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Abstract

The current trend of using solar energy is focumednaximum utilization of area available on thelding envelope. Therefore the
interest in multifunctional technology in solar leator field increases. The photovoltaic-thermaV T collector converts solar
energy into both electric and thermal energy. Tapep describes the mathematical model of glazaddli§VT solar collector

based on detailed construction parameters and efalgnce. The model can be used for design asafysi optimization of

glazed PVT collector construction. The mathematinablel was experimentally validated for thermal atettric energy perfor-

mance under steady-state conditions. The modebbdas implemented as a new component in TRNSYS sdiimalanvironment

and has been used for evaluation of the PVT caliegerformance in different climate and operati@mditions. Influence of

glazed PVT collector design on annual performarfadomestic hot water system was analysed with 6F&ROSYS. The results

of the annual simulations were used for decisiotherdesign of final glazed PVT collector prototype

Keywords: Solar energy; mathematical model; glazed PVT ctile@RNSYS

1. Introduction ic conversion. For unglazed and glazed configunatio
commonly crystalline cells are encapsulated in letigr
The photovoltaic-thermal (PVT) collector convertdas vinyl acetate (EVA) laminate. Although for glazedne
energy into both electric and thermal energy. Ugual figuration during stagnation, the EVA laminatiorarss
state of the art photovoltaic (PV) panels havetdtec to degrade and electrical efficiency rapidly faldaxi-
efficiency about 15 %, rest of the incident sokdiation ~ mum operation temperature for PVT absorber with EVA
is dissipated as waste heat. Hybrid collector aively laminate is 80 °C [2]. If the temperature is highier
deliver the heat for use in system. Due to thidyrily  decomposes to acetic acid, which causes the cormrasi
PVT collector is able to produce larger amountredrgy PV cell contacts, delamination and degradatiomatp-
from the same area than combination of conventionalsulation layer transparency. Challenge for futuesed-
solar thermal collectors and PV panels installgrhsate- opment is to solve degradation of PV encapsulation
ly. because the stagnation temperature for glazed colar
The PVT liquid collector is the most widely studied lectors is from ranges 120 to 180 °C.
configuration because of large potential for theliap-
tion in buildings. The PVT air collector has limins ~ Table 1 Results of performance analyses for investigated solar
with usability of the heat during the summer season ENergy systems[i]

Currently, the market is focused on unglazed PVIF co —
lectors which are able to generate more electrizity- , Heat Electricity
pare to conventional PV panels. Although unglazed P Variant givmgzs 1 savmgzs 1
collectors are restricted to applications with véow [kwhm™a] | [kwWh.m™aT]
operation temperature like water preheating or kogp PVT glazed 127 133
the heat pump. The field of solar domestic hot wate

(SDHW) and space heating applications is rathetHer

glazed PVT collectors. Table 1, for better underdiag PVT unglazed 350 108
shows a comparison of heat and electricity savipgys Conventional

year for SDHW system in studied variants [1]. Thels PV panels - 135

ied SDHW system (100fhwith hybrid PVT liquid col- -

lectors in different construction concepts was carag Conventional 517 .

with conventional solar heat and power system sbnsi solar collectors

ing of state-of-art solar photothermal collectorsl #V

modules. The integration of glazed thermal colleetad Polysiloxane gel has been used as PV cells encajmsul
PV technology into one design changes behaviour ofcompound for the new prototype of PVT collector de-
both. The rise of PV cell temperature due to thstesy veloped in the University Centre for Energy Effitie
operation affects negatively the efficiency of mhatlta- Buildings (UCEEB), Czech Technical University [1].

" Kontakt na autora: nikola.pokorny@fs.cvut.cz



Studentska tiréi ¢Ginnost 2016 {Ceské vysoké deni technické v Praze | Fakulta strojni

Polysiloxane gel has numerous advantages compared t
EVA: higher transparency for solar radiation, largege

of operation temperature (from -60 to +250 °C), low
modulus of elasticity, high physical adhesion tonise
conductor, higher thermal conductivity [3].

This paper presents a detail numerical model conven
ient for optimization of the developed glazed P\Al-c
lector design. The model validation is presentexdi fior
electrical performance and thermal performance. An
example of performance analysis of glazed PVT celle
tor in the SDHW system is presented.

2. Prototype of the PVT collector

The new prototype of glazed liquid PVT collectosed
on new PV cells encapsulation technology was devel-

oped and constructed. The construction is based on

sandwich structure with monocrystalline PV cellsamn
sulated in the polysiloxane gel layer between teub
glazing (see Fig. 1) and copper sheet with pipésteqg
(conventional solar thermal absorber technology).
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Fig. 1 Layout of the PVT collector

Double-glazing consists from the low-iron solar zgla
ings, 4 mm thick, with a gap 24 mm filled with argo
The PV part of the collector consists of 66 cetlsiae
125 x 125 mm. The PV cell efficiency is 18,6 % unde
STC (standard test conditions, meaning referenge te
perature 25 °C and an irradiance 100@W®with an air
mass 1.5 spectrum). The copper absorber is thé ahde
tube configuration. Number of tubes in the hydmuli
register is 20. Distance between the tubes is 50 mm
Aperture area of PVT collector prototype is 1,4 gross
area is 1,7 f Aperture area is filled for 67 % of PV
cells (packing factor). Thickness of the thermaduia-
tion on the back side was 40 mm.

Thermal performance of the developed glazed PVT
collector was tested according to EN I1SO 9806. The
PVT collector was tested both for pure thermal mode
and the hybrid mode (during electric load for masam
power point conditions). Also the electrical perfance
was measured in hybrid mode (see Fig. 2) for masimu
power point (mpp) conditions.

1,0 4 PV mpp (electric)
0,8 - PV mpp (thermal)
0,6 - PV open-circuit
o (thermal)
0,4 -
0,2 A1
00 | & —— D i :
0,00 0,02 004 0,06 008 0,10

(t-t)/G [M2.K.W-1]

Fig. 2 Thermal and electrical efficiency of the developed
PVT collector related to gross area

3. Mathematical model of the PVT col-
lector

In order to optimize construction of the glazed PVT
collector, a detailed mathematical model has beseld
oped and implemented into the TRNSYS. Reason of
implementation to the TRNSYS was to develop a model
which includes the sufficient amount of parameters
the optimization process. Current model of PVT el
tor in TRNSYS is type 50b [4] which does not coesid
detailed construction of the collector and chanfjem
portant collector parameters during the differdimhate
and operational conditions (collector heat lossffcoe
cient, fin efficiency factor, etc.). Currently, skiseveral
steady state models [5, 6] and dynamic modelsadegl
PVT collector [7, 8]. These models are suitable der
termination of thermal characteristics of PVT colte,

but they have not been implemented into function of
TRNSYS type yet. The advantage of implemented model
is that model calculates energy flow from PVT absor
surface to ambient and energy flow from PVT absorbe
surface to liquid, all in every time step. Follogiwork

will be to extend the model by the dynamic part.

The detailed model of glazed PVT collector alloves d
fine a number of construction and physical pararseié
collector configuration: geometry, electric projpestof

PV cells, thermo-physical properties of materidl®9T
collector, etc. Inputs of the model are conventiona
climatic and operation conditions. Main outputstioé
model are: thermal output, electric power, absotbar-
perature, and outlet temperature.

3.1. Theoretical model

Mathematical model has been developed with use of
Florschuetz approach [9]. The model uses energy bal
ance of PVT collector, expanded for photovoltain-co
version. Calculation procedure of the model solthes
external and internal energy balance of the PVToidbs

er. Both balances proceeds in the iteration loop.

The photoelectric efficiency to establish electripar-
formance in Florschuetz approach is estimatedfas@a
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tion of ambient temperatuitg, using the relation of the
form

,7a :”ref [1_Bref (ta _tref ):| (1)
wherep,¢ [-]is the temperature coefficient of the mono-
crystalline silicon PV celli. [-] is the packing factor and
t.« [°C] is the reference temperature.

The incident energy transformed to heat can beauklc
ed as

2
a

whereG [Wh? is the incident irradiance; [-] is the
solar absorptance of the PVT absorber arfq is the
transmittance of the glass cover.

Thermal losses of the PVT collector can be caledlats
presented in eq. (3).

ézemmél—”a—mj

U = U - rc']ref TGﬁref (3)

whereU [WI?K™] is the solar collector heat loss coef-
ficient from absorber to ambient.

The collector efficiency factorF” [-] defines the ther-
mal quality of a solar collector. Different absartwen-
figurations result in appropriate equations. Fopap
bond of absorber to riser pipes the efficiency dads
given as

Fe 1/U

(4)

1 1 1
W [l— +—+
U[2a+W-2a)[F] C, hIrD,
where W is distance between tubeS, [WI'K™] is
bond thermal conductance, [m] is the average bond
width andh; [WIn?K™] is forced convection heat trans-
fer coefficient in riser pipe.

Heat removal factorlfR [-] is defined as the ratio of the

actual heat transfer to the maximum heat transfiel a
may be written as

£ = M {1—ex;{——A“uﬂDE,J
ROAD mie

where m [kglh™] is the mass flow rateg [JRg'K™] is
the specific heat capacity amh [m?] is the aperture
area.

Thermal outputQ [W] is given by

(5)

Q =F.A[S-U, -t,)] (6)
wheret;, [°C] is the inlet fluid temperature to the collec-
tor.

Electrical outpth'e [W] is given by

Qe:TmBmAmcljlaD
BaB [- . 5. A\ @
{1 —EEFR(tin ta)"'U(l FR):|}

a

4. Model validation under steady-state
conditions

At the indoor solar simulator, test facility of UEB,
performance measurements were made (see Fig. 3).
Thermal performance on the developed PVT collector
were carried out, according to the solar collest@and-

ard EN ISO 9806.

Fi. 3 ested prtotype of the PVT collector

All thermal characteristics are related to grogaaf the
PV-T collector. In the first measurement, PV pagsw
not connected to a maximum power point trackerr{the
mal mode). The global irradiance has been keptnto a
average value 1206 W2 The collector tilt angle was
set up to 45°. Ambient temperature was fixed af@9
For a water 123 kg-hmass flow, the collector zero loss
thermal efficiency was measured at 72 % (related to
gross area). In the second measurement the PVivpart
connected to the mpp tracker (hybrid mode). Théaglo
irradiance was kept at the average value 9B The
collector tilt angle was set up to 45°. Ambient pera-
ture was fixed at 17 °C. For a water 123Hgmass
flow, the collector zero loss thermal efficiency swa
measured at 63 % and the electrical efficiency.&t%
(related to gross area). Efficiency charactesstiave
been modelled as two boundary lines expressing the
uncertainty of input data (insulation conductivitgh-
sorber conductivity, optical properties, etc.) used
model (see Fig. 4). For example measurement unicerta
ty of thermal conductivity of insulation is aboud %,

for properties of glazing is measurement uncenaint
about 2 % (emissivity, transmittance). Uncertairaty
dimension parameter was not considered. The experi-
mental data derived for steady state laboratory ites
hybrid mode (use of mpp tracker) lie within the dbens,
however there is still need to improve the modethter.
Following work will be to validate mathematical ned
under real climatic conditions.
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) o the PVT collector, the low-e coating is applied ebdthe
X Electrical efficiency - PV mpp  grface of the PVT absorber (inner glass of thebtsu

1.0 7 (measured) glazing, see in Fig. 1). Comparison of thermal atet-
¢ Thermal efficiency - PV mpp trical characteristics for both variants of PVT ath®r is
08 - (measured) shown in Fig. 5. Thermal efficiency of PVT collecto
’ - = =-Thermal efficiency - PV mpp with selective coating (green) performs applicapili
S (model) over higher operating temperatures thanks to lower
0,6 -’~:\< ------- Electrical efficiency - PV mpp ative losses. )
A ) N |
¢ ~< (model) 1,0 - Nonselective PV-T
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Fig. 4 Measured and calculated thermal and electrical per- 0,2 -
formanceinhyoridmode
| 0.0 | i — :
4. Performance analysis of PVT collec- 0,00 0,05 0,10 0,15
tor (t-t)/G [M2.K.W-1]

The mathematical model is convenient to use foetley  F19-5 Comparison of thermal and electrical characteristics

opment of unrealized prototype of PVT collector.eTh

model allows observation of influence of differemul- 4.1. Description of the SDHW system

lector design on thermal and electrical performaride

advantage of the mathematical model is that energyGlazed PVT collector has been evaluated as a fpat o

balance of PVT collector calculates for every tistep ~ solar thermal system. The thermal performance of PV

of simulation. Moreover, it is possible to optimigee  collector depends on the energy demand. Electeicet-

SDHW system and other Coup]ed energy system. gy is directly fed into the publIC electrical netkoThe
Analysis was focused on optimization of usage of solar thermal part of the investigated system tsisf

low emissivity coating, different levels of thickseof  Several main components: glazed PVT collectorsj-ins

the insulation (back side), and different levelstiitk-  lated solar DHW storage, etc.

ness of the air gap (gap between PVT absorber aret c

glazing). Whether, it has a greater impact on bieerhal ~ Main parametersused in SDHW simulation

and electrical performance of PVT collector to #ase *  Collector area was 6,8 (1,043 x 1,642 m),
thickness of the insulation (air gap) or to charnle south orientation, 45° inclination.

coating of the PVT absorber. The purpose of thidysis *  Flow rate of 40 kg.m®.

to optimize PVT collector design. In case of cogtin *  Water storage was 340 |.

analysis, possible approach is to use spectralactee * DHW consumption 200 | of 55 °C heated water
low emissivity (low-e) coatings which have highleef per day. N

tance in the infrared spectrum similar to absordzeat- *  Weather conditions for Prague _
ings for conventional solar thermal collectors. the ~ Area of the solar system was designed due to thelleni
visible and near infrared part of spectrum low-atirg Europe experiences that show the solar fractiomfro

has lower transmittance. For the scope of thisysiml 45 % to 70 % for SDHW systems is an economical op-
two variants of the PVT absorber were simulatechwit timal solution.

four different thickness of insulation (20 mm, 3@ng40

mm, 50 mm) and with four different thickness of gép 4.2. Simulation results

(10 mm, 20 mm, 30 mm, 40 mm). First variant is mens

lective absorber (absorptance was 0.92 and frafacai One reference PVT collector (RPC) design was chosen
emissivity of PVT absorber was 0.84). Second vaign (bold font). The others levels of thickness aresider as
selective PVT absorber with low-e coating on thenfr  variables. Energy production for two types of PV- a
surface of PVT absorber (absorptance was 0.89rantl f  sorber was simulated (see Tab. 1 to Tab. 4). Ttrease
surface emissivity of PVT absorber was 0.3). Fas th of thermal energy production is approximately 8e
case, it was used optical properties of manufadture to the low-e coating. Electrical energy productiisn
double-glazing with overall transmittance 0.86 (Eu- slightly lower than nonselective absorber (2 % Igwe
roglas) developed by Giovannetti et al. [10]. diesiof The radiative losses are significantly reducedHeylow-
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e coating, therefore the thermal characteristic lbagr

inclination.

At the same time, transmittance ofaso

radiation is reduced for PV cells. Due to the redlic
solar radiation for PV cells the electrical enepmygduc-
tion is slightly lower. The increase in thermal &ne

Table 4 Results of the simulation for selective absorber and
different thickness of the air gap

Nonselective PVT absor ber

production, due to thicker insulation is approxietgat Thicknessof | Thermal energy | Electrical energy
1% (see Tab. 1 and Tab. 2). Regarding the elettric | thear gap |production production
energy production the difference is even lower. 10 mm 1447 KWHa? 661 KWHa
Table 2 Results of the simulation for nonsel ective absorber and 20 mm (RPC) | 1649 KWh@™ 648 KWh@E™
different thickness of the insulation
30 mm 1651 kwha* 648 kwha'
Nonselective PVT absor ber 40 mm 1656 kWi 647 KWIEL
Thi_cknes_of Thermal energy Electrical er_wer- Table 5 Results of the simulation for selective absorber and
theinsulation production gy production different thickness of the air gap
20 mm 1615 kwha'* 651 kwha' Selective PV T absorber
30mm (RPC) | 1651 kwh@&* 648 kwh@™ Thicknessof | Thermal energy | Electrical ener-
theair gap | production gy production
40 mm 1668 kwhHa'* 646 kwha
10 mm 1543 kwha* 652 kwha'
50 mm 1678 kwha'* 645 kwha'
20 mm (RPC) | 1802 kwh@"* |631kwh@*
= =
Table 3 Results of the simulation for selective absorber and 30 mm 1803 kwiha 631 kWhia
different thickness of the insulation . .
40 mm 1807 kWHa 630 kwHa
Selective PVT absor ber
Based on the results of the simulations conveniarit
Thicknessof | Thermal energy | Electrical ener- ant of the selective PVT collector (thickness df thsu-
theinsulation production gy production lation 30 mm and thickness of the air gap 20 mm$ wa
chosen.
20 mm 1757 kwha* 636 kwha
30mm (RPC) | 1803kwh@® | 631kwha® 5. Conclusion
40 mm 1826 kWHa? 628 kWHa! Mathematical model has been implemented into the
TRNSYS environment. Implemented model allows to
50 mm 1838 kWha 627 kwha use climatic data for whole year, due to the aresyare
more complex. Mathematical model was validated unde

. ) L steady state conditions, both for the thermal amsl t
Increase in thermal energy production, due to #1i@ir  gjecprical performance. After the outdoor test dtaill

gap is significant between 10 and 20 mm (12 %),is€€ e it the mathematical model can be validateckal
Tab. 1 and 2. Thermal energy production for thickier (dynamic) conditions.

gap than 20 mm is negligible. Decrease in eledtrica = * Apalyses showed that the thermal energy production

energy due to thicker air gap is insignificant ¢gleéhan is much higher with low-e coating and without high

0,1 %). losses of electric energy production. The analydes
confirmed that from the energy point of view, tar@ase
thickness of insulation more than 30 mm does ndtema
sense. Increase of thermal energy production dubeto
thicker insulation more than 30 mm is only 1 %. Nex
step in development of PVT collector will be to eon
struct prototype with low-e coating. Application lami-
nate glazing with a spectrally selective coatingildo
reduce the radiation heat loss and improve themtaker
properties of the glazed PVT collector.
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Nomenclature

a average bond width (m)

A, aperture area (m)

c  specific heat capacity &y K™

C, bond thermal conductance (V' K™)

F fin efficiency factor (-)

F* PVT collector efficiency factor (-)

IfR heat removal factor (-)

G incident radiation (W)

h, forced convection heat transfer coefficient irris
pipe (WH2EK™)

m mass flow rate (K§™)

Q. electrical power output (W)

Q thermal output (W)

re packing factor (-)

S incident energy transformed to heat(@)

to, ambient temperature (°C)

tn  inlet fluid temperature (°C)

t¢ reference temperature (°C)

U collector heat loss coefficient (WK ™)

U PVT collector heat loss coefficient (#2K ™)

W distance between tubes (-)

o solar absorptance (-)

Bre  temperature coefficient of electrical efficiency (

ne reference electrical efficiency (-)

na electrical efficiency at ambient temperature (-)

T normal solar transmittance (-)

Literature

[1]

(2]

(3]

(5]

[6]

[7]

MATUSKA T., SOUREK B., JIRKA V., POKORNY N.,
Glazed PVT Collector with Polysiloxane Encapsulation
of PV Cells: Performance and Economic Analyhiter-
national Journal of Photoenergy, ID 718316, 2015.
ZONDAG, H. A., VAN HELDEN W. G. J.: Stagnation
temperature in PVT collectors, PV in Europe, Ronte- (I
ly), 2002.

POULEK, V., STREBKOQV, D. S., PERSIC, I. S., LI-
BRA, M., Towards 50 years lifetime of PV panels lami-
nated with silicone gel technology, I8olar energy, vol.

86, pp. 3013-3108, 2012.

TRNSYS Manual, 2006. TRNSYS 16 a TRaNsient SYs-
tem Simulation program. In: Mathematical Reference,
vol. 5. Solar Energy Laboratory, University of Wame
sin—Madison.

BERGENE, T., LOVVIK, O., 1995. Model calculatisn
on a flat-plate solar heat collector with integdatolar
cells. In:Solar Energy 55, 453—-462.

ZONDAG, H.A., DE VRIES, D.D., VAN HELDEN,
W.G.J., VAN ZOLINGEN, R.J.C., VAN STEENHO-
VEN, AA., The thermal and electrical yield of a PV
thermal collector. Solar Energy 72, 113-128, 2002.

HAURANT, P., MENEZO, CH., GAILARD, L.
DUPEYRAT, P, Dynamic numerical model of a high ef-
ficiency PV-T collector integrated into a domestiot
water system, InSolar Energy 111, 68-81, 2015.
CHOW, T.T., Performance analysis of photovaitai
thermal collector by explicit dynamic model. ISolar
Energy, vol. 75, 143-152, 2003.

FLORSCHUETZ,W. L Extension of the Hottel-Whilier
model to the analysis of combined photovoltaicttiner
flat plate collector. InSolar energy, vol. 22, pp. 361-366,
1979.

GIOVANNETTI, F., FOSTE, S., EHRMANN, N.,
ROCKENDORF, G.High transmittance, low emissivity
glass covers for flat plate collectors: Applicagoand
performance, In:Solar energy, vol. 104, pp. 52-59,
2014..



