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Abstract: The consumption of heat energy as well as electric power in an exploitation process of
a building construction depends among others on properties of materials applied to construct its
partitions. Increasingly, glass is being replaced by plastics in transparent partitions, including multi-
wall polycarbonate sheets. Light transmission and solar radiation transferred to the object’s inside
through transparent partitions are decisive factors for its lighting and energy balance. The present
paper presents an analysis, on an experimental basis, of the changes of total solar transmittance
(TST) for a clear twin-wall polycarbonate sheet with a rectangular structure applied as a swimming
pool enclosure. Research shows that values of the above parameter do not depend meaningfully on
cloudiness but on time of day. Values of TST can change in the daytime depending on incidence
angles and on shares of direct and diffusive solar radiation in global solar radiation. TST values are
in the range 0.6–0.7, and they are lower than the value of 0.8, which is given by the producer in the
product card.

Keywords: total solar transmittance; polycarbonate transmittance; polycarbonate enclosure; polycarbonate
twin-wall structure

1. Introduction

Efficient energy consumption is one of the strategic targets for the economic devel-
opment of the modern world [1]. One of the more important economic branches is the
constructing industry. The exploitation of objects requires that both power and heat energy
are supplied [2]. Both kinds of energy are consumed most of all for heating and/or air
conditioning (ventilation) buildings. The consumption ratio for these two kinds of energy
changes depending on the climate zone, on applied heating installation, and/or applied air
conditioning. On the other hand, thermal gains and losses in constructions are essential
for energy consumption by the mentioned installations. Thus, the properties of building
materials used for partitions can decisively affect the heat fluxes exchanged between the
environment and a building’s inside.

For the reason of a building’s energy balance, the construction of transparent building
partitions is essentially important. Light and energy transmission through transparent
partitions was and remains the investigation target for a great number of researchers.
Control over the access of solar light and energy to the object is a strong motivation for such
investigations. They most often concern the transmission of solar radiation through glass
or transparent constructions made up from several sheets of glass with spaces between
them filled in with air or noble gas with low total pressure. In glass constructions, layers of
individual transparent materials are parallel to each other, and solar beams are refracted
only in boundary areas of respective media. Then, the inclination angle of solar radiation
on the glass surface and its inclination and orientation to the sun are significant parameters.
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The transmission of solar radiation through such partitions was analysed, among others,
by Karlsson and Ross [3], Karlsson et al. [4], Song and Haberl [5], and Kralj et al. [6].

Another meaningful problem of the modern construction industry is the excess of
energy transmitted to the building’s interior when solar radiation is too intensive. For this
reason, transparent partitions are implemented with shading systems. Processes of solar
transmission through such partitions were analysed, among others, by Manz [7], Simmler,
and Bidner [8]. In the newest constructions of building partitions, granular aerogel can be
placed between the glass sheets. It reduces the temperatures gradient between the object’s
interior and environment on a sunny day. Research on heat and energy transmission for
windows made with this technology was carried on by Moretti et al. [9]. Transmittance
control of glass partitions is possible in case of glass partitions built with the application of
polymer dispersed liquid crystal (PDLC). When voltage is applied to such a material, its
transmittance can change. The effect of sky clearness index on the transmittance of a glass
partition with PDLC was investigated, among others, by Ghosh et al. [10].

In turn, research on heat loss and the weakening of light transmission for a transparent
partition made of a double-walled polycarbonate plate filled with granulated aerogel was
carried out by Dawson et al. [11]. Their study shows that this technical solution of the
building partition reduces the heat loss of the building by about 80%, without changing the
light transmission.

However, increasingly, more building partitions are made of plastic (e.g., polycar-
bonate sheets, polyethylene sheets). Plastic is applied to build transparent partitions,
among others, enclosures for swimming pools, partitions for sports stadiums, green-
houses, etc. [12–18].

Polycarbonate sheets belong to popular materials [19] that can substitute glass sheets.
Polycarbonate is a polymer belonging to the group of carboxylic acid polyesters [12,20].
Producers offer a wide variety of ready-made sheets made of polycarbonate, which are
applied in the construction industry [12–17]. The sheets may be of solid or multi-wall
structure (Figure 1).
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Figure 1. Types of multi-wall polycarbonate sheets: (a) rectangular structure, (b) truss structure,
(c) structure with internal sine wave.

In case of transparent building partitions made of polycarbonate sheets, the process
of solar transmission can be quite complicated, particularly when their structure is not
homogenous. Additionally, such polycarbonate sheets are connected with each other by
ribs being their integral parts which, in turn, causes processes of solar refraction and
reflection of complex character [21].

For practical purposes, the optical properties of polycarbonate sheets are meaningful
as they are decisive for the amount of transmitted light and for energy transferred to the
object. Optical properties of sheets offered for sale are estimated in lab conditions, according
to European standard EU [22]. The data are given by the producer on the product card.
A question arises as to whether the values of optical parameters given in catalogues are
kept in exploitation conditions for polycarbonate sheets. The question is most important by
modelling of heat exchange processes through such partitions (e.g., through the encloser of
swimming pools [23,24]). One of the more important parameters for the process of solar
transmission through transparent partition is total solar transmittance (TST) [21].

Research on TST for several polycarbonate sheets that differed in structures was
carried on by Čekon et al. [25–27]. On the basis of yearly research, Čekon gave in the
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paper [25] relations between TST and global solar radiation as well as between TST and
irradiance incidence angle. He stated that TST increased with the growth of global solar
radiation and diminished with angle of incidence.

The aim of the present paper was the determination of TST for a chosen clear twin-
wall polycarbonate sheet with a rectangular structure in real conditions. It should be
investigated whether the values of experimental results are related to values obtained in lab
conditions. The important questions address the relation between values of TST obtained
in lab conditions and values obtained in experimental research, whether they are the same,
and if the clearness index has an effect on TST.

2. Materials and Methods
2.1. Parameters Solar Energy Transmission

Figure 2 shows schematically the phenomenon of solar energy transmission through a
multi-wall polycarbonate sheet, which can be treated as a transparent solid body. Incident
solar radiation (A) on the front wall of a polycarbonate sheet is partially reflected (B) and
transmitted through the sheet’s material (C). In turn, part of the solar radiation in the
sheet’s material is refracted, and then, it is transmitted to the inside of the object as direct
solar transmission (F). A small amount of transmitted solar radiation is absorbed E by
polycarbonate. If the sheet’s structure is more complex, further solar radiation reflections
and refractions may occur, as it is shown in Figure 1. Furthermore, the front and back walls
of the sheet emit energy accumulated in polycarbonate to the environment (D) and to the
object’s inside (F). Parameter TST (H) is the sum of direct solar transmission (F) and energy
emitted from the back wall of the polycarbonate sheet (G).

Energies 2022, 15, x FOR PEER REVIEW 3 of 15 
 

 

for the process of solar transmission through transparent partition is total solar 
transmittance (TST) [21]. 

Research on TST for several polycarbonate sheets that differed in structures was 
carried on by Čekon et al. [25–27]. On the basis of yearly research, Čekon gave in the paper 
[25] relations between TST and global solar radiation as well as between TST and 
irradiance incidence angle. He stated that TST increased with the growth of global solar 
radiation and diminished with angle of incidence. 

The aim of the present paper was the determination of TST for a chosen clear twin-
wall polycarbonate sheet with a rectangular structure in real conditions. It should be 
investigated whether the values of experimental results are related to values obtained in 
lab conditions. The important questions address the relation between values of TST 
obtained in lab conditions and values obtained in experimental research, whether they are 
the same, and if the clearness index has an effect on TST. 

2. Materials and Methods 
2.1. Parameters Solar Energy Transmission 

Figure 2 shows schematically the phenomenon of solar energy transmission through 
a multi-wall polycarbonate sheet, which can be treated as a transparent solid body. 
Incident solar radiation (A) on the front wall of a polycarbonate sheet is partially reflected 
(B) and transmitted through the sheet’s material (C). In turn, part of the solar radiation in 
the sheet’s material is refracted, and then, it is transmitted to the inside of the object as 
direct solar transmission (F). A small amount of transmitted solar radiation is absorbed E 
by polycarbonate. If the sheet’s structure is more complex, further solar radiation 
reflections and refractions may occur, as it is shown in Figure 1. Furthermore, the front 
and back walls of the sheet emit energy accumulated in polycarbonate to the environment 
(D) and to the object’s inside (F). Parameter TST (H) is the sum of direct solar transmission 
(F) and energy emitted from the back wall of the polycarbonate sheet (G). 

 

 
Figure 2. Scheme of solar transmission through a multi-wall polycarbonate sheet. 

E 

A 

C 

D B 

Ambient 

F G 

H 

Interior of object 

Lexan sheet 

Figure 2. Scheme of solar transmission through a multi-wall polycarbonate sheet.

As it has already been mentioned, from a practical point of view, amounts of light and
energy released to the object’s inside are relevant information. That is why producers of
polycarbonate sheets give generally three parameters that characterize the optical properties
of enclosures in their catalogues [12–17]:

• Light transmission (LT);
• Direct solar transmission (DT);
• Total solar transmittance (TST).
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The above parameters are determined in laboratory conditions [22].

2.2. Test Stand

Experimental research was carried out on the test stand built on the roof of the
Department of Energy Technologies, West Pomeranian University of Technology, Szczecin.
Figure 3 shows the view of the test stand.
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A clear twin-wall polycarbonate sheet with a rectangular structure produced by Sabic,
catalogue-signed as LT2UV102RS17 [28,29], was chosen for the research. The sheet is
commonly applied as a swimming pool enclosure. The sheet was made of resin with
trademark Lexan. Its TST was 0.8 and LT was 0.81, whereas its DT was 0.76. The height and
width of the single sheet’s cell was 0.010 m, respectively. The sheet was attached to a metal
frame, which was then placed on a stand. The axes of the channels of the polycarbonate
sheet are perpendicular to the N–S direction.

In order to measure total irradiance, two Kipp & Zonen pyranometers [30] with sensors
of type CMP-11 were applied. They were connected with a data acquisition unit. One of
them was placed under the sheet, and the latter one was placed near the sheet. The sensors
measured irradiance above (G1) and beneath the polycarbonate sheet (G2).

2.3. Methodology of Research

Irradiances (G1, G2) measured by means of pyranometers were registered every 20 min.
The TST for the polycarbonate sheet under research was calculated from the relation:

TST = G2/G1. (1)

The same methodology of TST measurements was applied, among others, by Tantau et al. [18],
Song and Haberl [5], and Čekon et al. [25–27]. However, they applied test stands that dif-
fered by construction and by implementation from the stand applied in the present paper.

The location of the test stand and lack of side protection for pyranometers caused that
irradiance reflected from neighbouring objects could affect both sensors. That is why it was
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assumed that the measured values of irradiance above and beneath the sheet included the
component of reflected irradiance.

Incident radiation on the surface of the polycarbonate sheet depends on the weather
conditions and atmospheric condition in the location of the test stand. In order to estimate
how cloudiness affects TST through the polycarbonate enclosure, a temporal sky clearness
index (K) [31] was introduced in the analysis. In the present paper, this index is defined as
a ratio of respective irradiances above the polycarbonate sheet (G1) and on the surface of
the outer atmospheric layer (G0):

K = G1/G0. (2)

Extra-terrestrial solar radiation (G0) was calculated from the relation:

G0 = Gs

(
1 + 0, 033 cos

360n
365

)
(cos Φ cos δ cos ω + sin Φ sin δ)K. (3)

Parameter Gs = 1367 W/m2 in Equation (3) denotes the solar constant, n is the subse-
quent day of the year, and angle Φ is latitude (Φ for Szczecin = 53.403◦ N). Solar declina-
tion δ depends on the season of the year and can be calculated from the following equation:

δ = 23, 34 sin
(

360
284 + n

365

)
. (4)

Then, the hour angle depends on the true solar time, and its value is calculated from
the relation:

ω = 15 · (τ − 12, 00). (5)

Measurements were made for local time τzone, so time correction is necessary, according
to equation:

τ = τzone + 4(Lzone − Lloc) + E. (6)

where Lzone, Lloc—are lengths of standard meridian (Lzone = 15◦ E) and local meridian (for
Szczecin Lloc = 14.529◦ E), respectively, and E is the equation of time.

In addition, a systematic error between the time registered by the data acquisition
system and local time was considered in the calculations.

It should be pointed out that the calculated value of the temporal atmosphere clear-
ness index is of approximate character because irradiance above the polycarbonate sheet
considers also reflected irradiance.

3. Results

Research was carried out in summer 2020. The present paper presents only research
results obtained in August. Detailed elaboration of the research results for this month is
given in paper [32]. Measurement results for irradiance values higher than 1000 W/m2

were neglected in research analysis, as they were considered to be gross errors.
For each day under research, diagrams of irradiance changes out of the earth’s atmo-

sphere, as well as above and beneath the polycarbonate sheet, as a function of time were
drawn. In addition, for each day under research, diagrams of parameters TST and K as
a function of time, as well as relation between TST and K were drawn. For example, the
figures in in Appendix A show runs of changes for analysed parameters only for the chosen
examples of days of August that are characterised by different cloudiness.

Figures 4–7 present collective research results for the month under analysis. Figure 4
shows TST parameter values as a function of irradiance G1 reaching a polycarbonate sheet.
For low values of irradiance (up to 100 W/m2), parameter TST diminishes with the increase
in G1. For irradiance G1 in the range of about 100 to 700 W/m2, parameter TST shows
significant changeability. It can only be stated that with the growth of irradiance G1 for
this range, values of parameter TST aim at the value of 0.7. For values of irradiance higher
than 700 W/m2, parameter TST has values close to 0.7. In addition, it can be stated that
if irradiance G1 aims at zero, then parameter TST approaches the value 0.9. An increase
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in the transmissivity of the sheet can be caused by the fact that solar beams directly reach
the pyranometer’s sensor beneath the sheet with no contact to the sheet. This situation can
occur by very small values of altitude angles.
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lower than 100 W/m2 is neglected. 
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Thus, the present research confirms conclusions made by Čekon and Slávik in pa-
per [25]. They stated that for similar clear twin-wall polycarbonate sheets with rectangular
structures that are vertical southeast (SE) oriented, measured values of TST equalled 0.74
and 0.63. The first value received by Čekon and Slávik was measured by means of proce-
dures ASTM G 173 [26], and the second one was obtained according to procedures ASTM
E1084-86 [25]. In their research, the declared TST for the investigated polycarbonate sheet
is 0.82.

Čekon and Slávik developed a linear approximation equation for a vertically posi-
tioned polycarbonate sheet 0.010 m thick but connected to a prismatic glass layer, which
has the form TST = 0.55 + 7 × 10−5 G1p. This equation is valid for data of August when
vertical solar irradiance G1p is greater than 60 W/m2. For such a sheet, in the paper [25],
there are also given approximation equations making the parameter TST dependent on
the radiation intensity G1p and on the incidence angle of sun–α (incidence angle of sun):
TST = 0.5377 + 6.5 × 10−5 G1p and TST = 0.6146−1.5 × 10−3 α, which are valid for the
second half year after 1st June. Čekon and Slávik emphasise that the developed equations
are only approximate, and they approximate the research results as a point cloud. However,
these equations cannot be applied to compare the research results in this article due to
different research conditions.

In turn, Tantau et al. [18] give a TST value of 0.6 after 5 years of operation of the clear
twin-wall polycarbonate sheets with rectangular structures installed in the greenhouse
roof. This value is slightly lower than the TNT value of 0.62 measured under laboratory
conditions for a new, vertically oriented polycarbonate sheet.

Figure 5 presents all non-zero values of parameter TST as a function of parameter
K for all measurements performed. It should be noted that for reasons given previously,
parameter K defines only qualitatively the degree of cloudiness of the sky. In spite of
significant changes in cloudiness, values of TST show some regular shape. If the run of
trend is drawn, which is a polynomial of the 6th degree, it can be stated that the values of
TST equal approximately 0.7 in early morning hours, in noon hours, and in late evening
hours. On the other hand, values of TST are lower by noon and in the afternoon, and they
equal approximately 0.6.

Two reasons for such changeability of TST parameter can be defined. Firstly, shares
of direct and diffusive solar radiation in global solar radiation change. Secondly, incli-
nation angles of direct radiation change in time. In early day hours and late afternoon
hours, the share of direct solar radiation in the total solar radiation is negligible (see
Appendix A—Figure A4). Then, diffusive radiation is dominant. Direct solar radiation,
incident at small angles, transmits through structures of the polycarbonate sheet and is
refracted from the outside and inside walls of the sheet and from the ribs. When diffusive
radiation begins to occur, its incident angles differ from each other, which causes their
travel paths through the material to be more diversified and longer, which in turn causes
bigger energy losses and a value decrease in parameter TST.

In consecutive morning hours, on clear or slightly cloudy days, the share of direct
radiation in the global radiation grows, but the global radiation intensity is increasingly
high. This phenomenon can cause that, in spite of the growing effect of diffusive radiation,
a higher amount of energy is transmitted by direct radiation. In addition, direct radiation
begins to incline at bigger angles, and it does not reflect from the ribs, but it only refracts in
the bottom and top planes of the polycarbonate sheet. Thus, the increase in parameter TST
is to be observed in the morning hours. A maximal value of parameter TST is achieved at
the noon hours. In afternoon time, the changes tendency of parameter TST is similar to the
changes of TST in the morning.

The studies of Tantau et al. [18] and Song and Haberl [5] confirm that the diffusion and
direct solar radiation penetration through a plastic transparent partition is determined by
the incidence angle of direct rays. This angle depends on the season, time of day, orientation
of the object, and slope of the partition.
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Analysis of the distribution of points in the run in Figure 6 allows us to make similar
observations as above. For the whole range of changes of parameter K, TST remains
most of all in the range of 0.6–0.7. Thus, the research results show that sky cloudiness
affects meaningfully the transmissivity of a polycarbonate enclosure. It is advised to check
if differences of values of TST can be caused by share proportions between direct and
diffusive solar radiation in the global solar radiation.

Figure 7 shows changes of the mean twenty-four hours total solar transmittance as
a function of the direct twenty-four hours atmosphere clearness index for each day. If
research results are interpolated by a straight line, it can be observed that the value of
parameter TSTmean diminishes with the growth of cloudiness. However, the observed
correlation between parameters TST and K is advised to be confirmed.

Values of TST, determined by research, are lower than the value of the parameter given
in the catalogue, and they equal about 0.8 [12–17].

4. Conclusions

The paper presents the results of an experimental study on the process of solar ra-
diation transmission through a horizontally laid polycarbonate sheet with a rectangular
structure. On the basis of analysis of obtained results for TST, it is stated that the values of
the parameter TST obtained in the experimental research are mostly in the range 0.6–0.7,
and they are lower than the value of 0.8 given by the producer in the product card. The
results indicate that sky cloudiness has no relevant effect on the parameter TST. Values of
the parameter TST obtained in early morning hours and in late evening hours, as well as
at noon, are higher than the ones obtained for the remaining times of day. The changes
of TST are caused by changes of solar radiation incidence in time and by changing values
of direct and diffused radiation. It should be further investigated if shares of direct and
diffusive solar radiation in global solar radiation can affect values of the parameter TST.
The parameter TST increases with the growth of irradiance, if irradiance in the range lower
than 100 W/m2 is neglected.
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Appendix A

Figure A1 presents research results for a sunny day, Figure A2 refers to a cloudy day,
and Figure A3 shows research results for a day with diversified cloudiness. It is quite
obvious that for each day of the year, including days chosen for research, irrespective of
weather, the distribution of irradiance G0 in the day period has a symmetrical and regular
run (Figures A1a, A2a and A3a), because irradiance G0 is calculated from Formula (3). If
the day is sunny, irradiances G1 and G2 have similar runs (Figure A1a). Maximal values
of irradiances are located near midday. Values of parameters TST and K, calculated from
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irradiance as a function of time, are given in Figure A2b. On a sunny day, both parameters
achieve maximal values in hours near midday. In the case of parameter TST, two local
maximal values are to be observed, in the beginning and at the end of daytime. It should
be supposed that maximal values of TST in the morning and in the evening result from
the dominance of diffusive radiation in global radiation in these daytimes. Analysis of
typical meteorological and statistical climatic data for the area of Poland (for the city of
Szczecin) [33] shows that only diffusive radiation occurs in early morning and late evening
hours. Figure A4 shows the share of diffusive radiation in the total radiation in successive
hours of individual statistical days in August. Similar changes of TST were also stated by
Čekon and Slávik [25]. Figure A1c shows changes of TST as a function of K. For a sunny
day, more points at Figure A1c are located on the right part of the diagram (K > 0.5).

When the day is cloudy, the runs of irradiances G1 and G2 do not have regular shapes
(Figure A2a). The values of irradiances G1 and G2 are significantly lower than the value
of irradiance G0. Values of parameter TST are approximately equal to 0.7 (Figure A2b).
Relatively small TST changes on cloudy days are caused by the dominance of diffused
radiation in global radiation. Values of parameter K are smaller than 0.5 (Figure A2b), and
points TST = f(K) are located on the left side of the diagram.

When the day is cloudy, the runs of irradiances G1 and G2 do not have regular shapes
(Figure A2a). The values of irradiances G1 and G2 are significantly lower than the value
corresponding to irradiance G0. Values of parameter TST are approximately equal to
0.7 (Figure A2b). The relatively small TST changes on cloudy days are caused by the
dominance of diffused radiation in global radiation. Values of parameter K are smaller than
0.5 (Figure A2b), and points TST = f(K) are located on the left side of the diagram (K < 0.5).

The changes of parameter K shown in Figures A1b, A2b and A3b show only the degree
of cloudiness that occurs at a given time of day. Of course, the runs of K are similar to runs
of irradiances G1 and G2 on the analysed days.

Changes of TST as a function of parameter K are only of qualitative character
(Figures A1c, A2c and A3c). Similarly, transmittance values equal or higher than the
unit were neglected, because such values are physically impossible. They confirm the data
obtained from the analysis of previously discussed figures. Locations of points on the runs
describe the character of cloudiness that prevailed on a given day.



Energies 2022, 15, 1360 11 of 15
Energies 2022, 15, x FOR PEER REVIEW 11 of 15 
 

 

a) 

 

b) 

 

c) 
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Figure A1. Results for sunny day—6 August 2020; (a) irradiance outside of earth’s atmosphere as
well as above and beneath a polycarbonate sheet as a function of time, (b) TST and K parameters as a
function of time. (c) Parameter TST as a function of parameter K.
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parameters as a function of time (c) Parameter TST as a function of parameter K.
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and K parameters as a function of time, (c) Parameter TST as a function of parameter K.
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