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Preface

The aim of this report is to provide a summary of the current state of the PVT collector technologies, applications,
and markets.

The contents of this report have been used to update and enhance a Wikipedia article on PVT in order to better
inform on PVT a wide audience. Therefore, the main structure and some literal fragments of the current Wikipedia
are reused. Instead of citing the literal fragments of the old Wikipedia article in the main text, we included the old
article in appendix and marked the fragments that were reused.
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1 PVT collectors and their range of operation

1.1 Introduction

Photovoltaic thermal collectors, typically abbreviated as PVT collectors and also known as hybrid solar
collectors, hybrid photovoltaic thermal solar collectors, PV/T collectors or solar cogeneration systems, are power
generation technologies that convert solar radiation into usable thermal and electrical energy. PVT collectors
combine photovoltaic solar cells, which convert sunlight into electricity, with a solar thermal collector, which
transfers the otherwise unused excess heat from the PV module to a heat transfer fluid. By combining electricity
and heat generation within the same component, these technologies can reach a higher overall efficiency than
solar photovoltaic (PV) or solar thermal alone.1

Significant research has gone into developing a diverse range of PVT technologies since the 1970s.2 The
different PVT collector technologies differ substantially in their collector design and heat transfer fluid and address
different applications ranging from low temperature heating and cooling up to high temperature heat above
100 °C.3

7—"1

Figure 1.14: Schematic cross section of a WISC (Wind and infrared sensitive collector) PVT collector with
sheet-and-tube type heat exchanger and rear insulation:

1 - PV module cover glass (e.g. anti-reflective)

2 - Encapsulant (e.g. EVA)

3 - Solar PV cells

4 - Encapsulant (e.g. EVA)

5 - Backsheet (e.g. PVF)

6 - Heat exchanger (e.g. aluminum, copper or polymers)

7 - Thermal insulation (e.g. mineral wool), not always present for WISC collectors.

1 Zenhausern, Daniel, Evelyn Bamberger, and Aleksis Baggenstos. 2017. «<PVT Wrap-Up: Energy Systems with Photovoltaic-
Thermal Solar Collectors». Rapperswil, Switzerland: published by EnergieSchweiz.
http://www.spf.ch/fileadmin/daten/publ/PVT_WrapUp_Final_EN.pdf

2 Chow, T. T. (2010). "A review on photovoltaic/thermal hybrid solar technology". Applied Energy. 87 (2): 365-379.
doi:10.1016/j.apenergy.2009.06.037.
3 Zondag, H. A.; Bakker, M.; van Helden, W. G. J. (2006): PVT Roadmap - A European guide for the development and market

introduction of PV-Thermal technology.
4 Image by Manuel Lammle - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=88267419
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1.2 PVT markets

PVT collectors generate solar heat and electricity basically free of direct CO2 emissions and are therefore
regarded as a promising technology to supply renewable electricity and heat and/or cold to buildings and
industrial processes.

Heat is the largest energy end-use. In 2015, the provision of heating for its use in buildings, industrial purposes
and other applications accounted for around 52 % (205 EJ) of the total energy consumed. s Of this, over half was
used in the industry and around 46 % in the building sector. While 72 % of the heat was provided by the direct
combustion of fossil fuels, only 7 % of was from modern renewables such as solar thermal, biofuel or
geothermal.s The low grade heat market up to 150 °C is estimated to be 26.8 % of the worldwide final energy
demand, which is currently serviced by fossil fuels (gas, oil, and coal), electricity and renewable heat. This is the
sum of industry demand 7.1 % (25.5 EJ)7 and building demand 19.7 % (49.0 EJ residential and 13.6 EJ
commercial) s.

The electricity demand in buildings and industry is expected to grow further due to ongoing electrification and
sector coupling.s For a significant reduction of carbon emissions, it is essential that the major share of electricity is
sourced from renewable energy sources, such as wind, solar, biomass and water.

The market for renewable heat and electricity is therefore vast, illustrating the market potential of PVT collectors.

The report “Solar Heat Worldwide” assessed the global market of PVT collectors in 2018. According to the
authors, the total area of installed collectors amounted to 1.08 million square meters. Uncovered water collectors
had the largest market share (57 %), followed by air collectors (41 %) and covered water collectors (2 %). The
country with the largest installed capacity was France (41 %), followed by Korea (26 %), China (12 %) and
Germany (10 %).10

1.3 PVT collector technologies

PVT collectors combine the generation of solar electricity and heat in a single component, and thus achieve a
higher overall efficiency and better utilization of the solar spectrum than conventional PV modules.

Photovoltaic cells typically reach an electrical efficiency between 15 % and 20 %, while the largest share of the
solar spectrum (65 % - 70 %) is converted into heat, increasing the temperature of PV modules as illustrated in
Figure 2. PVT collectors, on the contrary, are engineered to transfer heat from the PV cells to a fluid. In this way,
this excess heat is made useful and can be utilized to heat water or as a low temperature source for heat pumps,
for example. Thus, PVT collectors make better use of the solar spectrum.1

By co-generating solar electricity and heat in a single component, PVT collectors increase the combined
efficiency and yield an optimized utilization of available space. Especially in densely populated urban areas, PVT
collectors are considered a promising technology for increasing the usage of valuable roof and facade space.

Most photovoltaic cells (e.g. silicon based) suffer from a drop in efficiency with increased cell temperatures. Each
Kelvin of increased cell temperature reduces the efficiency by 0.2 — 0.5 %.3 Removing heat from the PV cells can

5 Collier, Ute (2018), IEA Insights Series 2018: Renewable Heat Policies, Figure 1,
https://webstore.iea.org/download/direct/1030

e Collier, Ute (2018), IEA Insights Series 2018: Renewable Heat Policies, Figure 2,
https://webstore.iea.org/download/direct/1030

https://doi.org/10.1016/j.rser.2014.08.039
9 IRENA (2019): Global Energy Transformation: A Roadmap to 2050 (2019 Edition). International Renewable Energy Agency,
Abu Dhabi.
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Apr/IRENA_Global_Energy_Transformation_2019.pdf.
10 Weiss, Werner; Spork-Dir, Monika (2019): Solar Heat Worldwide - Global Market Development and Trends in 2018 -
Detailed market Figures 2017, https://www.iea-shc.org/Data/Sites/1/publications/Solar-Heat-Worldwide-2019.pdf.
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https://doi.org/10.1016/j.rser.2014.08.039

therefore lower their temperature and thus increase the cells’ efficiency. Improved PV cell lifetimes are another
benefit of lower operation temperatures.

The function and energetic benefit of a PVT collector can be described comprehensively by indicating the
electrical and thermal gains in a solar spectrum (Figure 1.2). It is also for this reason, that IEA SHC Task 60 uses
the solar spectrum as part of its logo.
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Figure 1.2: Utilization of the electromagnetic solar spectrum by a PVT collector.11

Figure 1.2 is based on the original diagram by Dupeyrat (2011)12, which was updated with recent efficiency data
and detailed optical measurements (compare La&mmle (2018)13):

Solar irradiance represents the global AM1.5 spectrum according to ASTM G173 - 03(2012) 14 with an
overall irradiance density of G = 1000 W/m?2.

The optical losses are calculated based on measured reflectance and transmittance spectra of a PV
module with p-Si solar cells, solar glass and without anti-reflective coating. The optical measurements
were conducted at Fraunhofer ISE with a spectrometer using an Ulbricht sphere.

The electricity gains are calculated based on the measurements of the spectral response of a c-Si solar
cell with an electrical efficiency of nstc = 15 %.

The heat gains are calculated based on the assumption of a thermal efficiency of nmo = 61 %, as
typically found in unglazed or glazed PVT collectors with at the operating conditions of Tiuid,mean = Tambient.

Heat losses account for the remainder of the solar spectrum, as heat losses, and its spectral distribution,
cannot be measured directly.

Accordingly, the solar irradiance represents 100 % of the AM1.5 spectrum, optical losses account for 9 %, heat
losses for 15 %, heat gains for 61 %, and electricity gains for 15 %.

1.3.1 Classification of PVT collectors

11

12

13

14

Image by Manuel Lammle - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=87526248
Dupeyrat, Patrick (2011): Experimental development and simulation investigation of a Photovoltaic-Thermal hybrid solar
collector. INSA de Lyon, France. L’Institut National des Sciences Appliquées de Lyon.

Lammle, Manuel (2018): Thermal management of PVT collectors - development and modelling of highly efficient PVT
collectors with low-emissivity coatings and overheating protection. In: PhD thesis, Fraunhofer ISE, INATECH Albert-
Ludwigs-Universitat Freiburg. DOI: 10.6094/UNIFR/16446.

ASTM G173 - 03(2012) - Standard Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on
37° Tilted Surface. https://rredc.nrel.gov/solar//spectra/am1.5/
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There are a multitude of technical possibilities to combine PV cells and solar thermal collectors. A number of PVT
collectors are available as commercial products, which can be divided into the following categories according to
their basic design and heat transfer fluid:

e  PVT liquid collector
e PVT air collector

In addition to the classification by heat transfer fluid, PVT collectors can also be categorized according to the
presence of a secondary glazing to reduce heat losses and the presence of a device to concentrate solar
irradiation.

e Uncovered PVT collector (WISC PVT)
e Covered PVT collector
e Concentrating PVT collector (CPVT)

Moreover, PVT collectors can be classified according to their design, such as cell technology, type of fluid, heat
exchanger material and geometry, type of contact between fluid and PV module, fixation of heat exchanger, or
level of building integration (building integrated PVT (BIPVT) collectors).1,15

The design and type of PVT collectors always implies a certain adaption to operating temperatures, applications,
and giving priority to either heat or electricity generation. For instance, operating the PVT collector at low
temperature leads to a cooling effect of PV cells compared to PV modules and therefore an increase of electrical
power. However, the heat also has to be utilized at low temperatures.

The maximum operating temperatures for most PV modules are limited to less than the maximum certified
operation temperatures (typically 85 °C). Nevertheless, two or more units of thermal energy are generated for
each unit of electrical energy, depending on cell efficiency and system design.

1.3.2 PVT liquid collector

The basic water-cooled design uses channels to direct fluid flow using piping attached directly or indirectly to the
back of a PV module. In a standard fluid-based system, a working fluid, typically water, glycol or mineral oil,
circulates in the heat exchanger behind the PV cells. The heat from the PV cells is conducted through the metal
and is transferred to the working fluid (presuming that the working fluid is cooler than the operating temperature of
the cells).

1.3.3 PVT air collector

The basic air-cooled design uses either a hollow, conductive housing to mount the photovoltaic panels or a
controlled flow of air to the rear face of the PV panel. PVT air collectors either draw in fresh outside air or use air
as a circulating heat transfer medium in a closed loop. The heat transfer properties of air are lower than that of
typically used liquids and therefore requires a proportionally higher mass flow rate than an equivalent PVT liquid
collector. The advantage is that the infrastructure required has lower cost and complexity.

The heated air is circulated into a building HVAC system to deliver thermal energy. Excess heat generated can be
simply vented to the atmosphere. Some versions of the PVT air collector can be operated in a way to cool the PV
panels to generate more electricity and assist with reducing thermal effects on lifetime performance degradation.

A number of different configurations of PVT air collectors exist, which vary in engineering sophistication. PVT air
collector configurations range from a basic enclosed shallow metal box with an intake and exhaust up to
optimized heat transfer surfaces that achieve uniform panel heat transfer across a wide range of process and
ambient conditions.

PVT air collectors can be carried out as uncovered or covered designs.1

15 L. Brottier (2018). Optimisation biénergie d’'un panneau solaire multifonctionnel : du capteur aux installations insitu.
Mécanique[physics.med-ph].UniversitéParis-Saclay,2019. htips:/tel.archives-ouvertes.fr/tel-02133891
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1.3.4 Uncovered PVT collector (WISC)

Uncovered PVT collectors, also denoted as unglazed or wind and/or infrared sensitive PVT collectors (WISC),
typically comprise of a PV module with a heat exchanger structure attached to the back of the PV module. While
most PVT collectors are prefabricated units, some products are offered as heat exchangers to be retrofitted to off-
the-shelf PV modules. In both cases, a good and longtime durable thermal contact with a high heat transfer
coefficient between the PV cells and the fluid is essential.16

The rear side of the uncovered PVT collector can be equipped with thermal insulation (e.g. mineral wool or foam)
to reduce heat losses of the heated fluid. Uninsulated PVT collectors are beneficial for operation near and below
ambient temperatures. Particularly uncovered PVT collectors with increased heat transfer to ambient air are a
suitable heat source for heat pump systems. When the temperature in the heat pump’s source is lower than the
ambient, the fluid can be heated up to ambient temperature even in periods without sunshine.

Accordingly, uncovered PVT collectors can be categorized into:
e Uncovered PVT collector with increased heat transfer to ambient air
e Uncovered PVT collector without rear insulation
e Uncovered PVT collector with rear insulation

Uncovered PVT collectors are also used to provide renewable cooling by dissipating heat via the PVT collector to
the ambient air or by utilizing the radiative cooling effect. In doing so, cold air or water is harnessed, which can be
utilized for HVAC applications.

1.3.5 Covered PVT collector

Covered, or glazed PVT collectors, feature an additional glazing, which encloses an insulating air layer between
the PV module and the secondary glazing. This reduces heat losses and increases the thermal efficiency.
Moreover, covered PVT collectors can reach significantly higher temperatures than PV modules or uncovered
PVT collectors. The operating temperatures mostly depend on the temperature of the working fluid. The average
fluid temperature can be between 25 °C in swimming pool applications to 90 °C in solar cooling systems (Figure
3).

Covered PVT collectors resemble the form and design of conventional flat plate collectors or evacuated vacuum
tubes. Yet, PV cells instead of spectrally-selective absorber coatings absorb the incident solar irradiance and
generate an electrical current in addition to solar heat.

The insulating characteristics of the front cover increase the thermal efficiency and allow for higher operating
temperatures. However, the additional optical interfaces increase optical reflections and thus reduce the
generated electrical power. Anti-reflective coatings on the front glazing can reduce the additional optical losses.17

1.3.6 Concentrating PVT collector (CPVT)

A concentrator system has the advantage to reduce the photovoltaic (PV) cell area needed. Therefore it is
possible to use more expensive and efficient PV cells, e.g. multi-junction photovoltaic cells. The concentration of
sunlight also reduces the amount of hot PV-absorber area and therefore reduces heat losses to the ambient,
which improves significantly the efficiency for higher application temperatures.

Concentrator systems often require reliable control systems to accurately track the sun and to protect the PV cells
from damaging over-temperature conditions. However, there are also stationery PVT collector types that use non-
imaging reflectors, such as the Compound Parabolic Concentrator (CPC), and do not have to track the sun.

16 Adam, Mario; Kramer, Korbinian; Fritzsche, Ulrich; Hamberger, Stephan (2014): Abschlussbericht PVT-Norm.
Forderkennzeichen 01FS12035 -,Verbundprojekt: Standardisierung und Normung von multifunktionalen PVT
Solarkollektoren (PVT-Norm)“.

17 Zondag, H.A. (2008): Flat-plate PV-Thermal collectors and systems: A review. In: Renewable and Sustainable Energy
Reviews 12 (4), S. 891-959.
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Under ideal conditions, about 75 % of the sun's power directly incident upon such systems can be gathered as
electricity and heat. For more details, see the discussion of CPVT within the article for concentrated photovoltaics.

A limitation of high-concentrator (i.e. HCPV and HCPVT) systems is that they maintain their long-term advantages
over conventional c-Si/mc-Si collectors only in regions that remain consistently free of atmospheric aerosol
contaminants (e.g. light clouds, smog, etc.). Power production is rapidly degraded because 1) radiation is
reflected and scattered outside of the small (often less than 1°-2°) acceptance angle of the collection optics, and
2) absorption of specific components of the solar spectrum causes one or more series junctions within the MJ
cells to underperform. The short-term impacts of such power generation irregularities can be reduced to some
degree by including electrical and thermal storage in the system.

1.4 PVT applications by temperature range

The range of applications of PVT collectors, and in general solar thermal collectors, can be divided according to
their temperature levels: 18

e |low temperature applications up to 50 °C
e medium temperature applications up to 80 °C
e high temperature applications above 80 °C

Low temperature applications include heat pump systems and heating swimming pools or spas up to 50 °C. PVT
collectors in heat pump systems act either as low temperature source for the heat pump evaporator or on the load
side to supply medium temperature heat to a storage tank. Moreover, regeneration of boreholes and ground
source heat exchangers is possible.1 Uncovered PVT collectors with enhanced air-to-water heat exchange can
even comprise the only source of a heat pump system. In combination with a system architecture allowing to store
cold produced with WISC or air collectors, also air conditioning is possible.

Low and medium temperature applications for space heating and domestic hot water provision are found in
buildings, with temperatures from 20 °C to 80 °C. The temperatures of the specific system depend on the
requirements of the heat supply system for domestic hot water (e.g. freshwater station, temperature requirements
for legionella prevention) and for space heating (e.g. underfloor heating, radiators). Moreover, the PVT collector
array can be dimensioned to cover only smaller fractions of the heat demand (e.g. hot water pre-heating), thus
reducing operating temperatures of the PVT collector.

Process heat includes a diverse range of industrial applications with low to high temperature requirements (e.g.
solar water desalination, solar cooling, or power generation with concentrating PVT collectors).19 PVT collector
technologies can be clustered according to their temperature level in the same way: the suitability per
temperature range depends on the PVT collector design and technology. Therefore, each PVT collector
technology features different optimal temperature ranges.

Figure 3 shows typical temperature ranges of both PVT applications and collector technologies. 20 The operating
temperature of the PVT applications ultimately defines the suitability of each type of PVT collector technology.

18 Kalogirou SA (2014). Solar energy engineering: processes and systems. Second Edition. Academic Press.
doi:10.1016/B978-0-12-374501-9.00014-5

19 Wiesenfarth M, Philipps SP, Bett AW, Horowitz K, Kurtz S (2014). Current status of Concentrator Photovoltaic (CPV)
technology

20 Chapter 0 ,Expert survey on temperature ranges for PVT collector technologies and applications” of this report
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Figure 1.3: Map of PVT collector technologies and PVT applications per operating temperature.21
Depending on the type of heat transfer fluid, PVT collector technologies are suited for several applications:22
e PVT air collector: space heating systems, agricultural processes (e.g. drying crops);

e PVT liquid collector: Space heating (domestic, industrial), water heating systems, water distillation,
space cooling, food processing systems.

PVT technologies can bring a valuable contribution to the world’s energy mix and should always be considered as
an option for applications delivering renewable electricity, heat or cold.

21 Image by Manuel Lammle - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=87526793

22 Sathe TM, Dhoble AS. A review on recent advancements in photovoltaic thermal techniques. Renew Sustain Energy Rev
2017;76:645-72. doi:10.1016/j.rser.2017.03.075.
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2 A review of PVT applications and systems

Author: Maria Herrando, University of Zaragoza

The different types of PVT collectors have different applications. The following sub-sections summarize the state-
of-the art on the main applications.

The range of applications of PVT water collectors and in general solar thermal collectors can be divided in [1]
(Figure 1.3):

= |ow temperature applications, up to 50 °C;

= medium temperature applications, up to 80 °C;

= high temperature applications, larger than 80 °C.

Low temperature applications (~27-35°C) include swimming pool heating or spas, while operating temperatures
up to 50 °C are required for space heating via radiant underfloor heating (UFH), or integration with low
temperature heat pumps. For Domestic Hot Water (DHW) provision, a temperature of 60 °C is required to prevent
Legionellosis [2], although afterwards the delivery temperature can be lower depending on the end-user needs
(45-60 °C), for which a mixing device is typically used. These temperatures can be provided with unglazed
collectors in high irradiance climates, or with glass cover flat-plate collectors. For cooling purposes through
refrigeration cycles, usually temperatures larger than 80 °C are required to drive thermally driven cooling cycles
such as absorption chillers. Similarly, high temperatures are required for certain industrial processes. These
temperatures can be achieved in high efficiency flat-plate collector with reduced thermal losses, or with evacuated
flat-plate collectors. Concentrated Solar Power (CSP), solar thermal and PVT systems that achieve higher
temperatures can drive power generation cycles in large plants, usually installed in high solar irradiance locations
for power generation [1,3].

21 Solar heating systems

PVT collectors simultaneously generate heat and electricity. The hot air generated in PVT air collectors can be
used for space heating, while the hot water generated in PVT water collectors can be used for swimming pool
heating, space heating, or water heating.

211 Process heat

PVT can be used to produce relatively high temperature for any kind of process heat in industry (pasteurization,
car washing, bottles washing, etc..). Evacuated tube PVT collectors and concentrating collectors are used to
reach high temperatures.

2.1.2 Domestic hot water heating

The main components of a solar system for heating provision are the solar collector array, a thermal energy
transfer circuit (circulation pump, valves, piping and heat exchanger) and a water storage tank. An auxiliary heater
is also required to assist the solar system to provide the required water temperature.

These solar systems can be configured as direct systems, such as thermosiphon systems, in which potable water
is directly heated in the PVT collectors; or as indirect system, where potable water is heated through a heat
exchanger with the hot water circulating in the solar closed loop circuit. Most of the studies found in literature
focus on the supply of domestic hot water (DHW) demand in buildings [4,5,14-16,6—13]. From those, several of
them are based on thermosiphon (natural) circulation [5,11,13] while others use an indirect closed loop system
circulating water by forced convection [7-9,15,16].

2.1.3 Space heating

Regarding PVT collectors for space heating purposes, several authors focus on PVT air collectors [17-19]. For
instance, Kamthania et al. (2011) used a semi-transparent PVT double pass facade to preheat air that could heat
the room air temperature by 5-6 °C above the ambient. Alternatively, PVT air collectors can also be integrated
with heat pumps to provide space heating in buildings [20,21]. The low density and small heat capacity of air limit
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improvements in the PVT air collector performance, although these type of collectors are attractive in applications
where water is limited.

PVT water collectors can also provide space heating [21-24]. The hot water generated by the PVT collectors is
usually collected in a hot water storage tank. This tank is connected through a heat exchanger to the terminal
units of the building heating system, which can be for example fan coils [22], radiant floor heating [24,25]. Usually,
an auxiliary heater is also required to assist the solar system to provide the required water temperature.

Another alternative is to integrate PVT liquid collectors with heat pumps, which can maximise the solar energy
utilization and at the same time enhance the COP of the heat pump [26,27]. Here, the heat produced by the PVT
collectors is used as the source for a heat pump to provide space heating [28]. These systems are classified
based on the integration between the PVT collectors and the heat pumps into direct expansion solar assisted heat
pump (DX-SAHP) and indirect expansion solar assisted heat pump (IDX-SAHP). In the former, the PVT collector
acts as the heat pump evaporator, and thus the cooling fluid circulating through the PVT is usually refrigerant.

Alternatively, in indirect expansion solar assisted heat pump (IDX-SAHP) systems, the PVT collector is not the
evaporator of the HP, and PVT-water collectors such as the commercial ones can be used. There are 3 types of
IDX-SAHP: series, parallel and dual system [26]. Here, the heat transfer medium is typically an antifreeze
solution, water or air.

214 Swimming pool

Originally solar swimming pool heating was achieved with solar-thermal collector heating systems [29,30], or
solar-assisted heat-pump heating systems with conventional solar-thermal collectors [31,32]. However, similarly
as solar-thermal collectors, hybrid PVT water collectors can be used to meet the heating and power demands of
swimming pools. Recently, there are a few thermo-economic analyses undertaken through transient simulations
and sensitivity analyses performed with TRNSYS software [33—-35]. The results from the analysis undertaken in
Naples (ltaly) [33] showed that the considered system was not profitable without public funding policies and
became viable only after introducing thermal feed-in tariffs due to the high collector costs. Meanwhile, the analysis
of the PVT system for heat and power provision in Bari (ltaly), concluded that the economic savings of the PVT
system were between those of the conventional PV and solar-thermal (evacuated-tube) systems and the system
had a payback time of 13.7 years and a levelised cost of energy of 0.109 €/kWh. One of the main advantages of
PVT systems is the larger CO2 emission reduction potential, by 40-75% than those of conventional solar systems
[34]. PVT collectors can also be integrated with Organic Rankine Cycles (ORC) the provision of heating and
power to swimming pool facilities [35].

2.1.5 Heat pump source

WISC PVT collectors can be used in combination with heat pumps. The collector is delivering heat from solar
radiation and from ambient energy on both sides if the back of the collector is not insulated and exposed to
ambient air.

The efficiency of the thermal energy production is high and can be over 100% when calculated in reference to the
solar energy incident on the plane of the collector since the ambient energy is to be added. This is just because of
the conventional definition of the efficiency.

The efficiency of the PV module in the sandwich of a PVT collector can be higher than that of a PV only module
since the average operating temperature can be lower thanks to the heat pump.

Numerous examples exist and are reported in the report A1 of IEA SHC Task 60.

Cooling can be provided by WISC PVT collectors either directly uring night conditions or indirectly with a
reversible heat pump rejecting the heat through the PVT collector heat exchanger if properly designed for this
purpose.

2.2 Solar cooling and solar combined cooling heating and power
systems
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Solar Heating and Cooling (SHC) systems can use the solar radiation to provide heating and/or cooling. PVT
collectors can also be integrated with SHC technologies to generate electricity, heating and/or cooling. There are
studies that integrate concentrated PVT [36—39], PVT air systems [40] and PVT water collectors [22].

For example, the thermal output of the PVT water and CPVT collectors can be integrated with solar thermal
driven cooling units, such as absorption, adsorption or desiccant, for cooling provision [41]. Recent studies have
shown that Coefficient of Performance (COP) of up to 0.8 can be achieved by solar-driven single-stage LiBr-H20
absorption chillers [42,43]. In this context, other authors [22,44,45] integrated PVT water collectors with
absorption chillers and concluded that this combination has an important potential for energy savings owing to the
generated heat/DHW, cooling and electricity. PVT water collectors integrated with water-to-water heat pumps or
to an adsorption chiller can be used to supply the electricity, space heating and cooling, and domestic hot water
for residential buildings [46], fitness centres and offices [47]. Parabolic dish CPVT collectors reach higher water
temperatures so they can be integrated with double-stage LiBr-H20 absorption chillers which have a higher COP
than single-stage LiBr-H20O absorption chillers, to provide electricity, space heating and cooling and domestic hot
water for a given building [37,38].

Alternatively, PVT refrigerant collectors can also be integrated with heat pump air-conditioning systems, using the
PVT as evaporator [48].

Guo et al. [49] reviewed the utilisation of recovered heat from flat plate PVT for desiccant cooling and
dehumidification that requires a temperature in the range of 50 °C to 60 °C. The review addresses both air and
water PVT collectors and reveals that the outlet fluid temperature from existing PVT demonstrations could almost
match the low temperature required by dehumidification and cooling applications with reasonable electrical and
thermal efficiency.

2.3 Solar industrial processes

2.3.1 Solar water desalination and solar stills

A solar still distils water by using the heat of the Sunto evaporate water and collect it purified. However,
conventional single basin passive solar stills are not widely used due to their low yield and low thermal efficiency
(maximum around 30%), which is very dependent on solar irradiation [27]. Hybrid flat-plate PVT collectors can be
integrated with solar stills in a hybrid PVT active solar still [50-52]. The cost of distilled water produced from a
PVT active solar still is higher than for a passive solar still, and the payback period is also higher, but the use of
PVT solar still can be advantageous when electricity is unavailable [53]. More promising results were found for an
active PVT solar still system in New Delhi climatic conditions, with a payback time of 4.2 years [54]. Other
research concluded that the productivity can be increased by coupling the PVT collectors with a storage tank [55].

Alternatively, concentrated PVT (CPVT) collectors can be integrated with an evaporation desalination plant to
generate electricity and simultaneously use the thermal energy to desalinate water [56]. Waste heat recovered
from high CPVT systems can also be used for saline and brackish water desalination with the membrane
distillation technique, which is particularly interesting for isolated inland or coastal regions with high solar
irradiation [57].

2.3.2 Agro-Industrial processes

PVT collectors have been used in large greenhouses as a source of heat in the ground and electricity for the fans.
Evacuated and concentrating collectors can be used in industrial processes where heat over 80 °C is needed.
Applications are very few and not enough documented in 2019.
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3 Assessment of the market potential of PVT collectors

Author: Glen Ryan, Sunovate

Worldwide primary energy consumption is currently sitting just under 14,000 Mtoe and demand is expected to
grow by 58% between now and 2040.23 It has been estimated that this market is currently worth over $5.5 Trillion
USD per year. According to the International Energy Agency, heat is the largest energy end-usez4. In simplistic
terms this mean that consumers use the greatest amount of their energy for heating. The provision of heating for
use in homes, industrial purposes and other applications accounts for around 50% of the total energy consumed.
Of this, over half is used in industry, around 46% in the building sector and the remainder in agriculture. Only
about a tenth of this heat is produced from renewables.

The heat market is serviced by wood, gas, coal and renewable etc. The low grade heat market (up to 150 °C) is
estimated to be 27.6% of the worldwide final energy demand so proportionally an estimation of the market value
would be currently around $1.5 Trillion USD per annum. Assuming arbitrarily one third of this market is
addressable by current PVT solutions and the energy is valued at the same replacement cost, then the
addressable market for PVT generated heat is $0.5 Trillion USD per annum. The market is therefore immense.

IRENAs Roadmap to 2050 reportzs suggests that electrification is emerging as a key solution for reducing
emissions but only if paired with clean electricity, which increasingly can be sourced at the lowest cost from
renewable energy. The share of electricity in total energy use must increase to almost 50% by 2050, up from 20%
today. Renewables would then make up two-thirds of energy consumption and 86% of power generation.
Renewable electricity paired with deep electrification could reduce CO2 emissions by 60%, representing the
largest share of the reductions necessary in the energy sector.

23 BP Statistical Review of World Energy 2019, 68 edition

24 Collier, Ute (2018), IEA Insights Series 2018: Renewable Heat Policies, https://webstore.iea.org/download/direct/1030

25 IRENA: Global Energy Transformation: A Roadmap to 2050 (2019 Edition). International Renewable Energy Agency, Abu
Dhabi.
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Apr/IRENA_Global_Energy_Transformation_2019.pdf.

rage 14

-
TASKEC




Appendix 1 - Expert survey on temperature ranges for
PVT collector technologies and applications

Author: Manuel Lammle, Fraunhofer ISE

A major challenge in the communication of PVT technology concerns temperature ranges of PVT collector
technologies and PVT applications. Given the wide range of available collectors, each with their respective range
of operating temperatures, and manifold applications, each with their respective temperature requirements, it is
important to understand, which collector type is suitable for which application. An approach based on simulations
of PVT systems and using characteristic operation temperatures was presented by La&mmle et al. (2017)26. Within
IEA SHC Task 60, the same question was raised: which collectors are suitable for which temperatures and
consequently for which system?

The herein presented approach taps into the gathered expertise of the participants of IEA SHC Task 60 from
research and industry. A method similar to the Delphi method was applied for this purpose: all task members
were asked to participate in a survey and estimate operating temperature ranges of different PVT collector
technologies and different PVT applications (Table A.1), based on their individual expert know-how.

Table A.1: Survey sent to task members to assess temperature ranges of PVT collector technologies and
PVT applications.

Operating temperature [°C]
Trmin l Trmax

PVT collector technologies
Uncovered PVT collector (WISC)
Covered PVT collector
Concentrating PVT collector

PVT applications

Heat pump source

Swimming pool

Domestic hot water & space heating
Process heat

In total, 27 experts participated in the survey and filled out the survey. Also partly complete survey forms were
included in the analysis, which is why the number of estimates per category lies between 18 and 24. Thus, from a
pure statistical point of view, the survey cannot be considered representative. Nonetheless, given the relatively
large sample size and the different background of expertise from different countries and for different technologies
and applications, the method yields the most consistent and robust analysis of temperatures ranges of PVT
collectors and applications to date.

The statistical analysis of the survey responses is presented in Figure A.1. Therein, the median, 25t and 75th
quantiles as well as the absolute minimum and maximum values are indicated. Although there are some statistical
outliers, in particular for the diverse categories of concentrating PVT collectors and process heat, the standard
deviation of all samples is relatively small, with an average value of T = 13.8 K.

26 Lammle, Manuel; Kramer, Korbinian; Hermann, Michael (2017): Assessing suitable fields of application for PVT collectors
with the characteristic temperature approach. In: Proceedings ISES Solar World Congress and Solar Heating and Cooling
(SHC) Conference, Abu Dhabi, 2017. DOI: 10.18086/swc.2017.18.10.
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Figure A.1: Box plot diagram of the survey responses, boxes represent the 25t and 75t quantile and the
median, and the error indicators represent the absolute minimum and maximum values.

Based on the statistical analysis, diagrams mapping PVT collector technologies and applications as function of
the operating temperature can be developed:

e Figure A.2 shows the map based on median values for the minimum and maximum temperatures of the
collector and application ranges, representing a conservative visualization with smaller temperature
ranges.

e Figure A.3 shows the map based on the value of the 25w quantile for the minimum temperature
boundary and the 75t quantile for the maximum temperature boundary. Thus, Figure A.3 portraits a
wider range of operating temperatures than Figure A.2.

e Figure A.4 shows an extended map with a further sub-classification of collector technologies. Answering
the survey, several participants proposed to sub-categorize the collector technologies in order to
visualize differences in the collector design and the corresponding suitability for lower or higher operating
temperatures. The differentiation of temperature steps was done on an arbitrary basis in 10 K steps to
visually incorporate the information of different sub-categories, without starting a new survey.

PVT
application

Concentrating PVT collector >

Covered PVT collector

PVT
collector
technology

Uncovered PVT collector (WISC)
0°C 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C  100°C
Operating temperature [°C]
Figure A.2: Map of PVT collector technologies and application as function of the application temperature
based on median values for the minimum and maximum temperatures of the collector and application
ranges.
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Figure A.3: Map of collector technologies and applications with 25t percentile for the mininium boundary
and 75t percentile for the maximum boundary
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Figure A.4: Extended map featuring further sub-classitication of collector technologies. |emperature
ranges based on the 25« percentile for the minimum boundary and 75w percentile for the maximum

boundary. 27
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27 Image by Manuel LAmmle - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=87526793
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Appendix 2 - Marked version of the original Wikipedia
article from 16.03.2019

The summary in chapter 1 is based on the Wikipedia article of PVT collectors “Photovoltaic thermal hybrid solar
collector” in the version from 16.03.2019.28

The original Wikipedia article was not written by Task 60 participants and existed prior to the creation of the task.

The structure and some literal fragments of the original Wikipedia article were reused and recycled for the update
of the article. For a better readability, we avoid citations of the original article. Instead, we include the original
article in the following chapter and mark all fragments in yellow that were taken literally from the original article.

3.1 Introduction

Photovoltaic thermal hybrid solar collectors, also known as hybrid PV/T (PVT) or solar cogeneration
systems, are power generation technologies that convert solar radiation into usable thermal and electrical energy.
Such systems combine a solar cell, which converts sunlight into electricity, with a solar thermal collector, which
captures the remaining energy and removes waste heat from the PV module. These technologies can be more
energy efficient overall than solar photovoltaic (PV) or solar thermal alone.(1

Significant research has gone into developing a diverse range of PV/T technologies since the 1970s.121. While
many collector types have been developed for small-scale residential or specific process use, powerful and
highly-efficient systems for industrial and utility-scale applications are also beginning to enter the market.
Collectors co-generating up to 250kW electricity plus 400kW heat, and operating with 80% conversion efficiency,
are commercially available as of 2017.[3

~N OO U s W N -

Schematic of a hybrid (PVT) solar collector:
1 - Anti-reflective glass

2 - EVA-encapsulant

3 - Solar PV cells

4 - EVA-encapsulant

5 - Backsheet (PVF)

6 - Heat exchanger (copper)

7 - Insulation (polyurethane)

28 https://en.wikipedia.org/w/index.php?title=Photovoltaic_thermal_hybrid_solar_collector&oldid=887973945
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3.2 Contents

1 PV/T system engineering
2 System types
o 2.1 PV/T liquid collector
o 2.2 PVIT air collector
o 2.3 PV/T concentrator (CPVT)
3 See also
4 References

3.3 PVI/T system engineering

Photovoltaic cells suffer from a drop in efficiency with the rise in temperature due to increased resistance. PV/T
systems are engineered to actively capture and carry heat away from the PV cells, thereby cooling the cells and
thus improving their efficiency by lowering resistance.is Cell lifetimes also improve at lower temperatures, and the
thermal capture can minimize the urban heat island contribution from the generator.

This is an effective method to maximize total system efficiency and reliability, but causes the thermal component
to under-perform as compared to that achievable with a pure solar thermal collector. That is to say, the maximum
operating temperatures for most PV/T system are limited to less than the maximum cell temperature (typically
below 100°C). Nevertheless, two or more units of heat energy are still generated for each unit of electrical energy,
depending on cell efficiency and system design.

3.4 System types

A number of PV/T collectors in different categories are commercially available and can be divided into the
following categories:

PVIT liquid collector

PVI/T air collector

PV/Ta Liquid and air collector
PVIT concentrator (CPVT)

3.41 PV/T liquid collector

The basic water-cooled design uses a channel to direct fluid flow using piping of various materials or plates
attached to the back of a PV module. The fluid flow arrangement through the cooling element will determine which
systems the panels are most suited to.

In a standard fluid-based system, a working fluid, typically water, glycol or mineral oil is then piped through these
pipes or plate chillers. The heat from the PV cells is conducted through the metal and absorbed by the working
fluid (presuming that the working fluid is cooler than the operating temperature of the cells). In closed-loop
systems this heat is either exhausted (to cool it), or transferred at a heat exchanger, where it flows to its
application. In open-loop systems, this heat is used, or exhausted before the fluid returns to the PV cells.5 It is
also possible to disperse nanopatrticles in the liquid to create a liquid filter for PV/T applications.s7s) The basic
advantage of this type of split configuration is that the thermal collector and the photovoltaic collector can operate
at different temperatures.

3.4.2 PV/T air collector

The basic air-cooled design uses a hollow, conductive metal housing to mount the photo-voltaic (PV) panels. Heat
is radiated from the panels into the enclosed space, where the air is either circulated into a building HVAC system
to recapture heat energy, or rises and is vented from the top of the structure.

While energy transfer to air is not as efficient as a liquid collector, the infrastructure required has lower cost and
complexity; basically a shallow metal box. Placement of PV panels can be vertical or angled.is
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3.4.3 PV/T concentrator (CPVT)

Main article:

A concentrator system has the advantage to reduce the amount of photovoltaic (PV) cells needed, such that
somewhat more expensive and efficient multi-junction photovoltaic cells can be used that will maximize the ratio
of produced high-value electrical power versus lower-value thermal power. Concentrator systems also often
require reliable control systems to accurately track the sun and to protect the PV cells from damaging over-
temperature conditions. Under ideal conditions, about 75% of the sun's power directly incident upon such systems
can be gathered as electricity and heat. For more details, see the discussion of CPVT within the article for
concentrated photovoltaics.

A limitation of high-concentrator (i.e. HCPV and HCPVT) systems is that they maintain their long-term advantages
over conventional c-Si/mc-Si collectors only in regions that remain consistently free of atmospheric aerosol
contaminants (e.g. light clouds, smog, etc.). Power production is rapidly degraded because 1) radiation is
reflected and scattered outside of the small (often less than 1°-2°) acceptance angle of the collection optics, and
2) absorption of specific components of the solar spectrum causes one or more series junctions within the MJ
cells to under-perform. The short-term impacts of such power generation irregularities can be reduced to some
degree with inclusion of electrical and thermal storage in the system.

3.5 See also

Renewable energy portal
Energy portal

Solar air conditioning
Photovoltaic system
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