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Development of a new concept of glazed PVT collector based on temperature resistant polysiloxane encapsulation material is
presented together with the results from experimental testing and modelling. Performance and economic analysis in 4 different
European climates has been done to derive the competitive price of the PVT collector concepts with main focus on the glazed PVT
collector under development. Results have shown that specific market price 400 to 500 EUR/m? for the glazed PV'T collector should

not be exceeded in order to become competitive with conventional combination of photothermal and photovoltaic collectors.

1. Introduction

Solar photovoltaic-thermal (PVT) liquid collectors represent
a new technology on the market which combines the elec-
tricity and heat generation from the same receiving surface in
one device. The hybrid PVT collectors provide both heat and
electricity, while the heat generation is several times higher
than the electricity. Through the solar electricity and heat
cogeneration, the total energy output per unit collector area
can be higher than the outputs of conventional photovoltaic
(PV) module and photothermal (PT) collector placed and
operated separately with the equal total area [1, 2]. Such
feature could be effectively used in the building applications
with high and constant use of thermal energy during the
year but with the limited roof area, for example, DHW in the
multifamily buildings and block of flats, or in the solar active
houses with high solar fraction, for example, self-sufficient
houses with a seasonal storage.

Because of the mature and cheap PV manufacturing
process, the PVT collectors available on the market are
based on standard PV laminates from ethylene-vinyl-acetate
(EVA) compound. The hybrid PVT collectors based on EVA
encapsulant are mainly offered as the unglazed ones so far
with a poor thermal performance for usual solar thermal
applications in buildings. Despite this fact, the market price of

unglazed hybrid PVT liquid collectors achieves high level in
comparison with standard glazed solar thermal collectors and
PV modules. To improve the thermal performance the glazed
PVT collector design has been developed [3] based on high
performance components (fractal absorber, antireflection
coatings, etc.). Stagnation temperature in glazed PVT solar
collectors could reach 120 to 180°C and this fact reveals
the main drawback of EVA copolymer application as an
encapsulant of PV cells. Application of EVA laminate restricts
the permanent exposition of PVT absorber to temperatures
above 90°C because of its corrosiveness under high temper-
ature exposition [4]. It has been proved that the long-term
thermal load at such temperature levels results in decompo-
sition of EVA to acetic acid which causes the corrosion of
PV cells contacts, delamination, and also degradation of the
encapsulation layer transparency [5-7].

High stagnation temperature of the glazed PVT collector
leads to searching in the new materials for encapsulation
of the strings of PV cells. A novel glazed PVT collector
concept based on PV laminate with polysiloxane gel has
been developed at Czech Technical University in Prague.
Polysiloxane gel instead of EVA lamination compound offers
several important advantages, mainly the high temperature
resistance and high transparency. A developed glazed PVT
collector is described, and results of testing are presented



and used for the performance-economic analysis to give an
answer to basic questions concerning the possible competi-
tiveness of glazed PVT collector. The maximum market price
for the PVT liquid collector concepts has been determined
for combined solar heat and power supply for multifamily
building in order to be competitive when compared with
conventional separate PV and PT collectors installation at
given boundary conditions (building heat and electricity
load, energy prices, and prices of conventional solar collec-
tors) in different climates of Europe.

2. Glazed PVT Collector Concept with
Polysiloxane Encapsulation

Silicone polymers (polysiloxanes) are more suitable candi-
dates for application as PV encapsulant for glazed PVT
collectors than the EVA material. Polysiloxane gel offers
several important advantages like large range of operation
temperature (from —60 to +250°C), high transparency for
solar radiation (even higher compared to EVA in solar wave-
length region), compensation of thermal dilatation stresses
due to low modulus of elasticity (permanent gel), high
physical adhesion to semiconductors, glass, and most other
materials without use of sublayers, and good heat transfer
from PV cells to heat exchanger due to higher thermal
conductivity [7-9]. Polysiloxane laminate thus opens the
application potential especially for the glazed PVT collectors
development. Silicone gel encapsulation machine available
at University Centre for Energy Efficient Buildings (Czech
Technical University, CTU) enables fabricating the solar PVT
collector prototypes. The encapsulation technology is based
on low vacuum dosing of the gel into the gap between
glass pane and flat heat exchanger with immersed strings of
PV cells. The encapsulation process is carried out at room
temperature. This fact brings a clear advantage for future
production.

Strong accent has been put also on simplicity of the
glazed PVT collector design and fabrication by means of
reduced number of elements to compose the collector. A new
concept of solar glazed PVT collectors has been introduced.
Double glazing with a gap between glass panes 20 mm filled
with argon has been used for encapsulation of PV cells with
the iron heat exchanger by polysiloxane gel (see Figure 1).
Two designs have been tested so far. Nonselective glazed
PVT collector has been fabricated from double glazing with
uncoated solar glass panes and double glazing with a low
emissivity coating has been used for the spectrally selective
PVT collector. Today low-e coatings have high transparency
for visible range but unfortunately significantly reduced
transmittance for near infrared region of solar radiation
spectrum. The presented glazed selective PVT collector has
been made with commercially widely available low-e coating
with no optimization of the emissivity and transparency.
Fully wetted heat exchanger has been used for both PVT
collectors. Aperture area of the glazed PVT collectors was
0.67m?. In total only 4 x 6 polycrystalline PV cells at size
156 x 156 mm have been used due to given size of absorber.
Aperture area has been covered to 87% by PV cells (packing
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FIGURE 2: Glazed nonselective PVT collector at indoor test stand.

factor). Absorber has been insulated by 40 mm of mineral
wool on the back and 10 mm of EPDM foam at the edge side
and put into wooden frame.

Glazed solar PVT collector prototypes have been tested
under conditions of artificial sun at University Centre for
Energy Efficient Buildings in Bustehrad (see Figure 2). Tests
have been performed in accordance with EN 12975 for the
open circuit mode and under MPPT electric load conditions.

Figure 3 shows the comparison of thermal performance
characteristics for glazed PVT prototypes with siloxane gel
lamination (selective, nonselective) and state-of-the-art solar
photothermal (PT) selective collector. All characteristics
resulted from the experimental testing. Comparison has
confirmed the excellent properties of polysiloxane gel encap-
sulation. High zero-loss efficiency for nonselective alternative
of PVT prototype indicates the good heat transfer from PV
absorber into heat transfer liquid and high transparency of
the polysiloxane layer. On the other side, the high radiative
heat loss reduces the thermal performance of the nonselective
PVT collector at high temperatures. Results for selective PVT
collector prototype have confirmed the assumption of the
high reflection losses in the near infrared radiation region due
to the low-e coating applied to absorber laminate glass. In any
case, the results revealed the field for further improvements of
the glazed PVT collector. Main effort should be concentrated
on optimized low-e coating with high solar transmittance
but low emissivity for near infrared region. Such coatings
with transmittance 86% and emissivity 30% are already in
the market and will be used further for the final glazed PVT
concept [10]. Thermal efficiency for the new glazed selective
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FIGURE 3: Comparison of thermal efficiency characteristics for
glazed PVT collectors (open circuit) under development and state-
of-the-art photothermal collector.

PVT collector has been modelled with a detailed glazed
PVT model [11]. Results for open electric circuit mode are
added into graph in Figure 3. The characteristics are shown
in dependency on the difference between the mean fluid
temperature ¢,, and ambient temperature ¢, reduced by solar
irradiance G [W/m?].

3. Performance-Economic Analysis of PVT
Application for Multifamily Building

Today research and development of solar energy products
have to focus on competitive solutions. It is quite problematic
to develop the components which are sophisticated and
efficient on the one side but with the payback time beyond
the lifetime. The development and commercialization of the
PVT collector design requires the performance and economic
information to analyse the competitiveness at the potential
market. The maximum competitive price of the PVT collector
and realistic production costs can indicate if the glazed PVT
concept is viable or not or at which boundary conditions (e.g.,
energy prices). Therefore, the target of the performance and
economic analysis presented here was to find the competitive
specific price range for given concepts of solar hybrid PVT
collectors. The investigated alternatives of solar hybrid PVT
collectors are

(i) unglazed PVT collector in the quality available on the
market,

(ii) glazed nonselective PVT collector with the siloxane
gel encapsulation,

(iii) glazed selective PVT collector with the siloxane gel
encapsulation.

Thermal performance of the analysed hybrid PVT collec-
tor concepts is represented by thermal efficiency character-
istics in MPPT (maximum power point tracking) operation;

N o I -
i =N % o
/
7

Thermal efficiency (—)
I
[\ %)

0.0 ‘Under MPP'
0.00 002 004 006 008 010 012 0.14 016
(t — t,)/G (m2K/W)

—— State-of-the-art glazed collector

—— Unglazed PVT collector (market)

- -~ Nonselective PVT (under development)
—— Selective PVT (under development)

FIGURE 4: Thermal efficiency characteristics of PVT collectors used
in analysis (under MPPT electric load).

see Figure 4. The characteristics have been derived from
the testing and modelling of given PVT concepts assuming
uniform use of polycrystalline PV cells with efficiency 15%
(standard testing conditions) and power temperature coef-
ficient 0.45%/K. The same PV cells have been considered
also for conventional PV module performance modelling.
Figure 4 shows also the thermal efficiency characteristic
for state-of-the-art solar thermal collector with spectrally
selective surface used for modelling of conventional glazed
solar photothermal collector applied in the performance
analysis.

The analysis has been performed for combined solar heat
and power system for multifamily residential building. The
performance and economic analyses are based on the solar
energy system with the combined heat and electricity produc-
tion for a residential building with 45 flats and 100 occupants.
Solar heat is used for DHW preparation, and solar electricity
is used for the building appliances load. Heat demand for hot
water use in the building is 96 MWh/a. Electricity demand for
the building is 113 MWh/a. Analyses have been performed for
four different climate zones in Europe with different annual
solar irradiation sum: Prague (1096 kWh/m?*-a), Stockholm
(1206 kWh/m?-a), Milan (1367 kWh/m?-a), and Marseille
(1760 kWh/m?-a).

The solar system with hybrid PV T liquid collectors of dif-
ferent design concepts has been compared with conventional
solar heat and power system combining the state-of-the-
art solar photothermal collectors and photovoltaic modules
with identical polycrystalline cells as used in hybrid PVT
collectors. Available solar collector field area 100 m? on the
building roof is the total collector area for all systems in the
analyses. Conventional solar PV and PT system is considered
in 5 alternatives differing in the percentage ratio of PV and
PT solar collector area applied. The alternatives are

(i) 100% PV (100 m* of PV collector, 0 m? of PT collec-
tor),
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FIGURE 5: Simplified scheme of the considered solar energy system for block of flats.

(ii) 75% PV-25% PT (75 m? of PV collector, 25 m* of PT
collector),

(iii) 50% PV-50% PT (50 m? of PV collector, 50 m? of PT
collector),

(iv) 25% PV-75% PT (25 m? of PV collector, 75 m* of PT
collector),

(v) 100% PT (0 m? of PV collector, 100 m? of PT collec-
tor).

Solar heat and power systems have been modeled in
TRNSYS environment with use of the available models for
unglazed PVT collector [12] and glazed PVT collector [11].
Simplified scheme of the solar energy system is shown
in Figure 5. Solar thermal part of the investigated system
variants consists of several main components: solar collectors
with slope 45° and orientation to south, insulated pipes of
collector circuit, heat exchanger, and insulated solar DHW
storage tank. Parameters of the main components for the
solar thermal systems alternatives are considered dependent
on collector field area considered in the different variants.
Dimension of the collector circuit pipes is based on specific
mass flow rate 15kg/h-m* of collector area (low flow solar
system). Pipes length of solar collector circuit in outdoor
environment is 130 m, and length of pipes inside the building
is 30 m. Solar tank volume has been determined from specific
value 50 L/m* of collector area. Solar plate heat exchanger
has the efficiency 85%. PV power system is a conventional
grid-on system with DC/AC inverter. Total system losses are
considered 10%. Whole PV electricity production is assumed
to be consumed for the building appliances load.

Results of TRNSYS simulations for individual alternatives
for Prague climate (moderate climate) and Marseille (warm
climate) are compared in Figure 6. Comparison shows the
general advantage of the glazed hybrid PVT collectors in
energy yields. Despite the lower effectivity for heat pro-
duction compared to conventional solar thermal collector
and lower effectivity for electricity production compared to
conventional PV modules, the glazed selective PVT collector

results in higher combined energy gains when compared with
separate PV and PT combination with different ratio between
the technologies. Nonselective PVT collector shows heat
production lower than conventional state-of-the-art solar
photothermal collector in the conditions of Prague; however,
the significant portion of energy produced is the electricity
with better usability compared to heat. Marseille conditions
are better and total energy production of nonselective glazed
PVT collector is even higher than for conventional thermal
collector. Unglazed PVT collector shows a low thermal
performance in the domestic hot water application especially
in the moderate climate of Prague.

To define the competitive price for investigated PVT
collectors on the market, the following economic condi-
tions have been set. Inputs for the economic calculations
are the heat and electricity price and costs for solar PT
and PV collectors and the system costs. Electricity price
for households in Europe varies between 8 eurocents/kWh
and 30 eurocents/kWh depending on the region [13]. Sim-
ilarly, the range of heat price is quite wide between 4
eurocents/kWh and 16 eurocents/kWh dependent on the
fuel and technology used for heat production and local
legislation, for example, specific taxes on fossil fuels [14].
Electricity price of 16 eurocents/kWh and heat price of 8
eurocents/kWh common in Germany with the largest solar
systems market in Europe have been used for the economic
analysis.

Costs for solar energy systems are given by solar thermal
collectors costs, solar PV modules costs, and the costs
for the rest of the system (piping, storage, control, cables,
invertor, support constructions, etc.). Simplification has been
used in the idea that solar collectors are always considered
representing the 50% of total system costs in both PV and
PT systems. Solar collector costs are considered 120 EUR/m?
for photovoltaic polycrystalline modules and 350 EUR/m*
for the state-of-the-art spectrally selective solar thermal
collectors. The same costs have been considered as the costs
for the rest of the system.
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The competitive specific price for given hybrid PVT
collector alternative has been derived from the balance of
investment costs and operation costs for 20 years lifetime
period for conventional PV/PT system and the hybrid PVT
system. The specific collector price is derived from the
conditions that total lifetime costs of hybrid PVT system
and combined conventional PV and PT system are equal.
Interest rate is considered equal to energy price increase,
assuming that both are at 5% level. Competitive specific price
(EUR/m?) for hybrid PVT collectors has been calculated
from the results of performance analyses (energy savings)
and the economic inputs presented above. Each solar hybrid
PVT system has been economically compared with 5 different
conventional PV and PT system alternatives (ratio between
PV and PT collector area). Results are shown in Figures 7-9
for investigated alternatives of PVT collectors.

Graph in Figure 7 shows the competitive specific price for
unglazed PVT collectors available at today European market.
While market price for unglazed PVT collector ranges today
between 300 and 500 EUR/m?, competitive price level is
much lower and thus the unglazed PVT collectors are not
competitive with conventional combination of photothermal
and photovoltaic collectors even in southern Europe. Only
the cheapest unglazed collector systems could compete with
photovoltaic only or photothermal only systems. Unglazed
PVT collectors are out of the competitive range for central
and northern Europe due to the poor thermal performance.
It could be stated that unglazed PVT collectors are not
economically applicable for solar DHW systems and have
a very limited application potential with their market price
today.

The situation is better for the glazed PVT collectors.
In the case of nonselective collectors the range of the
competitive price is 300 to 500 EUR/m? for southern Europe
but significantly lower for central and northern Europe (see
Figure 8). The target technology of the glazed selective PVT
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FIGURE 7: Competitive specific price of unglazed hybrid PVT
collector.

collectors ranges between 300 and 400 EUR/m” for central
and northern Europe and between 400 and 600 EUR/m? for
southern Europe (see Figure 9). These figures are much more
optimistic with respect to conservative inputs for economic
analysis (low increase of energy prices and high interest rate
for residential application) and show the glazed selective PVT
collector as a viable concept.

4. Conclusion

The new concept of glazed solar PVT collector with polysilox-
ane gel encapsulation of PV cells has been developed and
prototypes were tested and evaluated. Experimental work
has confirmed the excellent optical and thermal performance
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FIGURE 8: Competitive specific price of glazed nonselective hybrid
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FIGURE 9: Competitive specific price of glazed selective hybrid PVT
collector.

features of polysiloxane laminate application for solar PVT
absorbers. Further improvements will be done in glazed PVT
collector design using the advanced highly transparent low-e
glazing. To evaluate the commercial potential of the different
PVT collector concepts, the competitive market price has
been subjected to performance and economic analysis for
combined solar heat and power system for given residential
building. It has been shown that unglazed PVT collectors
in the field of common solar DHW applications cannot be
competitive with the conventional solar thermal collector and
photovoltaic modules combination. The resulted competitive
price figures for the presented glazed selective PVT collector
which is under development have proved the viability of the
new concept.
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