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Abstract. The promising environmentally friendly solar
heating systems are based on the combined solar collector,
in which the absorber made of constructive material of
low-energy house was described. The usage of the
combined absorber with an external protection of low-
energy house ensures sufficient efficiency of combined
solar collector and reduces its cost. Three-factor planning
matrix with the factors interaction was developed.
Analytical and graphical dependencies of efficiency of the
combined solar collector with a transparent coating and
without it on the angle of incidence and intensity of heat
flow were shown. The efficiency of transparent coating
which protects the absorber of solar collector was
researched. Ecological effect of using the combined solar
collector was cal culated.
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1. Introduction

The current aggravation of issues related to the
provision of energy population and industry of Ukraine,
and the impact of the energy sector on the environment
caused to the structural changes in the energy system of
the country. That is why the development of the
renewable energy sources is planned. The need to replace
non-renewable energy sources is not only related to their
depletion, but also to the danger of global scale. Burning
coal, ail, gas and peat increase the amount of heat and
CO; which are released into the atmosphere and disturb
the ecological balance.
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Industrial and commercial sectorsin Ukraine tend to
saving technologies, and the rate of using the new
environmentally friendly ways of getting energy is
inggnificant. Therefore, the introduction of dternative
energy sources and eco-construction development are a key
issue today. Low-energy houses or passive houses are
energy efficient building dandards which create
comfortable living conditions and carry a minimum
negative impact on the environment. The use of solar
energy for heat and dectricity needs is the most promising
area of environmental and energy development. Using
about 2% of the amount of solar energy could provide all
global energy needs today that will have a significant
pasitive environmental impact. The collected solar radiation
replace the energy generated using "dirty" technologies.
Thisisthe main environmental impact of solar energy.

Solar systems do not affect the thermal regime of
the planet due to a small proportion of solar energy use.
But it returns after conversion into the environment as
heat. The main negative impact of solar power plants on
the environment is indirect — these are the processes
which are associated with the production of new materials
and coatings for solar power plants equipment to increase
their efficiency.

Currently, there is a significant shortage of energy
in amost all areas of the economy. Status of
implementation of ecological solar heating systems in
utilities needs the substantial improvement [1, 2, 5, 10].
The energy-fencing structures, such as the roofs and
external walls of construction projects (residential, public,
administrative, etc.), as well as the elements of industrial
facilities surfaces (freezers, refrigerators, dryers, etc.),
have been developed [3, 4]. Such designs allow to utilize
hot water supply, air conditioning and industrial heat
energy of solar radiation, the outside heat and exhaust air,
as well as to implement the functions outside release
excess heat and heat storage regulation [3, 6]. The wall
solar collectors that smultaneously act as fencing
structures are widely used [4, 7-9]. However, these
systems have several disadvantages, among which are:
relatively high cost, high dependence of heat generated
from the period of the day, and so on.
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Therefore, it is proposed to use the solar collector
combined with structural building material, in which
absorber is made of roofing material of the building or of
the structural building material. Efficiency of the
combined solar collector in the presence and absence of a
glass coating is researched. The economic and environ-
mental effects of using the combined solar collector are
calculated.

The aim of this work is the study of environ-
mentally friendly heating system based on solar collector
combined with elements of energy efficient house which
is designed with tubes located under the absorber in the
gravitational system.

2. Experimental

2.1. Description of the Experimental
Setup

Experimental studies were peformed on the
facility, which consisted of combined solar collector, tank
battery, source of radiation and measuring devices. The
experimental setup isshowninFig. 1.
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Fig. 1. The experimental setup: combined solar collector (1);
reverse pipdine (2); feeding pipeline (3); tank battery (4);
radiation source (5); thermometer (6) and display (7)
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Combined solar collector is based on the task to
improve the flat solar collector, its energy and
environmental performance. Taking into account that heat
absorption material of solar collector is at the same time
the roofing material of the building, it helps to reduce
costs, increase flexibility and environmental efficiency of
the solar collector. Transparent coating, which is made of
glass, significantly reduces the solar collector heat, as in
the space between the glass and roofing materia thereisa
layer of air. Combined solar collector can effectively use
the heat of aroofing material of the building.

Sunlight falls on the outer surface of the corrugated
outer coating, made of roofing material. The inner surface
is coated with a sdective layer material made of black
chrome, which ensures maximum absorption of solar heat
at the minimum level of reflection of sunlight back into
the atmosphere. The result of this is heating. Heat is
transferred by the tubes loop circulation, in which coolant
is circulated. Due to the temperature and density
differences, the coolant circulation is created in the area of
inlet and outlet sockets. The heated coolant is supplied to
the consumer. Insulating layer and transparent top layer
reduce the hest | oss.

The temperature of water was measured at three
points of the system (at the outlet of the combined solar
collector, at the inlet of the combined solar collector, and
in the tank-battery) by thermometers.

The results of experimental studies of the combined
solar collector with the transparent coating in gravitational
solar heating system were obtained at tube diameter
d = 10 mm and the distance between the tubes | = 10 mm.
Thermal radiators, which were used, could give power of
1000 W/n¥.

Every time before the experiment the system was
filled with a portion of fresh water. We checked the the
system hermiticity under the operating pressure. Pipelines
with rubber hoses were insulated to minimize heat loss
during the experimental studies. Storage tank was
insulated with mineral wool of 100 mm thickness and
coated with a heat-eliminating coating.

2.2. Planning of the Experiment

The following factors were chosen for the
experiment: azimuth turning angle of the solar collector, the
dope angle of the collector and the heat flow intengty.
Table 1 presents the level s of factors and variation intervals.

Table 1
The levels of factorsand variation intervals
Factor name Code Factor levels Variation
-1 0 +1
Azimuth turning angle of the solar collector o, © X1 30 60 90 60
Slope angle of the solar collector £, © X2 30 60 90 60
Heat flow intengity 7, W/m® X3 300 600 900 600
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We developed the three-factor planning matrix
taking into account the factors interaction. The
optimization parameter was the efficiency coefficient of
the combined solar collector without the transparent
coating Kg1, and the efficiency coefficient of the
combined solar collector with the transparent coating Kes,.
It shows how the change of the angle of incidence
influences the efficiency of the solar collector.

The coefficient of efficiency of the combined solar
collector K¢ is determined by the formula:

Ko =2 &
Yo

where y4— the heat energy received by the combined solar

collector at the angles of incidence o = 90°, # = 90° and

heat flow intensity 7 = 900 W/, y; — the heat energy

received by the combined solar collector at other values of

angle of incidence and heat flow intensity.

3. Results and Discussion

On the basis of experimental data (Table 2) we get
the following equation of regression:
K,,.=0.80+0.027x +0.0546x, +0.054x ,+
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After analyzing the coefficients of regression, we
can conclude that slope angle (factor x;) and heat flow
intensity (factor x3) have the significant impact on the
efficiency of the combined solar collector; the azimuth
turning angle (factor x;) affectsit dightly. Theincrease in
all factors valueincreases the solar system efficiency.

The results of experimental studies are presented in
graphicsforms (Figs. 2, 3).

The experimental studies show that by changing the
angles of incidence a and S from 90° to 30° the efficiency
of the combined solar collector without the transparent
coating is reduced by 67 %, the collector with the
transparent coating — by 32 %, the conventional flat solar
collectors — by 60 %. The combined solar collector with
the transparent coating shows the best results.

Based on the experiments we got empirical equations
which show the dependence of azimuth turning angle of the
combined solar callector o, the dope angle S, the heet flow
intensity 7 and coefficients of efficiency Ke; and Keo.

Ky, = ((513+0.4581 ) + (22+0.0381 ) b +12>a +
+(-0.019+6.389X40°x ) a)40* (3
K, =((3625+31)+(37- 0.0221) % +(27- 0.0251)>a +

+0.001x,X, +0.001% X, X, @ +(-0.233+555640°x )b @) 40" (4)
Table 2
Matrix of experimental design
No. Xo X1 X2 X3 XiX2 X1X3 XoX3 X1XoX3 K1 Ke»
1 + - - - + + + - 0.20 0.58
2 + 0 - - 0 0 + 0 0.27 0.64
3 + + - - - - + + 0.33 0.68
4 + - 0 - 0 + 0 0 0.33 0.68
5 + 0 0 - 0 0 0 0 0.40 0.72
6 + + 0 - 0 - 0 0 0.47 0.75
7 + - + - - + - + 0.47 0.75
8 + 0 + - 0 0 - 0 0.53 0.80
9 + + + - + - - - 0.,60 0.83
10 + — - 0 + 0 0 0 0.27 0.68
11 + 0 - 0 0 0 0 0 0.33 0.72
12 + + - 0 - 0 0 0 0.40 0.75
13 + - 0 0 0 0 0 0 0.40 0.75
14 + 0 0 0 0 0 0 0 0.53 0.80
15 + + 0 0 0 0 0 0 0.60 0.83
16 + — + 0 - 0 0 0 0.60 0.83
17 + 0 + 0 0 0 0 0 0.67 0.88
18 + + + 0 + 0 0 0 0.73 0.92
19 + - - + + - - + 0.33 0.75
20 + 0 — + 0 0 - 0 0.40 0.80
21 + + - + - + - - 0.47 0.83
22 + - 0 + 0 - 0 0 0.47 0.83
23 + 0 0 + 0 0 0 0 0.60 0.88
24 + + 0 + 0 + 0 0 0.73 0.92
25 + - + + - - + - 0.73 0.92
26 + 0 + + 0 0 + 0 0.80 0.97
27 + + + + + + + + 1.00 1.00
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Fig. 2. The efficiency of the combined solar collector without the
transparent coating in gravitational heating system at the heat
flow intensity of 900 W/m?
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Fig. 3. The efficiency of the combined solar collector with the
transparent coating in gravitational heating system at the heat
flow intensity of 900 W/m?

Fig. 4. The results of experimental
studies of the combined solar collector:
ti, — temperature of water at the inlet of the solar
collector, K (7 ); to — temperature of water at the outlet
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The results of the temperature measurements of the
coolant at the inlet and outlet of the combined solar
collector and averaged temperature of air near the experi-
mental setup are presented in agraphical formin Fig. 4.

We observe a gradual increase of water temperature
throughout the experiment. The temperature of water at
the outlet of the combined solar collector has reached
298.4 K, indicating its effective work.

It is reasonable to analyze the change of efficiency
of the combined solar collector during the experiment.

The efficiency of the combined solar collector is
determined by the formula:

h. == 000 ©)

sc
I

where Qg — the specific instantaneous heat power of the
combined solar collector, W/n; I — the intensity of heat
source, W/nt.

Qsc =G ><:>(tout - tin) (6)

0 10 20 30 40 50 60 70 80 90100110120130140150160170180

S of the solar collector, K (<<);
to — the average temperature of air near
the experimental setup, K (-)

where G — the specific consumption of the coolant,
kg/(sn?); ¢ — specific heat capacity of the coolant,
J(kgK); tou, tin — the temperatures of the coolant at the
inlet and outlet of the combined solar collector, K.

Fig. 5 shows the dependence of the specific
instantaneous heat power of the combined solar collector
at the time of exposure. We observe a sharp increase of
the specific instantaneous heat power and at the end of
experiment it is equal to 3100 W/n¥.

Fig. 6 shows the growth of efficiency of the
combined solar collector to the 90" minute, which is
60 %. Then we do not observe any significant changes
and the efficiency remains at the same level: 53-60 %.

It is advisable to analyze the efficiency of the solar
system relative to the amount of solar heat energy
received by the tank battery. Fig. 7 shows the change of
water temperature in the tank battery during the
experiment. The gradual heating of water in the tank-
battery is observed throughout the experiment at al levels

(tboxts thoxos thoxa)-
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To substantiate the expediency of the combined
solar collector usage the cost of aternative energy and
usual heat sources should be compared. The calculation
was performed for the two-store building located in Lviv,
where 4 people live.

The price of natural gas, provided that natural gas
consumption volume does not exceed 200 m® per month,
iS7.200 UAH per 1 m?.

Given the constant load on the hot water system for
a year, we can get the total annual consumption of natural

gasQ, , which amounts to 1.039 m®/ year.

Total annual price for gas P spent for the needs of
hot water determined by the formula, UAH/year:

P=Q, 7.200

where 7.200 UAH/m® — the price of natural gas,
Cost savings, calculated by the formula, UAH/year:
h= h_SC P
100
where 54 — efficiency of combined solar collector, %.

()

(8)
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Fig. 5. Change of the specific instantaneous heat power of the
combined solar collector depending on the exposure time

393
O
.
w
>

* thox1, K
m thox2, K
e thox3, K

x thox ev., K

> T, min
0 10 20 30 40 50 60 70 80 90 100110120130140150160170180

Fig. 7. Change of water temperature in the tank-battery: tpox, thoe,
thoa — temperatures of water at height of the tank-battery, K; tpoye. —

average temperature of water in the tank-battery, K
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If we know the required amount of other types of
energy sources for heating system and cost savings we
may calculate the energy savings of the combined solar
collector [9].

Fig. 8 shows the energy savings of the combined
solar collector, which allows to obtain a positive
environmental effect. The combined solar collector is
efficient not only in money terms but also in terms of the
different types of energy resources. It can save up to 670
UAH/year or ~ 1614 KWh.

The combustion of 1 m® of gas releases about 2 kg
of CO,, which significantly pollutes the environment [7].
Due to the implementation of the combined solar collector
the saved amount of natural gas will be 1039 — 623.4 =
= 4156 m’lyear. Amount of carbon monoxide, which is
released into the atmosphere will be 40 % less than using
the traditional energy sources, that confirms the positive
ecological effects of the proposed system on the
environment.
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Fig. 6. Change of the efficiency of the combined solar
collector depending on the exposuretime
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Fig. 8. Saving of energy resources by the combined solar
collector
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4. Conclusions

The usage of the combined solar collector in the
solar heating systems for low-energy house can
significantly reduces the cost of solar systems and
improves the ecological environment. An important factor
which influences the efficiency of the combined solar
collector is the presence of a transparent coating.
Analytical and graphical dependencies of efficiency of the
combined solar collector with a transparent coating and
without it on the angle of incidence and intensity of heat
flow were received. The efficiency of the combined solar
collector with the transparent coating is 35 % higher than
collector without it. The dependences of the heat amount,
collector efficiency and heating temperature on exposure
time were established. The efficiency of the combined
solar collector reaches a value of 60 %, indicating its
effective work. The usage of the combined solar collector
alows to reduce harmful emissions by 40% and thus
provides a significant environmental impact.
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EKOJIOI'TYHI TA EHEPI'ETUYHI ACIIEKTH
BUKOPUCTAHHA KOMBIHOBAHUX
TI'EJJIOKOJIEKTOPIB /IS EKOBY/IMHKIB

Anomauin. Onucano nepcnekmugHi eKoi0eiYHO 6e3neyni
cucmemu COHAYHO2O MENIONOCMAYAHHS HA OCHOBI KOMOIHOBAHO2O
2enioKoNeKmopa, MenionoIuHay K020 GUKOHAHULL i3 KOHCMPYK-
mueHozo mamepiany exo6younkie. Ilokasano, wo uxopucmaums
KOMOIHOBAH020 MENNONOTUHAYA 13 308HIWMHIM 3AXUWEHHAM eKOOY-
OUHKY 0d€ MONCIUBICMb 3abe3nequmiu 0oCmammio eqeKmueHicnmo
KOMOIHOBAHO20 2eNIOKONEeKMopa ma 3MeHwumuy 1oz2o eapmicmo.
Pospobneno mpugakmopry mampuyio i3 6paAxXy8aHHAM 63aEMO-
enugy 6cix yunHukie. Ilpusedeno ananimuuni ma epagiuni 3aneic-
Hocmi epekmusHOCmE KOMOIHOBAHO2O 2eNIOKONIEKMOPA 3 NPO30PUM
NOKpUmMmsamM ma 6e3 Hbo2o 6I0 KYmié NaodiHHA Menio8o2o NOMOKYy
ma tioeo inmencusHocmi. Jlocniodceno epexmusnicmo 3axucniy
MenIono2NUHAYA  2€eNioKoNeKmopa npo3opum nokpummsam. Poz-
PAX0BAHO €KONO2IUHUIL eheKkm i) SUKOPUCAHHA KOMOTHOBAHO20
2eNioKoIeKmopa.

Knrouoei cnoea. KombiHo8aHUlL 2€1i0KONEKMOop,
MenIoNno2IuUnAaY, Meniosull NOMIK, eKoI02IYHO OEe3NeyHa cucmema
MenIonOCMadanHsl.



