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ABSTRACT: Solar collectors are used increasingly in single-family housing. Their popularity depends on
many factors, including the price-to-productivity ratio, which in turn results from the development
of solar collector technology as well as entire systems. This development consists of many aspects,
including those related to the modernization of control systems and measuring of solar collector
systems. Currently used systems offer, among others, the ability to determine the approximate solar
heat gains using the sensors necessary for normal control of the sensor system. The paper analyzes,
on the example of one facility, how such installations work in Polish conditions. An installation
consisting of 3 solar collectors has been selected for analysis, supporting the preparation of hot
utility water for a single-family residential building. The detailed analysis concerned days with high
heat gains compared to the average heat demand for hot water preparation in the building. The tem-
perature verification method (TVM) of the calculated solar heat gains by the solar system controller
has been proposed. Then, differences in measurements according to two methods (controller and
TVM) have been presented at various characteristic moments of the installation’s operation (start-
-up, stop) and during continuous operation. It has been shown that during the day gains measured
by the controller can be 15% lower than gains measured by the TVM method. The check has been
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carried out at a daily sunlight value higher than 4.8 kWh/m? measured on a horizontal plane. The
ratio of heat energy supplied to the domestic hot water storage tank to the measured insolation has
been 34%. The sum of annual solar heat gains measured by the controller and TVM differed by
5.2%.

KEYWORDS: measurement, solar energy, solar heat sources, energy efficiency measures, thermal solar col-
lector

Introduction

In Poland, the development of renewable energy sources, including thermal solar collec-
tors, has been observed for years (Knapik 2018; Olczak et al. 2020a). The most popular solar
collectors used in Poland are Flat Plate Collector (FPC) and Evacuated Tube Collector (Olek et
al. 2016) (in 2018 the total capacity of installed FPCs was 1.24 GW and ETCs was 0.34 GW
(Weiss and Spork-Diir 2018)). Installations consisting of them are made for ecological purposes
(Jelenski et al. 2020) including in the fight against low emissions (Kryzia and Peptowska 2019;
Olczak et al. 2019; Olczak and Olek 2016) as well as for economic purposes (Olczak and Kryzia
2016a) and increasing energy security (Mirowski and Sornek 2015). The popularity of their use
depends on forms of support (e.g. grants) as well as increased productivity (Baccoli et al. 2018;
Figaj et al. 2019).

The potential of solar collectors to produce clean thermal energy using nanofluids has been
experimentally tested by Sarafaz et al. (Sarafraz et al. 2019). Similar experiments for two types
of collectors (Flat-Plate Collector and Evacuated Tube Collector) have been carried out by Lee
et al. (Lee et al. 2020). Many studies focus on the concentration of solar radiation (Baccoli et al.
2018; Dayamand et al. 2020; Figaj et al. 2019; Olczak et al. 2017a,b; Olczak and Kryzia 2016b),
especially low-radiation (Octon et al. 2020) as well as to obtain the waste heat, which can be
utilized for various purposes. This paper presents the model of the radiator used for photovoltaic
(PV. Montoya-Marquez and Flores-Prieto analyzed the Heat Removal Factor and tilt angle for
the flat plate collector (Montoya-Marquez and Flores-Prieto 2018). Katsaprakakis and Zidia-
nakis optimized the cooperation of solar collectors with a biomass heater, using as a criterion
the minimization of the cost of heat energy production at an increased level (Katsaprakakis and
Zidianakis 2019). The Effect of the Inclination Angle on the Flat Plate Solar Collector Efficiency
(in a Medium-Temperature) was investigated by Montoya-Marquez and Flores-Prieto (Montoya-
-Marquez and Flores-Prieto 2017). Fiaschi et al. conducted research on solar energy accumula-
tion in Thermo-Electric Energy Storage (Fiaschi et al. 2019).

In order to check the installation effectivity, productivity of the installations are usually mea-
sured by one of many methods (exact or simplified one). The choice of estimation of installa-
tion’s work effects may contribute to the available values of aggregated results in the form of
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thermodynamic, economic, ecological efficiency (Olczak et al. 2020b). In installations, especial-
ly micro and small, it is pointless from an economic point of view to use advanced measures of
work gains and especially available solar radiation (Porzuczek 2016). In turn, the use of at least
simplified measures is sometimes dictated by subsidy considerations for installations. The work
focuses on the issue of operation of installations with solar collectors working in a single-family
house located in Lesser Poland to support the preparation of domestic hot water. This issue main-
ly concerns checking the heat gains, which are measured by a controller with the option of a heat
meter. Selected aspects of the operation of this installation have been raised in previous works
concerning heat losses from the solar tank and economics surface changes, as well as frame use
(Olczak 2020a, b). Al-Shamani et al. designed a 1.2 kWp roof top grid-connected photovoltaic
thermal system with SiC nanofluid that supply both electricity and hot water (water-based PVT)
(Al-Shamani et al. 2017).

There are no solutions in the literature estimating the level of accuracy of calculating solar
heat gains in a simplified form, i.e. without additional costs for the user of small installations
consisting of solar collectors.

1. Research object

The solar installation has been chosen as the test object, the main element of which are 3 flat
collectors (Fig. 1, Table 1). In addition to the collectors, the installation also includes a stora-
ge tank, a circulation pump with accessories as well as automation and piping. The collectors
have been placed on the roof of the building at an angle of 30° to the horizontal plane and face
south-west (in relation to the roof plane, SW azimuth). Piping between collectors and domestic
hot water tank are corrugated steel pre-insulated pipes (13 mm thick insulation). They contain
about 8 dm3 Solar Heat Fluid (SHF, Ergolid A —20°C), the basic properties of which are listed
in Table 2. The entire installation with collectors and coils in the tank holds about 20 dm> SHF.

The analysis was carried out in the period from June 1, 2014 to May 31, 2015, the total incre-
mental solar heat gains are shown in Figure 2. The total annual heat productivity (calculated at
the inlet to the hot utility water tank) per absorber area was 287 kWh/m?.

Days (May 19-20, 2015) with high solar heat gains compared to the average heat demand
for hot water preparation (amounting to 7.3 kWh/day) (Olczak et al. 2015) have been selected
for detailed analysis. At that time no other heat sources for hot water preparation except solar
collectors’ installation have been used.
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Fig. 1. The flat plate collector installation in detached house

Source: own study

Rys. 1. Instalacja ptaskich kolektorow stonecznych w budynku jednorodzinnym

TaBLE 1. Basic parameters of the FPC in the installation

TaBELA 1. Podstawowe parametry FPC w instalacji

Parameter Unit Value
Gross collector area m?2 2.07
Absorber area (Aa) m?2 1.87
Total Absorber area m? 5.61
Structure (shape of collector)/flow pattern harp
Intercept efficiency (for absorber area) % 0.751
Heat loss coefficient (@) W/(m?-K) 4.999
Non-linear heat loss coefficient (a) W/(m?K2) -
Inlet flow rate per absorber area kg/(h'm?) 67.4
Slope of solar collector ° 30° towards South-West

Source: own study based on (Biawar 2015).
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TaBLE 2. Difference between water and Ergolid A -20C properties

TABELA 2. Rdznice pomigdzy wlasciwosciami wody a ptynem Ergolid

Parameter Unit Water SHF (Ergolid A -20C)
Density kg/dm3 1.0 1.052
Specific heat kl/(kgK) 4.18 3.63

Source: own work based on (Boryszewerg 2020).

1800

[
[=))
(=]
(=]

1400
1200
1000
800
600
400 -
200

0
01.06.2014 31.07.2014 30.09.2014 30.11.2014 30.01.2015 01.04.2015 31.05.2015
date

measuered solar heat gain, kWh

Fig. 2. Incremental solar heat gains 1.06.2014-31.05.2015
Source: own study

Rys. 2. Narastajace solarne uzyski ciepta 1.06.2014-31.05.2015

2. Measurement of the installation

The amount of heat supplied from solar collectors to the hot water tank is calculated by the
PLUM controller, which is equipped with a heat meter option (an additional 74 sensor has been
added compared to the standard construction of the installation). The results are shown on the
display (manual reading only) in the form of increasing values of heat supplied (Qg, kWh). This
device calculates solar heat gains using the equation:

05 (5)=(11(0)-T3(9) <sme [ Vo 5 | 2o 0 m
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where:

QS — energy gains calculated by the controller,

T1(r) — temperature of the fluid flowing out of the solar collectors in t time, recorded by
PLUM,

T4(t) — return temperature from the hot water tank to the collectors in t time, recorded by
PLUM,

Ceyr — specific heat of the fluid (from Table 2),

4 — SHF flow rate maximum (6 dm3/min),

pspr — density of SHF (from table no 2) [kg/dm?],

P,(t) — current pump power in t time related to maximum power, recorded by PLUM,

T — time.

During the solar installation operation, calculations are carried out in the controller according
to the following assumption: the reduction in mass flow is proportional to the reduction in the
circulation pump power. In case of blocking the possibility of the circulation pump power regu-
lation, the above equation is simplified to following form:

Os (1) =(T1(v)~T4(1))- csur (V PF 5} 2

or

{QS (1)= (Tl(t)—T4(‘t))-cSHF -0.1052, when the pump works, )
3

Oy (7) = 0,when the pump doesn't work.

The calculation method implemented by the manufacturer in the controller is associated with
certain inaccuracies mainly associated with:
4 not considering linear heat losses on the pipeline over a distance of approx. 15 m (from the
outlet from the collectors to the entrance to the hot water tank) — this is related to the location
of the T'1 sensor (Fig. 3),
4 the visual method of reading the maximum flow value from the flow meter (6 dm3/min).
Other aspects affecting solar heat gains measurements are:
the dependence of the specific heat of the fluid from its temperature (applies to cgyp),
dependence of fluid density from temperature — refers to the volumetric flow of fluid,

+ 4+

dependence of fluid viscosity from temperature and change of pipeline resistance characteri-
stics and non-linear dependence of pump performance depending on electric power.

For the needs of the installation’s research, additional temperature meters (7'1', 72', T4', THI)
were installed in May 2015. The diagram of the installed devices at the solar hot water tank is
shown in Figure 3. The system operation characteristics are influenced by the set value dT on=9K
and dT off = 7 K, i.e. the temperature difference measured between 71 and 72 responsible for
switching the circuit on and off. Both values have been set by the installation designer.
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Fig. 3. Solar installation scheme with metering
Source: own study

Rys. 3. Schemat instalacji wraz z opomiarowaniem

3. Research methods

For the purposes of the study, the possibility of regulating the circulation pump power has
been blocked. As a result, the pump has been running on-off. By using additional temperature
meters, verifying the measurements of heat gains from the installation based on the following
equation has been possible (author’s TVM method) (modification of equation 2):

. , , . 1
QST(‘E)=(T1 (T)—T4 (T))'CSHF'(V'QF'a) (4)
where:
QST — solar heat gains calculated by using temperature and flow rate meter [kW],
71" — DHW tank flow temperature by solar installation in time t [°C],
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T4'" — return temperature from HWT to collectors in time T, sensor located in the same
place as sensor 74 [°C]
or

Ogr (1) =(T1'(x)-T4'(1))- cspp -0.1052, when the pump works
Ogr () = 0,when the pump doesn't work

®)

In order to determine the available solar energy obtainable by the installation, the intensity
of solar radiation incident on the vertical plane has been measured at a distance of several me-
ters from the solar collectors. The measurements have been made with an EPLAB Pyranometer
(Eplab), measuring the radiation band (295-2800 nm) with an accuracy class (2%) — Figure 4
(EPLAB 2015). Obtained solar radiation density (G) values allowed, among others, to select the
periods when the pump had been running:

4 receiving heat currently produced from collectors,

4 receiving heat stored in collectors (not from current solar radiation), such cases may occur,
for example, in the evening with a simultaneous decrease in temperature 72/72' in the tank.
This situation has been observed among others for installations several times larger than the
tested one (Olczak and Zabaglo 2015).

Data has been collected every 10 seconds. Weather data (with an hourly frequency) for the
days selected for analysis in the form of external temperature (TA) for the nearest weather sta-
tion (Tarn6w) has been downloaded from the ogimet.com weather service. The system had been
diagnosed to determine the operating time of the circulating pump, which should be included in
the calculation of solar gains (equation no. 4).

Fig. 4. Setting up the solar radiation meter in the building where the installation has been working
Source: own study

Rys. 4. Ustawienie miernika nat¢zenia promieniowania stonecznego w budynku, w ktérym pracowata instalacja

122



www.czasopisma.pan.pl P N www.journals.pan.pl

IS

POLSKA AKADEMIA NAUK

The operating conditions (registered) of the installation in the selected 2 days are shown in
Figure 5.
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Fig. 5. Measurement results for the selected two days of analysis, June 2015
Source: own study

Rys. 5. Wyniki pomiarow wybranych podczas 2-dniowej analizy, czerwiec 2015

The following characteristic installation periods were selected for detailed analysis:
first start of the cycle during the day,

continuous work,

stopping the circulation,

+ 444

work after sunset.
The ratio of solar heat energy supplied to the domestic hot water storage tank to the measured
insolation was 34%.

3.1. First daily circulation start

The results of measuring the temperature and the period of operation of the circulation pump
associated with the first (morning) start of the installation circuit are shown in Figure 6.

At the moment when the value of temperature measured near the outlet from the collector
(T1) exceeded by a set minimum dT on (9 K) the value measured in point 72, the automation
switches on the pump circuit and the fluid begins to circulate in the installation. Dividing the
distance between the collectors and the hot water tank, the fluid overcomes in less than 1 minute,
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Fig. 6. The first start of the installation’s operation on May 19, 2015
Source: own study

Rys. 6. Pierwszy start pracy pompy obiegowej dnia 19.05.2015

however, due to the contact method of mounting the thermometer, an additional time delay has
been observed (change in the graph after more than a minute — for 71").

Observing the flow temperature measured at the storage tank (7'1"), it can be seen that first
gravity heated fluid flows (noticeable difference between 7'1 and 74 during stops) from the do-
mestic hot water storage tank. Then, for some time, the liquid cooled during the night (depending
to some extent on the TA and THI values) flows until warmer fluids from the collectors begins
to flow (about 08:54:30). During this initial time, the heat gain is counted (in TVM method),
although only part of the heat lost at night actually returned to the tank. In the calculation of
heat gain, the controller took took into account the temperature difference, the minimum values
of which are presented in Figure 6, the actual value is greater, but dT (taken into account by the
controller in the calculations) is difficult to determine with the used measuring devices, because
of the temperature in point 7'1. At the time of starting the pump circuit, it was at least the required
value dT on, i.e. 9, and at the end of the pump operation dT off = 7.

Considering the above, for a total of nearly two minutes of pump operation, the calculations
according to equation 3 (TVM) of solar heat gains (Qg7) were higher than those calculated by the
controller. One of the reasons is that at the time of starting the pump, the solar fluid, which needs
time to flow close to one minute and it does not actually supply solar energy in the form of heat
to the storage tank. At the time of start:

4 the controller includes dT =9 K, because 72’ was equal to 74',
4 the temperature method (TVM) T1' — T4’ =20 K.

124



N

www.czasopisma.pan.pl m www journals.pan.pl

At the moment of work stop, both methods take a similar temperature difference into account,
respectively 7 and 8 K.

In summary, the first daily commissioning of the installation is associated with inaccurate
calculation of heat gains (for a period of at least one minute). In the case of calculations carried
out by the main controller, the reason for the discrepancy is the failure to take the liquid cooled
overnight in the installation connecting the tank with the collectors into account. For the tem-
perature verification method (TVM), the recorded amount solar heat gains is influenced by the
value of heat gravitationally losses from the hot water tank through solar fluid inside pipe which
connect the HWT with the solar collector.

The analysis of the installation’s operation during start-up allows the lack of by-bass preven-
ting the storage tank from cooling by the colder inflowing fluid to be determined. It was found
possible to improve (higher solar gains) in the form of changing the method of connecting pipes
to the HWT in a way that prevent the gravitational cooling of the tank by the fluid (when pump
doesn’t work). However, these solutions should be analyzed in terms of economic costs, because
e.g. the estimated effect of using a by-pass in the form of additional energy obtained will reach
a maximum of several MJ per year.

3.2. Solar circuit operation

The periods with the greatest impact on the calculation of heat yields are the periods of vir-
tually continuous operation of the installation. Examples of such periods are: May 19 between
9 am and 3 pm and several periods between 9 am and 6 pm, on May 20.

Due to the long duration of the pump work, calculations based on measurements have a large
impact on the achieved results. There are at least two reasons for this:

4 linear losses along the length of the supply pipeline associated with the supply temperature
HWT (T1) and the environment affected by THI and G, the unheated attic heats up due to
high values of solar irradiance. These losses can range from a few to several % of gains de-
pending on external conditions and length (Roberto et al. 2010),

4 method of measurement: at the outlet from the collector, the sensor is inserted inside into
a special measuring sleeve, and at the tank on the return under the cover on the pre-insulated

pipe.

3.3. Circulation stop after work period

Another of the typical periods of system operation is the moment of switching off the circu-
lation pump. During the period under study, several such events occurred, one of them has been
selected for detailed analysis, since it occurred after a long operation of the circulating pump and
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before a several hours break. The reason for stopping the work of the circuit was a decrease in the
intensity of solar radiation with simultaneous high operating parameters of the system negatively

affecting the achieved efficiency (surplus over the ambient temperature), recorded measurements
are shown in Figure 7.
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Fig. 7. Afternoon stop of the solar circuit pump operation (May 19, 2015)
Source: own study

Rys. 7. Popotudniowe zatrzymanie pracy obiegu (19.05.2015)

Around 2:54 pm the temperature difference measured between 71 and 72 fell below the
programmed value (dT <dT_off) and the pump circuit was switched off. However, the solar fluid
was left along the entire length of the supply pipe (15 m), the temperature of which at the mo-
ment of leaving the collectors met the condition > (dT _off + T2). Heat transported by the fluid
was included as heat gain (by the controller), although it did not reach the tank. In addition, due
to the decidedly higher temperature of the fluid from TA and THI, heat was lost from the fluid by
transfer from both supply and return pipes.

3.4. Circulation operation after the disappearance of solar radiation

A less typical event during the operation of the installation, but which may occur especially
on days with high sun exposure, is the temporary start of the pump cycle in the evening, when
the intensity of solar radiation is already close to zero (Fig. 8). This results from the accumulated
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heat in collectors and pipes and the consumption of hot water by users, which causes a decrease
in 72’ measured in the tank. The temperature measured at 71 slowly decreased due to losses to
the environment, and for 72’ there was a rapid decrease due to the inflow of cold water (as a re-
sult of DHW intake by users) and losses to the environment, which is why dT increases (leading
to the activation of the circulation pump).

n
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Fig. 8. Measurements recorded during the evening operation of the collector’s installation (May 19, 2015)
Source: own study

Rys. 8. Zarejestrowane pomiary podczas wieczornej eksploatacji instalacji kolektorow (19 Maj 2015)

At the start of circuit, it can be seen dT’ around 23 K, and the controller always switches on
the circuit at dT equal to 9 K, however, in connection with the data presented in Figure 6, the in-
creased gains in this case result from the heat accumulated in the pipes, which came from the so-
lar collectors. The observed situation has been different from the start-up observation, where the
warmer factor has been accumulated in the piping only near the tank.

3.5. Daily results

Differences in solar gain measurements between the PLUM and TVM methods are shown
in Table 3.
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TaBLE 3. Differences in measurements results according to PLUM and TVM and the value of measured
solar insolation

TABELA 3. Roznice w wynikach pomiaréw wedlug PLUM i TV oraz warto$¢ zmierzonego

nastonecznienia
Parameter Unit 19 May 20 May
Qg according to the controller (PLUM) kWh/day 12.1 12.8
Qg according to the proposed verification method (TVM) kWh/day 14.39 14.87
I (Insolation per collector area) kWh/day 33.7 274
I (Insolation) kWh/(m?2-day) 6.01 4.89
Difference % 19 16

Source: own work.

Conclusions

For the installation consisting of 3 solar collectors supporting preparation of hot utility water
for a single-family residential building, the characteristic moments of the system operation and
their impact on the measurement of heat supplied to the hot water tank have been analyzed.
The detailed analysis concerned days with high solar heat gains compared to the average heat
demand for hot water production in the building (7.3 kWh/day). The check was carried out at
a daily insolation value higher than 4.8 kWh/m? measured on a horizontal plane.

The verification temperature method (TVM) of the calculated gains by the solar system con-
troller (PLUM) has been proposed. Then, differences in measurements according to two methods
(controller and TVM) have been presented at various characteristic moments of the installation’s
operation (start-up, stop) as well as during continuous operation. It has been shown that during
the day solar heat gains measured by the controller can be 15% lower than solar heat gains measu-
red by the TVM method (based on Case Study). The sum of the annual solar heat gains measured
by the controller and TVM differed by 5.2% (+/— 1.9 percent point).

Nomenclature

DHW — domestic heat water,
dT=T1-T2 — temperature difference [°C],
dT’=T1'-T2'— temperature difference [°C],

dT on — set temperature difference between T1 and T2 causing the circuit to switch
on [°C],
dT off — set temperature difference causing switching off the circuit [°C],
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HWT — hot water tank,

PLUM — name of automation system in solar installation,

Og — solar heat gains measured by the controller PLUM [kWh],

Ogr — solar heat gains measured by TVM [kWh],

SHF — solar heat fluid

T1 — temperature of the liquid coming out from the solar collectors [°C],

T — temperature of fluid entering the tank [°C],

12 — temperature measured in HWT (bottom part) [°C],

T4 — return temperature from HWT to collectors (measured by the controller)
[°Cl,

T4 — return temperature from HWT to collectors (through the meter PROVA)
[°Cl,

TA — outside temperature [°C],

THI — temperature inside building [°C],

VM — temperature verification method.
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Piotr OLczAK

Metoda temperaturowej weryfikacji solarnych uzyskéw ciepta
w instalacji z kolektorami ptaskimi — studium przypadku

Streszczenie

W budownictwie jednorodzinnym coraz czg$ciej stosuje si¢ kolektory stoneczne. Ich popularnosé za-
lezy od wielu czynnikdéw, w tym stosunku ceny do wydajnosci, co z kolei wynika z rozwoju technologii
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kolektorow stonecznych, a takze catych systemow. Na rozwdj ten sktada si¢ wiele aspektow, w tym zwia-
zanych z modernizacja uktadow sterowania i pomiarami systemow kolektorow stonecznych. Obecnie sto-
sowane systemy oferuja m.in. mozliwos$¢ okreslenia przyblizonych uzyskow ciepta stonecznego za pomoca
czujnikéw niezbgdnych do normalnego sterowania uktadem pracy systemu. W artykule przeanalizowano,
na przyktadzie jednego obiektu, jak takiego typu instalacje dziataja w polskich warunkach. Do analizy wy-
brano instalacje sktadajaca si¢ z 3 kolektorow stonecznych wspomagajacych przygotowanie cieptej wody
uzytkowej dla budynku mieszkalnego jednorodzinnego. Szczegdtowa analiza dotyczyta dni z duzymi uzy-
skami ciepta w poréwnaniu ze $rednim zapotrzebowaniem na ciepto do przygotowania cieptej wody w bu-
dynku. Zaproponowano metode weryfikacji temperatury (TVM) obliczonych zyskow ciepta stonecznego
przez regulator systemu solarnego. Nastepnie przedstawiono roéznice w pomiarach prowadzonych dwiema
metodami (sterownik PLUM i TVM) w réznych charakterystycznych momentach pracy instalacji (rozruch,
zatrzymanie) oraz podczas pracy ciaglej. Wykazano, ze w ciaggu dnia uzyski ciepla mierzone przez kontro-
ler moga by¢ o 15% nizsze niz uzyski mierzone metoda TVM. Sprawdzenie zostato przeprowadzone przy
dziennej wartosci nastonecznienia wyzszej niz 4,8 kWh/m? mierzonego w plaszczyznie poziomej. Stosu-
nek energii cieplnej dostarczonej do zasobnika cieptej wody uzytkowej do zmierzonego nastonecznienia
wyniost 34%. Suma rocznych uzyskow ciepta stonecznego mierzonych przez regulator i TVM roéznila si¢
0 5,2%.

SLOWA KLUCZOWE: pomiary, energia stoneczna, kolektory stoneczne termiczne, zrodta energii stonecznej,
pomiar efektywnosci energetycznej



