn (Tair + %air) + folais (Taif + aif)”

2.3. Radiosity-Irradiation Method

The absorbed solar energy for an interior wall is calculated using the RIM based on the
view factor theory [12] and solves for the radiosity, irradiation, and absorbed radiant energy
for a surface. Similar to the absorptance-weighted area ratios method, several assumptions
are made: the direct solar radiation remains its directional character after being transmitted
through the glazing; all surfaces are diffusely reflecting.

The irradiation for surface i is:

N
Gi=) Fjl; )
=1

where N represents the total number of divided surfaces, F;_; is the view factor between
surface i and surface j, and J; is the radiosity for surface j.

The net radiation method is used for the analysis of indoor discrete interior surfaces.
Figure 4 shows the radiosity schematic diagram of the internal surfaces and the interior
surfaces of glazing.



Buildings 2023, 13, 2659 6 of 15

4 N
N N .
Sp Sa N
—_—— k
p; G; Jj / i G //
: . / \ (\—
‘ G; ////‘ = // Gk
a; G; / Ty G
[ S G
(a) (b)

Figure 4. Radiosity for internal surface: (a) Internal surface j; (b) Interior surface k of glazing.

The radiosity for surface i is:
N
Ji = piSpicos0; + Sa;i +pi ) Fi i}, (10)
=1

where Sy, ; and S ; are the solar beam and diffuse energy sources that have passed through
the glazing, and 0; is the direct solar radiation’s incident angle for surface i. Sy ; is non-zero
only for surfaces that are irradiated directly by the solar beam energy and S, ; is non-zero
only for the interior surfaces of the glazing.

Because Equation (9) is a linear algebraic equation, the solar radiosity J; could be
written as the sum of a solar beam radiosity J; ; and a solar diffuse radiosity J; ;:

Ji=Tvi+ Jair (11)

The solar beam radiosity [y ; is:

N
Jbi = CpiSp,icos0; + ;Y Fij]p s (12)
=1

where C is a judgment factor that represents whether surface i is irradiated or not. M
judgment points are chosen on each surface by meshing. If m point is irradiated by a solar
beam, the judgment factor is:

C=m/M, (13)
The solar diffuse radiosity J; ; is:
N
Jai = Sai+piy_ Fiojlaj (14)
j=1

The solar beam radiosity J; ; and the solar diffuse radiosity J; ; are calculated by solving
the N x N equations.
The final absorbed solar flux for surface i is:

qi = ucl-(Sb,i cos 0; + Gi)/ (15)
The absorbed solar energy for surface i is:

Qi = qiA, (16)

Q; represents the distribution part of solar energy for surface i.

The Radiosity-irradiation method is implemented by using Matlab software programming.

In Equation (12), the value of M is very important as it relates to calculation accuracy
and calculation duration. The specific numerical determination process is as follows:
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Due to the different solar altitude angles in different seasons, which can result in
different exposure depths and transmittance of solar radiation, the independence test of
discrete wall surfaces was conducted at 12:00 on the spring equinox, summer solstice,
and winter solstice. Discretize the interior wall of a 3 m x 4 m x 3 m room for indoor
solar radiation calculation. The corresponding number of discrete grids on the indoor
wall surface is 66, 264, 1650, and 6600, with side lengths of 1 m, 0.5 m, 0.2 m, and 0.1 m,
respectively. The calculation time is 2 s, 45 s, 8 min, 20 s, and 18 h, 33 min. As the number
of discrete grids increases, the computational time increases exponentially.

Table 1 shows the calculation errors of solar radiation at 12:00 noon on three typical
dates, namely the spring equinox, summer solstice, and winter solstice, under different
discrete grid quantities.

Table 1. Discrete quantity, calculation duration, and calculation error.

Actual Solar Heat Gain W The Spring Equinox 3412.8 The Summer Solstice 1637.5 The Winter Solstice 3896

Solar Heat Solar Heat Solar Heat
Gain Error Gain Error Gain Error
Calculated Ag Calculated Ae Calculated Ag
Number of Discrete Grids and Calculation Duration w w W
66 (2's) 3060.5 10.3% 1000.4 38.9% 4363.9 —12%
264 (45 s) 3660.4 —7.3% 1743.5 —6.5% 3770.7 3.2%
1650 (8 m 20 s) 3376.4 1.1% 1501.5 8.3% 3906.9 —0.3%
3200 (18 h 33 m) 3374.4 1.1% 1727.6 —5.5% 3887.8 0.2%

As shown in Table 1, the larger the number of discrete grids on the surface, the
smaller the calculation error and the longer the simulation time. Under the same computer
hardware conditions, when the number of discrete grids reaches 6600, calculating the
operating conditions at a single time can take up to 18 h and 33 min. Considering the
calculation time and accuracy requirements, it is advisable to control the number of discrete
grids within the range of 66 to 6600, and the corresponding edge length of the discrete
element surface should be taken between 1 m and 0.1 m. For the vernal equinox and winter
solstice with high incident solar radiation, the error is relatively small when the number of
discrete grids is 1650 and 6600, but for the summer solstice, the calculation results of each
discrete grid number have significant errors.

The reason for the calculation error is the error in determining the direct radiation
source on the microelement surface. In the calculation model, whether the wall is illumi-
nated is determined by whether the center point of the microelement surface is within the
direct radiation irradiation spot. The judgment coefficient C is set to 1 or 0, but in reality,
there is a situation where the discrete microelement surface is partially illuminated, and
the judgment coefficient C is within the range of [0, 1]. Considering that the calculation
accuracy should be ensured as much as possible while controlling the calculation time,
1650 discrete grids were selected in the calculation, with a single calculation time of 8 min
and 20 s. At the same time, in order to improve computational accuracy, the direct radiation
irradiation judgment points on individual discrete microelement surfaces were encrypted.
Table 2 shows the error analysis of the number of judgment points on the microelement
surface at 12:00 on the summer solstice when they were 4, 9, 16, and 25, respectively.

Table 2. Number of judgment points on discrete wall surfaces and calculation errors.

Actual Solar Heat Gain of

the Summer Solstice Number of Solar Heat Gain Error
W Judgment Points Calculated Ae
4 1727.6 —5.5%
9 1670.7 —2.0%
1637.5 16 1629.7 0.5%

25 1629.9 0.5%
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the distribution of the direct solar energy

the absorptance-weighted area ratios method

As shown in Table 2, the more judgment points lead to the higher the calculation
accuracy. However, when the judgment points are encrypted to 16 judgment points,
the calculation error is almost the same as the result of 25 judgment points. Therefore,
while ensuring computational accuracy and effectively improving computational efficiency,

16 judgment points are taken on each discrete element surface, i.e., M = 16.

3. Results and Discussions

3.1. Room Description

The size of the room is L =3 m, W =4 m, H = 3 m. For the south-facing room located
in Shanghai, the glazing is double-glass pane windows with low-E coating. The solar
transmittance of the glazing is 0.6, the absorptance is 0.33, and the reflectance is 0.07. The

internal surfaces of the room are assigned a solar absorptance of 0.6.

The distribution of solar energy at summer solstice is calculated using two methods.
In RIM, the divided small surfaces’ side length is 0.15 m. Therefore, the enclosure is divided

into 1650 surfaces.

3.2. Distribution of Direct Solar Radiation

Before 9:00 and after 14:30, direct solar radiation cannot enter the south-facing room
because of the solar azimuth. The distribution ratios for each surface from 9:00 to 14:30 are

calculated, and the results are shown in Figure 5.

I south [ floor 1 [l west 1 ] east 1 [ ] ceiling 1

Il floor 2[_ | west 2 [l east 2 [ ceiling 2 [IIll notrh
1.0

0.9
0.8
0.7

0.6
0.5
04
0.3
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0.0

P O S N I I I N I N
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time

()
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Figure 5. The distribution of the direct solar radiation: (a) Absorptance-weighted area ratios method;
(b) Radiosity-irradiation method.

The variation trend of the surfaces’ distribution ratio is similar in the two algorithms.
There are some significant differences between the two calculation results. For instance, the
ratio of south glazing is 35.5% constantly in the absorptance-weighted area ratios method
but is around 40% in the RIM algorithm. The ratios of west 1 and east 1 in the absorptance-
weighted area ratios method are slightly bigger than in RIM. The ratio of the north wall
is 3.7% in the absorptance-weighted area ratios method and varies from 5.8% to 7.5% in
the RIM algorithm. The differences occur because of the different assumptions of the two
methods. In RIM, the south facade can receive the solar energy that is reflected from interior
surfaces, so its ratio value is higher than in the absorptance-weighted area ratios method.
The apex of floor 1 turns up at 11:30 because the solar azimuth (163°) is closer to 180 than
at 12:00 (211°), and the floor 1 receives the most direct solar energy. Because the view factor
between floor 1 and floor 2 is zero, floor 2 cannot receive the solar energy reflected by floor

\)
< by
AN

the distribution of the direct solar energy
in the radiosity-irradiation method

[ south [ floor 1 [ west 1 ] east 1 [ ]ceiling 1
Il floor 2[ | west 2 [l east 2 ] ceiling 2 [l notrh
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0.3
0.2
0.1

0.0
S o O S S S O 5
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> oP N \Qrb N \\r‘b NN (‘;5 NS \b‘,5
time

1; therefore, the ratio of floor 2 is less than 0.5% at any time.

By dividing the sum of direct solar energy distributed in the zone near the glazing
facade by the sum of energy in the adjacent zone, the asymmetrical ratio of the direct solar
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energy can be obtained. As shown in Figure 6, the asymmetrical ratio in the absorptance-
weighted area ratios method is 8.04 constantly because the direct solar radiation cannot
reach the adjacent zone during June 21st. In RIM, the asymmetrical ratio changes in the
time period from 7.96 to 9.89, and the minimum appears at 11:30. The asymmetrical ratio,
which is larger than 1 in both algorithms, shows the direct solar energy distribution in the
zone mostly near the glazing facade.

—e— the absorptance-weighted area ratios method

105 —4— the radiosity-irradiation method

10.0
9.54
9.04
8.54

80{ oo 9o o -9 & o o o o o

7.5+

7.0 T T T T T T T T T T T T 1

O 0 O P O D O P O N O D
RO IR O SRR R Y )
7 97 Q7 Q7 NN LT T DT 0T WX RN

the asymmetrical ratio of the direct solar energy

time
Figure 6. The asymmetrical ratio of the direct solar radiation distributed in the zone near the glazing
facade to the adjacent zone.

3.3. Distribution of Diffuse Solar Radiation

The distribution of diffuse solar radiation is unaffected by the solar azimuth and
altitude because it is non-directional. Therefore, the distribution ratio of diffuse solar
radiation is constant, and its result in two algorithms is shown in Figure 7.

—e— the absorptance-weighted area ratios method
—4— the radiosity-irradiation method

o

'S

o
1

0.35
0.30
0.25
0.20
0.15
0.10

0.05 1

the distribution of the diffuse solar energy

OOO T T T T T T T T T 1
U

& X o () % X X o N

O 2 A 9 =) Q) o 9

SRR AP

(ao\i'(\\
the divided surface

Figure 7. The distribution ratio of the diffuse solar radiation.

In the absorptance-weighted area ratios method, the distribution ratios of floor, ceiling,
west and east walls are the same because the area and absorptance are the same. The
distribution ratio of the north wall is higher because of its larger area. In RIM, the diffuse
radiation transmitting through south-facing glazing is the radiation source, while the view
factors between the glazing and surface 1 are larger than those between the glazing and
surface 2. Therefore, the distribution ratios of surface 1 are larger than surface 2.

The asymmetrical ratio of diffuse solar energy distributed in the zone near the glazing
facade to the adjacent zone in both algorithms is larger than 1. The result in RIM is 3.23,
almost twice the result in the absorptance-weighted area ratios method, which is 1.68.
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the distribution of the total solar energy in
the absorptance-weighted area ratios method

N
[
il
0.

0
9

south [ floor 1 [l west 1 0] east 1 [ |ceiling 1
floor2[_ |west 2 [ east 2 [ ] ceiling 2 [l notrh

9

N\ \] O
S &

N

3.4. Distribution of Total Solar Radiation

The distribution of total solar radiation can be obtained by weighted calculation of
direct and diffuse solar radiation. The results are shown in Figure 8.

I south [ floor 1 [l west 1 [0 east 1 [ ]ceiling 1
Il fioor 2| | west 2 [l east 2 [ ceiling 2 [l notrh

1.0+
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L 07]
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the distribution of the total solar energy
in the radiosity-irradiation method
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time time

(a) (b)

Figure 8. The distribution of total solar radiation: (a) Absorptance-weighted area ratios method;
(b) Radiosity-irradiation method.

The distribution ratio of each surface varies with time in both algorithms, especially
floor 1, west 1, and east 1. The difference in the south glazing’s distribution ratio between
the two algorithms is about 3%. In contrast to the direct solar energy, the distribution
ratio of west 1 and east 1 in the absorptance-weighted area ratios method is slightly bigger
than in RIM. The distribution ratio of surface 2 changes within the range of 5-6.6% in the
absorptance-weighted area ratios method and changes from 2.2% to 3.7% in RIM.

There are obvious differences between the distribution ratio of total solar energy and
direct solar energy. For instance, the distribution of total solar energy is more uniform than
direct solar energy; the north wall’s distribution ratio of total solar energy is almost the
same in the two algorithms, while the north wall’s distribution ratio of direct solar energy
is quite different in the two algorithms. That is because, in the weighted calculation, the
weight factors are the direct and diffuse solar heat gain of glazing facade buildings. As
shown in Figure 9, for this south-facing room with the glazing facade, the diffuse solar heat
gain is larger than the direct solar heat gain at any time on June 21st. Therefore, the total
solar energy distribution is mainly influenced by the diffuse solar energy distribution.

Figure 10 shows the asymmetrical ratio of total solar energy distributed in the zone
near the glazing facade to the adjacent zone. In the absorptance-weighted area ratios
method, the asymmetrical ratio changes between 1.76-2.74. Its variation tendency is
smooth because the distribution ratios of direct and diffuse solar energy are all constant. In
RIM, the asymmetrical ratio changes between 3.4—4.45, the apex turns up at 12:30, and its
value at 11:30 is smaller than at 11:00 and 12:00. That is because the minimum of the direct
solar energy’s asymmetrical ratio appears at 11:30 and the ratio between direct solar heat
gain and diffuse solar heat gain reached its maximum at this time. The difference between
the two algorithms is obvious and is around 1.7 at any time on June 21st.
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3.5. Specific Distribution of Total Solar Energy in the Enclosure

In both two algorithms, the hypothesis is made that the solar energy absorbed by
a single divided surface would be distributed over the whole surface uniformly. In the
absorptance-weighted area ratios method, internal surfaces are divided into 10 small
surfaces, while in RIM, the divided number is 1650. Therefore, the calculating result in RIM

is more accurate and is presented in Table 3.

Table 3. Solar energy’s distribution on each surface.

South Floor North Ceilin West East

Glazing Wall 8 Wall Wall

%‘\’/e;fff 68.4 493 21.3 18.7 15.9 18.6
maximum

W/ 93.3 374.7 68.7 40.5 47.8 69.3

Results for solar energy on six internal surfaces at 12:00 on June 21st are shown in
Figure 11. The contours have units of W/ m?; the contour interval is 50 W/m? for the floor

and 10 W/m? for other surfaces.
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Figure 11. The distribution of total solar energy inside the enclosure.

The average solar heat gain of south glazing is the biggest among the six surfaces.
That is because the south glazing absorbs a portion of incident solar radiation. On the
floor, the area irradiated by direct solar energy receives a large amount of solar energy, and
the maximum is 374 W/m? near the south glazing. On the north wall, the solar energy
increases rapidly within the scope of 1 m near the floor. The solar energy distribution of the
west wall and the ceiling is relatively uniform, but there are still visible differences between
surfaces 1 and surfaces 2.

3.6. Error Analysis of Calculation Results of TRNSYS, EnerqyPlus, and Airpak

The assumptions of indoor solar radiation distribution models in software such as
TRNSYS, EnergyPlus, and Airpak are different, but the similarity is that all three soft-
ware use the absorption-weighted area ratio method, which simulates a wall and cannot
accurately express the actual distribution of solar radiation.

Calculation comparison and error analysis on the solar radiation models used in
TRNSYS, EnergyPlus, and Airpak software were conducted. The standard value adopts
the asymmetrical distribution model of solar radiation established in this paper, which
can obtain the distribution intensity of solar radiation at any position on indoor surfaces.
Two conditions on June 21st are calculated, 10:00 and 12:00, because the summer solstice
is the day with the highest solar altitude angle throughout the year. The results of the
distribution ratio of solar radiation on different indoor surfaces in different software are
shown in Table 4.
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Table 4. The distribution ratio of solar radiation on different indoor surfaces.

Time Indoor Surface Dis?:i}l;lzgl)e:ll\f[il del TRNSYS  EnergyPlus Airpak
south 39.01% 38.40% 35.48% 35.48%
floor 1 18.30% 9.99% 39.93% 16.39%
west 1 8.95% 8.87% 3.14% 8.35%
east 1 7.22% 9.56% 3.14% 5.41%
June 21st ceiling 1 7.30% 9.56% 3.14% 5.41%
10:00 floor2 2.51% 3.51% 1.06% 4.79%
west 2 2.62% 3.55% 3.14% 5.24%
east 2 2.97% 3.91% 3.14% 5.41%
ceiling 2 3.03% 3.91% 3.14% 5.41%
north 8.08% 8.74% 4.71% 8.11%
south 39.09% 38.40% 35.48% 35.48%
floor 1 22.73% 9.99% 39.70% 21.82%
west 1 5.49% 8.87% 3.16% 5.06%
east 1 7.54% 9.56% 3.16% 5.76%
June 21st ceiling 1 6.76% 9.56% 3.16% 5.06%
12:00 floor2 2.25% 3.51% 1.10% 411%
west 2 2.40% 3.55% 3.16% 5.06%
east 2 2.72% 3.91% 3.16% 5.02%
ceiling 2 2.85% 3.91% 3.16% 5.06%
north 8.17% 8.74% 4.74% 7.58%

As shown in Table 4, based on the comparison between the calculation results of three

commonly used software and the calculation results of the asymmetrical solar radiation
distribution model, the following analysis can be obtained:

@

@

®)

The calculation results of the solar radiation distribution model used in TRNSYS do
not change over time and have significant errors. The distribution ratio of floor 1
is relatively small, while the distribution proportion of the other indoor surfaces is
relatively large.

The calculation results of the solar radiation distribution model used in EnergyPlus
have significant errors too, as the distribution ratio of floor 1 is too large, and the
distribution ratios of the other surfaces are relatively small. This is because it is
assumed that all direct solar radiation falls to the ground after entering the room.
The calculation results vary over time, and due to the constant distribution ratio of
direct and diffuse solar radiation on each surface in the same room, the distribution of
solar radiation on each surface is affected by the direct solar heat gain and the diffuse
radiation heat gain.

The calculation results of the solar radiation distribution model used in Airpak are rel-
atively close to the calculation results of the asymmetrical solar radiation distribution
model. The main error is the solar radiation distribution ratios of the indoor surfaces
near the south glazing facade are underrated, especially the indoor surfaces that have
not been exposed to direct solar radiation. For example, the east 1 and ceiling 1 at
10:00 on June 21st.

In summary, TRNSYS has the highest error among the three software, followed by

EnergyPlus and Airpak.

4. Conclusions

The distribution of solar radiation within an enclosure was calculated with the use

of the absorptance-weighted area ratios method and the radiosity-irradiation method
algorithm. The calculated result in RIM is more accurate, and the asymmetrical ratio’s
difference between the two algorithms is around 1.7 at any time on June 21st.

The distribution of incoming solar radiation is asymmetrical. The distribution of

direct solar radiation is mainly influenced by the beam spot formed on internal surfaces.
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The asymmetrical ratio of direct solar radiation varies during the time between 7.96-9.89,
and the minimum turns up at 11:30 in the summer solstice. The asymmetrical ratio of
diffuse solar radiation is 3.23 constantly. For a south-facing room with a glazing facade,
the direct solar heat gain is smaller than the diffuse solar heat gain during the summer
solstice. Therefore, the asymmetrical ratio of total solar radiation is mainly influenced
by the distribution of diffuse solar radiation, and its value changes in the range from 3.4
to 4.45.

There are some rules for solar energy distribution. For instance, the surfaces near the
glazing receive higher solar energy, and for vertical walls, the surfaces near the floor receive
higher solar energy because the direct solar radiation is more likely to hit the floor.

The asymmetrical distribution model of solar radiation established in this paper can
obtain the distribution intensity of solar radiation at any position on indoor surfaces. This
model is implemented using Matlab software programming, and the distribution of solar
radiation at any time in any building can be calculated.

The solar radiation models in TRNSYS, EnergyPlus, and Airpak software all use the
absorption-weighted area ratio method, but the detailed assumptions of the models are
different. All three software simulates a single surface as a whole and cannot accurately
express the actual distribution of solar radiation. Calculation comparison and error analysis
on the solar radiation models used in TRNSYS, EnergyPlus, and Airpak software are
conducted. There are significant errors in the simulation results of all three software.
TRNSYS has the highest error among the three software as its results do not change over
time. For EnergyPlus, the distribution ratio of floor 1 is too large. Airpak has the smallest
error, but the solar radiation distribution ratios of the indoor surfaces near the south glazing
facade are underrated. Especially the indoor surfaces that have not been exposed to direct
solar radiation.
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