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ABSTRACT

Climate change is one of the biggest environmental, technological, economic, and social challenges of
our time. The global energy system needs to be transformed to renewable energy sources to cut green-
house gas emissions to a tolerable level. In this context, hybrid photovoltaic-thermal collectors (PVT col-
lectors) are a promising technology that combines the solar generation of both electricity and heat in a
single component. By transferring heat from photovoltaic cells to a heat transfer fluid, PVT collectors
achieve an efficient utilization of the solar resource and a better use of available surface areas.

This PhD thesis focusses on the development and modelling of highly efficient glazed PVT collectors with
an optimized overall system performance. A combination of experimental and numerical methods is ap-
plied at both the collector and system level, allowing a multifaceted analysis and optimization of the PVT
technology. The research topics are embedded in the thematic framework of “thermal management”,
which aims to balance the diverging requirements of photovoltaics and solar thermal by controlling en-
ergy flows and adjusting the collector temperature to the desired level.

Firstly, this concerns the optimization of the thermal efficiency of PVT collectors by the application of
spectrally selective low-emissivity (low-e) coatings, which are transparent for solar irradiance and feature
a low emittance for infrared radiation. A glazed PVT collector with low-emissivity coating is built and
tested, and its performance is compared to a collector of identical design yet without low-e coating. Due
to a reduction of radiative heat losses, the low-e coating improves the thermal efficiency by 60 %, and
reduces the overall heat losses by 82 %, at typical operating conditions. Owing to a slightly higher opti-
cal reflectance, a small drop of the electrical efficiency of 3 %, has to be accepted. Nonetheless, low-e
coatings can be considered an enabling technology allowing a significant improvement of the overall
efficiency of PVT collectors.

Secondly, the annual collector performance is evaluated in the system context by means of assessing
electrical and thermal energy yields of typical PVT systems. PVT collectors with low-e are applicable for a
wide range of temperatures and they achieve highest primary energy yields in all analyzed applications.
Due to the central importance of operating temperatures, the characteristic temperature is defined as a
new indicator, which shows a strong correlation with electrical and thermal yields. It is therefore suitable
for selecting an apt PVT technology for a given system, pre-assessing yields, and for discussing the capa-
bility of PVT technologies in general.

Thirdly, new overheating concepts are specifically designed for PVT collectors with low-e, as low heat
losses lead to higher stagnation temperatures and aggravate the issue of overheating. High absorber
temperatures negatively affect electrical yields and accelerate ageing and degradation, especially above
120 °C. The state-of-the-art overheating concept of venting the collector is applied for the first time to
PVT collectors, achieving a reduction of the stagnation temperatures from 149 °C to 102 °C. The novel
switchable film insulation, where an inflatable polymer cushion governs heat losses, renders an unprece-
dented switching range of U and thus combines the characteristics of a high-performing glazed PVT
collector with low-e and the low stagnation temperatures of unglazed collectors.






ZUSAMMENFASSUNG

Der Klimawandel ist eine der gréBten okologischen, technologischen, 6konomischen und sozialen Herausfor-
derungen unserer Zeit. Eine schnelle Energiewende mit der globalen Transformation des Energiesystems zu
erneuerbaren Energien ist notwendig, um die Treibhausgasemissionen drastisch zu reduzieren und dadurch
die Erderwdrmung einzuddmmen. Hybride photovoltaisch-thermische Kollektoren (PVT-Kollektoren) sind dafur
eine vielversprechende Technologie, die die solare Erzeugung von Strom und Warme in einer einzelnen Kom-
ponente vereint. Durch den Transport von Warme aus den PV-Zellen an ein Warmetragerfluid wird die Warme
nutzbar gemacht wird, sodass PVT-Kollektoren hoéchste Gesamtwirkungsgrade erzielen und eine verbesserte
Ausnutzung von solaren Flachen ermdglichen.

Der Fokus dieser Dissertation liegt auf der Entwicklung und Modellierung von hocheffizienten, verglasten PVT-
Kollektoren mit optimierten Systemertragen. Diese Forschungsthemen sind in das methodische Geriist des
“Thermischen Managements” eingebettet. Der Ansatz zielt darauf ab, die divergierenden Anforderungen der
Photovoltaik und Solarthermie auszubalancieren, indem die Energieflisse gesteuert und die Kollektortempera-
turen an den momentanen Strom- und Wéarmebedarf angepasst werden. Das Zusammenspiel von experimen-
tellen und numerischen Methoden auf Kollektor- und der Systemebene erlaubt dabei eine vielseitige Analyse
des Potentials der PVT-Kollektortechnologie.

Erstens betrifft dies die Optimierung der thermischen Leistung von PVT-Kollektoren durch die Anwendung
von niedrig-emissiven Low-e-Beschichtungen, die transparent fir Solarstrahlung sind, aber einen niedrigen
Emissionsgrad fur Infrarotstrahlung aufweisen. Die Leistung eines PVT-Kollektors mit Low-e-Beschichtung wird
mit einem baugleichen PVT-Kollektor ohne Low-e-Beschichtung verglichen. Bei typischen Betriebsbedingun-
gen verbessert die Low-e-Schicht den thermischen Wirkungsgrad um 60 %,,, indem sie die Warmeverluste
um 82 %, reduziert. Aufgrund etwas hoherer optischer Reflexionen muss allerdings ein Rickgang der
elektrischen Leistung um 3 %, akzeptiert werden. Dennoch kénnen Low-e-Beschichtungen als eine Schlis-
seltechnologie betrachtet werden, die eine wesentliche Steigerung der Gesamteffizienz von PVT-Kollektoren
ermdglicht.

Zweitens werden auf Systemebene jahrliche Energieertrage und Gesamtsystemleistungen flr typische PVT-
Systeme untersucht und mit dem neuen Charakteristischen-Temperatur-Ansatz diskutiert. PVT-Kollektoren mit
Low-e-Beschichtung sind fir ein breites Betriebstemperaturspektrum geeignet und sie erzielen die hdchsten
Primdrenergieertrage in den untersuchten Anwendungen. Auf Grund der zentralen Bedeutung der mittleren
Betriebstemperaturen wird die charakteristische Temperatur T, als neuer Indikator eingefiihrt, der eine star-
ke Korrelation mit Strom- und Wérmeertragen aufweist. Dadurch ist T, geeignet, um geeignete PVT-
Technologien auszuwahlen, Ertrdge abzuschdtzen und im Allgemeinen die Einsatzfahigkeit von PVT-
Kollektoren zu diskutieren.

Drittens werden neue Uberhitzungsschutzkonzepte speziell fiir thermisch-optimierte PVT-Kollektoren entwi-
ckelt. Die niedrigen Warmeverluste durch die Low-e-Beschichtung fuhren zu héheren Stagnationstemperatu-
ren und vergroBern die Uberhitzungsproblematik. Hohe Absorbertemperaturen insbesondere oberhalb 120 °C
beschleunigen Alterung und Degradation und wirken sich negativ auf die elektrische Leistung aus. Das Uber-
hitzungsschutzkonzept der Kollektorbeltftung durch 6ffnende Gehauseklappen wird zum ersten Mal auf PVT-
Kollektoren angewendet und erzielt eine Reduktion der Stagnationstemperaturen von 149 °C auf 102 °C. Die
innovative schaltbare Foliendammung, bei der ein aufblasbares Polymerkissen die Warmeverluste reguliert,
liefert einen bisher unerreicht groBen Schaltbereich von U,,. Dadurch vereint der Folieniberhitzungsschutz
die hohe Leistung eines abgedeckten PVT-Kollektors mit Low-e-Beschichtung mit den unkritischen Stagnati-
onstemperaturen von unverglasten Kollektoren.
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INTRODUCTION

1.1 Motivation and background

Climate change is one of the biggest environmental, technological, economic, and social challenges of
our time. In the 21* conference of the parties in Paris 2015, the global leaders agreed on “holding the
increase in the global average temperature to well below 2 °C above pre-industrial levels [...] recognizing
that this would significantly reduce the risks and impacts of climate change” (UNFCCC 2015). The main
drivers of climate change are anthropogenic greenhouse gas emissions, especially carbon dioxide. The
atmospheric concentration of greenhouse gases has increased significantly compared to pre-industrial
levels, which causes an ongoing rise of global surface temperatures owing to a radiative imbalance of
the climate system (IPCC 2014).

Global greenhouse gas emissions need to be drastically cut in order to mitigate the effects of global
warming to acceptable levels (UNFCCC 2015). In 2010, the production of heat and electricity accounted
for 25 % of global greenhouse gas emissions, mainly in the energy, buildings and industry sector (IPCC
2015). A combination of different technologies is necessary to mitigate these emissions. In the energy
supply sector, renewable energy sources such as wind, solar, hydropower, or nuclear power can substi-
tute fossil power plants. In the building sector a reduction of greenhouse gas intensity can be reached by
the local usage of renewable energy sources and energy efficiency measures (IPCC 2014).

Hybrid photovoltaic-thermal collectors (PVT collectors) are a promising technology that combines the
solar generation of electricity and heat in a single component. Conventional PV modules convert only
10 - 20 % of their incident solar radiation into electricity, while the major share of the solar resource is
transformed into unused heat. By contrast, hybrid PVT collectors transfer this heat to a fluid, which circu-
lates behind the PV cells. In this way, PVT collectors produce both electricity and heat on the same area,
and thus achieve the potentially highest solar efficiency with a maximum utilization of space.

Due to the energetic benefits of PVT collectors, the IEA technology roadmap on solar heating and cool-
ing recommends to “develop the PVT technology to make it commercially viable” (IEA 2012). In recent
years, mainly unglazed PVT collector products entered the market. These PVT collectors, however, suffer
from a low thermal efficiency compared to conventional flat plate collectors. Consequently, the PVT
technology cannot exploit its full potential, and the applications are limited to low temperature systems,
e. g. swimming pool heating or in combinations with heat pumps. Accordingly, the Renewable Heating
and Cooling platform identified the strategic R&D priority to develop “glazed [PVT] collectors with im-
proved thermal performance and high reliability” (RHC 2012).
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1.2 Fundamentals of PVT collectors

At present, PV modules convert 10 — 20 % of the incident solar irradiance into electricity, depending on
the employed cell technology (Wirth 2017). The major share of the solar spectrum remains unused and
dissipates as excessive heat to the environment. Hybrid photovoltaic-thermal PVT collectors, also known
as PV/T or PV-T collectors, make use of this excessive heat by transferring heat from the PV cells to a heat
transfer fluid. Thus, the otherwise unused heat of PV modules can be used to provide heat for hot water
preparation or space heating of buildings.

By co-generating electricity and heat in a single component, PVT collectors achieve a higher overall effi-
ciency than PV modules. The two forms of energy are harvested at cascading exergy levels: high-grade
exergy in the form of electricity and low-grade exergy in the form of heat. Thus, PVT collectors transform
the solar resource more efficiently, with a better utilization of available area.

The standard solar spectrum AM1.5 of global irradiance (ASTM 2008) and the corresponding spectral
distribution of useful electricity and heat of a PVT collector are shown in Figure 1.1. In contrast to PV
modules, which typically operate between wavelengths of 300 nm — 1100 nm, PVT collectors utilize the
energy over the entire band of the solar spectrum. Optical losses due to reflections at optical interfaces
and thermal losses due to heat losses from collector to ambient have to be considered. In total, the ex-
emplary PVT collector achieves an overall electrical and thermal peak efficiency of nesc = 15% and
Nino = 61%.
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Figure 1.1:  Spectral distribution of solar irradiance, optical and thermal losses, and conversion into
useful heat and electricity. The indicated numbers are presented for the peak efficiency of
an unglazed PVT collector at T, = T,, = 25 °C, G = 1000 W/m?Z and u,,,q = 0 m/s.

Generally speaking, PVT collectors combine the functionality of a conventional PV module and a solar
thermal collector in a single component (Figure 1.2). The PV module has the main function of converting
solar energy into electricity in PV cells, which are electrically interconnected and protected against envi-
ronmental influences through a module glass or a backside film. Solar thermal collectors convert solar
energy into heat by absorbing solar energy by a typically metallic absorber, and transferring the pro-
duced heat to a fluid, which circulates in tubes or channels. At the same time, heat losses should be min-
imized, for example by the application of a front glazing.
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Figure 1.2:  Schematic cross section of a PV module (left), solar thermal collector (right), and the com-
bination to a PVT collector (center).

The technical realization of the PVT principle can take many forms, and the possibilities for design and
construction are manifold. The PVT absorber, however, forms the common basis for any PVT collector.
Therefore, the PVT absorber, which thermally couples the PV cells to the heat transfer fluid, can also be
referred to as the heart of the PVT collector. The PV cells are the actual absorbing structure, as the major

share of irradiance in PVT collectors is absorbed in the PV cells themselves.' One part of the absorbed
energy is transformed into electricity; the remaining part of the energy is transformed into heat and has
to be transported to the fluid via the PVT absorber. Figure 1.2 shows a schematic cross section of a
glazed PVT collector with a glued sheet-and-tube PVT absorber, detailing the individual layers.

According to the irreversible second law of thermodynamics, heat can never pass from a colder to a hot-
ter location. Therefore, the fluid temperature always needs to be lower than the cell temperatures to
utilize the excessive heat in the PV cells. As a consequence, the PV cells are the hottest component of a
PVT collector. The central issue of PVT collectors lies exactly in the physical coupling of PV cell and fluid
temperature.

PV cells operate more efficiently at low temperature as the electrical efficiency in silicone-based PV cell
technologies drops by y=-0.1 %, to -0.5 %, per Kelvin of increased cell temperature (Skoplaki and
Palyvos 2009). The negative temperature coefficient is caused by the decrease of the energy of the semi-
conductor’s band gap with increasing temperature. Hence, the open circuit voltage of PV cells decreases,
resulting in a drop of the electrical efficiency (Wurfel and Wiirfel 2008).

There are some so-called hybrid PVT collectors on the market where the PV cells are applied on the inside of the front cover
of an otherwise conventional solar thermal collector. These collectors are explicitly excluded from the definition of glazed
PVT collectors within this thesis, as the heat absorbed in the PV cells mostly dissipates to the environment and is not utilized.
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Solar thermal collectors also operate more efficiently at lower operating temperatures, since the heat
losses are proportional to the absorber’s surface temperature. However, the operating temperature is
determined by the underlying solar thermal system, its required temperature levels, and fluid tempera-
tures that occur in the storage. According to system simulations, solar thermal collectors typically operate
at mean fluid temperatures between T, = 30 °C and 90 °C, which lies above the cell temperatures of PV
modules varying between T, = 10 °C and 60 °C, but there is also an overlap of operating temperatures
in the range of 30 °C and 60 °C.

Figure 1.3 compares the efficiency curves of a PV module and a solar thermal collector and shows their
typical operating temperatures. Additionally, Figure 1.3 indicates the peak efficiency of the PV module at
Nastc = 15 % and the conversion factor of the solar thermal collector at 1y, o = 80 %.
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Figure 1.3:  Comparison of operating temperature ranges and efficiencies of PV modules and solar
thermal (ST) collectors. The efficiency is given for a c-Si PV module and a flat plate collector
at typical operating conditions of G = 650 W/m?2, T, = 10 °C. The temperatures ranges are
obtained from system simulations in chapter 4.6.

As cell and fluid temperatures are coupled, PVT collectors do not operate in the optimum point of either
PV or ST operation, but a compromise between thermal and electrical operation is necessary. Using the
terminology of combined heat and power plants, PVT collectors can be regarded as solar co-generation,
where priority is given to either electricity or heat generation:

e Electricity priority implies operating the PVT collector at low temperatures. Thus, low fluid tem-
peratures cool the PV cells and a higher electrical efficiency compared to a PV module without
cooling is achieved. However, the solar thermal collector underperforms in this case, as only low
operating temperatures are possible.

e Heat priority implies operating the PVT collector at higher temperatures close to the operation
point of conventional solar thermal collectors. In this case, PVT collectors deliver heat at higher
temperatures, which requires a better thermal insulation of the collector, e.g. by applying a front
cover or concentrating sunrays. However, in this case the PV operation underperforms due to ele-
vated cell temperatures and a potentially reduced optical efficiency.

The motivation behind the PVT principle of combining PV and solar thermal can be summed up as the
more efficient utilization of the solar resource with a better usage of available area, where only a single

4
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“solar co-generation” component delivers both solar heat and solar electricity. However, the central is-
sue arises from coupling cell and fluid temperatures that either the electrical or the thermal operation
underperforms compared to the single technologies.

1.3 Classification of PVT collectors

There are different ways to classify PVT collectors (Zondag 2008). A concise classification of PVT collec-
tors is important owing to the existence of multifaceted PVT concepts, each with its individual technolog-
ical characteristics and its specific technological maturity and research needs. Figure 1.4 shows four cate-
gories that can be used to classify PVT collectors. Any PVT collector type can be classified into each of the
four categories, while the list is not extensive.

Classification of PVT collectors
[ ]
| 1 1 1
Type of fluid PV cell technology Collector design Temperature stability,
I
| | 1

liquid L oSi flat plate concentrating 5 low
q (mono-Si, poly-Si) PVT PVT temperature
: thin film fixed temperature
arr [ (CdTe, CIGS, a-Si) Unglazed (low-con) protected

o other PV tracked temperature
ALl ~ (organic, IV, ..) eleed (high-con) resistant

Figure 1.4:  Classification of PVT collectors into categories of fluid type, collector design, PV technolo-
gy, and research needs.

The heat transfer fluid is either liquid (water or a water-glycol mixture) or air. Water has a higher thermal
conductivity and heat capacity than air (Zondag 2008), which is why most solar thermal and PVT collec-
tors nowadays are liquid-type collectors. On the other hand, air-type PVT collectors do not suffer from
overheating issues, as air can be vented easily. Yet, there are only limited applications for air collectors
which are in general still a niche product (Zondag et al. 2006). Furthermore, there has been research on
bi-fluid PVT collectors with both air and water as a heat transfer fluid (Assoa et al. 2007; Abu Bakar et al.
2014), but these collectors have more expensive production costs.

In principle, all PV cell technologies can be employed in PVT collectors, but their specific suitability de-
pends on their electrical conversion efficiency, the temperature coefficient of electrical power, and the
absorption coefficient of solar energy. Crystalline silicon (c-Si) PV cells have the largest share in PV (Wirth
2017) and PVT applications (Zondag et al. 2006). Monocrystalline silicon (mono-Si) cells reach a higher
electrical efficiency and solar absorption than polycrystalline silicon (poly-Si) cells. Thin film PV technolo-
gies such as CdTe, CIGS, or amorphous silicon have a lower temperature coefficient than c-Si cells and
are therefore considered more suitable for elevated temperatures (Michael et al. 2015). The same applies
for organic PV cells, but high reflection of the organic PV stack was found to be an issue. Multi-junction
cells (e.g. llI-V cells) are used in high concentrating PV applications, where cooling of the PV cells is es-
sential, and hence the application of PVT collectors is especially reasonable.
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PVT collectors are also classified according to their design and construction principle into flat plate PVT
collectors with the sub-categories unglazed and glazed, and into low or high-concentrating PVT collec-
tors (Figure 1.5). The design has a major influence on heat losses and thus suitable operating tempera-
tures. Unglazed, flat plate PVT collectors are similar in their design to PV modules, but with a heat re-
moval construction attached to the backside and optional thermal insulation. Glazed, flat plate PVT col-
lectors feature an additional front cover spaced to the PV module to reduce convective heat losses. Thus,
the design of glazed PVT collectors is more similar to flat plate solar thermal collectors. Concentrating
PVT collectors can be carried out from low to high concentration ratios, and either stationary with a fixed
tilt angle or tracked along one or two axes (Zondag 2008).

Unglazed PVT collector Glazed PVT collector Low-concentrating PVT collector

Figure 1.5:  Classification of PVT collectors according to their design.

Next to these technical approaches to classify PVT collectors, Fortuin et al. (2014) introduced three cate-
gories of PVT collectors following their research needs regarding temperature stability. The “low temper-
ature” concept is inherently temperature resistant due to the occurrence of only uncritical temperatures
for which conventional PV modules are designed. This is achieved by a low level of thermal insulation, as
found in unglazed PVT collectors, for example. PVT collectors of the “temperature protect” category
have lower thermal losses due to a higher level of thermal insulation and the temperatures theoretically
would exceed critical levels. To avoid damage, the PVT collector is protected against excessive tempera-
tures through an overheating protection, which is activated either passively or actively. Thus, the temper-
ature protected PVT collectors achieve a high efficiency during normal operation, but are protected
against excessive temperatures, so that standard PV module materials can be used. “Temperature re-
sistant” PVT collectors are also well insulated, but use non-standard, high-temperature stable materials
and a temperature-resistant design of the PVT laminate, so that the materials employed in the PVT ab-
sorber withstand high collector temperatures.

The focus of this PhD thesis is placed on liquid-type, glazed, flat plate PVT collectors with c-Si PV cells.
Crystalline silicone (c-Si) PV cells were found to be the favorable PV technology as they are the most
prominent PV cell technology, feature a high level of reliability and a high solar absorption coefficient,
which outweighs the relatively high temperature coefficient (Wendker et al. 2012). Liquid-type and
glazed PVT collectors aim at substituting conventional solar thermal collectors given the similar solar
thermal systems and corresponding temperature range. Zondag et al. (2006) expect these types of PVT
collectors to potentially address the largest market. To overcome the challenge of temperature stability,
the research focus is placed on temperature protected PVT collectors with overheating protection.

1.4 Current state of PVT technology and research topics

The beginning of research on PVT collectors dates back to the early 1960s. In recent years, the concept
of PVT collectors has gained renewed interest by stakeholders in research, industry, and end customers.

6
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The recent interest might be caused by the drop in PV module prices, which makes the application of PV
in PVT collectors more profitable. Moreover, legal regulations such as the Energy Performance of Build-
ings Directive (EPBD) in the European Union came into force (EPA 2010). These regulations require a cer-
tain amount of its consumed energy to be produced on-site or in proximity of the building. PVT collec-
tors are a technological option with a high overall efficiency and high primary energy yields, and manu-
factures want to offer such a product to their end customers.

Excellent reviews on PVT collectors were published by Charalambous et al. (2007), Zondag (2008), Chow
(2010), and Aste et al. (2014). A mere summary of these reviews is omitted to avoid lengthiness and
repetition. Instead, the interested reader is referred to the mentioned reviews to gain a comprehensive
understanding of the PVT collector technology and recent progress of research and development. The
literature overview in the following section is therefore limited to a short summary of recent develop-
ments relevant for this thesis. A stronger focus is placed on the current state of technology, market situa-
tion, and research needs.

1.4.1 Unglazed PVT collectors

Adam et al. (2014b) and Zenhausern et al. (2017) carried out market surveys on PVT collectors and PVT
systems. Both studies conclude that most PVT products available on the market are unglazed PVT collec-
tors, which clearly dominate the European PVT market. This can be attributed to their high electrical effi-
ciency, technological maturity and the intrinsic temperature stability.

The construction of unglazed PVT collectors is technologically rather simple and consists of a PV module
coupled to a heat exchanger on the module’s backside. Unglazed PVT collectors are optimized towards a
high electrical efficiency, which is achieved by a high optical efficiency without additional front cover or
concentrating devices. Moreover, the operation at low fluid temperatures can enhance the electrical effi-
ciency by cooling the PV cells.

Thermal insulation in unglazed PVT collectors can only be applied at the back side of the collector, result-
ing in relatively high heat losses due to convection and radiation, which lowers the thermal efficiency
(Aste et al. 2014). On account of the high heat losses, stagnation temperatures remain below 100 °C,
which is uncritical for most employed PV materials. Therefore, unglazed PVT collectors can be considered
relatively reliable and they have the highest technology readiness level of all PVT designs (Zondag et al.
2006). However, the application of unglazed PVT collectors is restricted to low temperature systems.

Unglazed PVT collectors still have a need for research on the optimization of the internal heat transfer,
which is especially important in unglazed PVT collectors due to their high heat losses. With a poor ther-
mal contact, heat absorbed in the PV cells is more likely to dissipate to the environment, which results in
a low collector efficiency factor F'. Special integrated PVT absorber designs are a possible approach to
increase the internal heat transfer (Zondag et al. 2006).

Secondly, the synergetic integration of unglazed PVT collectors in low temperature systems is an im-
portant research topic. In the European climate, unglazed PVT collectors are mostly applied for pool
heating, pre-heating of hot water in multi-family homes (Rommel et al. 2015), or in heat pump systems.
In the latter systems, PVT collectors can be used to regenerate the ground source (Bertram et al. 2012;
Zenhausern et al. 2017), but also directly coupled to the evaporator of the heat pump (Adam et al.
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2014a; Schmidt et al. 2017). In this kind of integration, fluid temperatures often fall below ambient
temperatures, so that unglazed PVT collectors function as a heat exchanger to harvest ambient energy.

1.4.2 Glazed PVT collectors

Currently, there are only few glazed PVT collectors commercially available (Adam et al. 2014b; Zenhau-
sern et al. 2017). This may be due to the higher level of product complexity resulting from higher tem-
peratures, which requires an adapted collector design or the usage of non-standard materials which also
entails higher costs for the development and production of the PVT absorber (Zenhdusern et al. 2017).

One of the first commercial, glazed PVT collectors was developed at the Dutch research energy center
ECN in the research group around Zondag and van Helden (Zondag et al. 2004). This collector was later
marketed by a spin-off under the product name PVTWINS. The construction of the PVT collector involved
a specifically designed poly-crystalline PV module, which was bonded with a thin glue layer to a copper
absorber with laser-welded copper tubes. The research at ECN contributed greatly to the current state of
knowledge of PVT collectors.

In a previous PhD thesis at Fraunhofer ISE, Dupeyrat (2011a) developed a novel glazed PVT collector con-
cept. The key improvement concerns the optimization of the internal heat transfer from PV cells to the
fluid by laminating the PV cells directly on a one-side-flat aluminum roll-bond absorber with an efficient
hydraulic FracTherm® design (Hermann 2005). Moreover, Dupeyrat improved the optical efficiency by
substituting the glass sheet of the transparent module glazing of the PVT absorber with a thin FEP film.
This is possible because the front glass cover serves as sufficient mechanical protection, and hence the
second glass sheet is obsolete. A better match of the refractive indices of air, FEP, EVA, and the PV cells
reduces reflections and thus increases the optical performance.

The application of optical coatings is a promising measure to optimize the optical performance. Santber-
gen et al. (2010) analyzed the influence of anti-reflective (AR) coatings and low-emissivity (low-e) coat-
ings on the performance and yields. Both the electrical and thermal performance benefit from an AR
coating on the front glazing and on the surface of the PVT absorber. Low-e coatings improve the ther-
mal efficiency by reducing radiative heat losses. However, the higher reflectance of the coatings also
reduces the electrical efficiency.

The application of highly-transparent low-e coatings in PVT collectors was demonstrated experimentally
by Wendker et al. (2012) within the joint research project “PVTmax"” of Fraunhofer ISE and Solvis. The
developed PVT collector utilizes a silver-based low-e coating, which was specifically optimized for PVT
collectors. Thus, the collectors achieves a high thermal efficiency, whereas the electrical performance is
hardly affected. More recently, Matuska et al. (2015) also developed a glazed PVT prototype with low-e
coating and argon filling. Instead of standard EVA, their PVT laminate is encapsulated by a polysiloxane
gel, which is deemed stable up to temperatures of 250 °C.

Yet, low-e coatings aggravate the issue of overheating further, as lower heat loss rates lead to higher
stagnation temperatures. Therefore, the application of low-e coatings also must involve an adapted col-
lector design that guarantees temperature stability.

The research needs of glazed PVT collectors mainly concern the temperature stability, the optimization of
the overall performance, and integration of the PVT collectors into suitable solar thermal systems. Chap-
ter 2.1 will provide a more detailed overview of the research needs.
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1.4.3 Concentrating PVT collectors

There are some commercial products of concentrating PVT collectors available. The available products
include amongst others a stationary, low-concentrating PVT collector by the Dutch company Solarus, a
line focusing, tracked parabolic through PVT collector by the Swedish company Absolicon, and a point
concentrating PVT tower collector by the Swiss company AirlightEnergy and IBM research.

The motivation for concentrating PVT collectors is to reduce the active PV area. Thus, the potentially
more expensive materials of or cells, encapsulation, etc. are substituted by cheaper reflectors. Additional-
ly, the thermal efficiency benefits from smaller PV areas, as radiative heat losses decrease with smaller
hot surfaces. In tracked PVT collectors, intentionally defocusing the collector and turning the PVT ab-
sorber away from the sun can avoid overheating.

However, the optical efficiency of concentrating PVT collectors falls below that of flat plate PVT collec-
tors, due to higher optical losses. Furthermore, additional costs arise from the elaborate tracking system,
which may not be offset by the lower material costs.

Recent research on concentrating PVT collectors concerns the application of diffuse reflectors to un-
glazed PVT collectors to increase efficiency while maintaining temperature stability (Tripanagnostopoulos
2007). A more homogenous distribution of the irradiance in the PV cells was achieved by a flux homog-
enizer (Helmers et al. 2013) or by an adapted geometry of a CPC concentrator (Proell et al. 2016). A
different approach uses Nano fluids to split the solar rays according to their wavelength. Thus, the PV
cells and the thermal absorber are separated with decoupled temperature levels of the PV cells and the
fluid (Mojiri et al. 2013).

1.4.4 Comparison of state of the art efficiency

To assess the current state of the electrical and thermal performance of current PVT products, the follow-
ing “best of market” products are selected and compared, which can be considered the highest per-
forming PVT collector of their class.

e The unglazed PVT collector by MeyerBurger (CH) features a high electrical efficiency and a good
thermal contact between PV cells and the fluid. The collector comes without thermal insulation of
the back side resulting in high heat losses at elevated fluid temperatures and higher wind speeds.

e The glazed PVT collector “Ecomesh” by EndeF (ES) features poly-crystalline PV cells and a transpar-
ent front cover, which reduces heat losses compared to unglazed PVT collectors. However, the PVT
absorber has a high emittance so that heat losses are still considerably higher than in solar thermal
collectors.

e The low-concentrating PVT collector by Solarus (NL) is a stationary, non-tracked PVT collector with
a concentration ratio of C = 1.75. The collector employs bi-facial PV cells, which absorb both direct
solar irradiance and the reflected irradiance from aluminum reflectors. As the collector is not
tracked, the acceptance angle is limited with high optical losses at high angles of incidence.
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Figure 1.6:  Comparison of the electrical and thermal efficiency of best of market unglazed, glazed,
and low-concentrating PVT collectors. Efficiency related to aperture area.

The electrical peak efficiency under standard test conditions (STC) ranges between g s;c = 9.7 % of the
low-con PVT collector up to nesic = 17.4 % of the unglazed PVT collector. By comparison, the efficiency
of PV modules varies between mgsc = 13.9 % of thin film PV modules and g sc = 22.2 % of high-
efficiency mono-Si modules (Philipps and Warmuth 2017). The industry average amounts to approxi-
mately ne sic = 15.0 % of polycrystalline PV modules.

The low-concentrating PVT collector achieves the highest thermal performance, followed by the glazed
and the unglazed PVT collector. The lower thermal performance compared to flat plate collector can be
firstly attributed to the simultaneous electricity generation. Secondly, PVT absorbers have a lower absorp-
tion and higher emittance compared to spectrally selective, solar thermal absorbers. Moreover, the ther-
mal resistance between PV cells and the fluid is, in most cases, higher than for flat plate collectors.

In general, it can be observed that PVT collectors with a higher electrical efficiency achieve a lower ther-
mal efficiency, and vice versa. This underpins the notion that the design of PVT collectors can be either
optimized towards a high electrical or a high thermal efficiency.
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2.1 Thesis approach

2.1.1 Research topics and objectives

The research topics are derived from the current state of the PVT technology as previously described and
are embedded into the greater research strategy to “develop PVT technology to make it commercially
viable” (IEA 2012). The research topics with the corresponding objectives and research questions are
explained in the following.

Research topic 1): Increase the overall performance of PVT collectors by means of highly trans-
parent low-emissivity coatings

PVT collectors aim at a better utilization of scarce roof areas through the cogeneration of heat and elec-
tricity. The optimization of the overall energetic output of these areas is therefore a central objective for
the further development of PVT collectors. However, an improvement of either the electrical or the
thermal efficiency typically affects the corresponding other efficiency adversely. Depending on the design
of the PVT system, the highest overall annual energy yields are achieved by improving the thermal effi-
ciency while reducing the electrical efficiency as little as possible.

Accordingly, Zondag (2008) recommends to improve the thermal efficiency of glazed PVT collectors by
increasing the absorbed energy in the PV cells and reducing thermal losses. Also RHC (2012) recom-
mends to “develop glazed PVT collectors with improved thermal performance and high reliability”.

Thin film coatings with a low infrared emissivity and a high solar transmittance are a promising measure
to reduce thermal losses and still maintain a good optical efficiency. Zondag et al. (2006) identify the
development and application of highly transparent low-e coatings in PVT collectors as central research
area. Dupeyrat (2011a) comes to the same conclusion and describes “the use and adaptation of transpa-
rent low-e coatings specifically developed for PV-T collectors” as the next areas of investigation.

The first research objective therefore concerns the improvement of the overall efficiency of glazed PVT
collectors by the application of low-e coatings with the following research questions:

e What is the effect of low-e coatings on the thermal and electrical efficiency?
e Which low-e coatings are suitable for application in PVT collectors?

e How can low-e coatings realize an optimum overall efficiency?

11
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Research topic 2): Assess the yields and benefits of PVT systems, with a focus on PVT collectors
with low-e

The performance of PVT collectors has to be regarded within its system context by assessing the collec-
tor’s energy output, useful energy savings, utilization of the available building surface, and associated
costs for the electricity and heat generation. Ultimately, the benefit of PVT collectors arises from evaluat-
ing these aspects, which is why the collector development and system integration should be oriented
towards creating the maximum benefit on the system level.

Systematic research on the system integration of PVT collectors is scarce. Most papers focus on a certain
collector type or on a certain system type, but the general applicability of different PVT technologies re-
mains unclear. Hence, the research strategy described in the PVT roadmap of IEA SHC Task 35 recom-
mends “economic optimisation studies [...] taking into account the operation temperature of the PVT”
(Zondag et al. 2006).

In this context, the approach of this thesis concerns the systematic assessment of various types of PVT
applications with varying collector technologies, especially PVT collectors with low-e coatings. The novel
characteristic temperature approach puts the operating temperature of the collector into the focus. An-
nual energy output of the collector, useful system yields, and the economic feasibility are subject to a
detailed analysis.

The second research objective therefore concerns the assessment of electrical and thermal yields in PVT
systems with the following research questions:

e Which factors influence the electrical and thermal yields?

e Which PVT technology is suitable for which application, especially concerning PVT collectors with
low-e?

e What are the energetic benefits and the economic expenses of PVT systems?

Research topic 3): Demonstrate the application of overheating protection on PVT collectors
with low-e coatings

High temperatures of glazed PVT collectors pose a challenge for the employed materials (Zondag et al.
2006) and the application of low-e coatings aggravates the critical issue of overheating further. During
regular operation, a high level of insulation is desired to achieve a good thermal efficiency. However, if
the storage capacity is expired or during system failures or power outages, the high level of collector
insulation increases the risk of overheating, which might lead to temperature-induced ageing or even
permanent damage of the collector.

There are two concurring approaches to deal with this issue: either the collector is protected from over-
heating by adjusting the thermal losses, or inherently temperature resistant materials and construction of
the PVT absorber are used (Fortuin et al. 2014). Accordingly, Zondag et al. (2006) recommends to “[find]
ways to lower the temperature during stagnation conditions” and “[develop] tools to investigate exactly
and reliably the temperatures in all components of PVT absorbers”. Furthermore Dupeyrat (2011a) notes,
that “it is necessary to look for innovative solutions to avoid the high stagnation temperatures”, while
maintaining the high thermal efficiency during regular operation.

This thesis will concentrate on the application of overheating protection (OHP). In this way, the PVT col-
lector can employ standard PV components and thus benefit from the low cost level of the PV market.

12
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Moreover, lower cell temperatures have a positive effect on electrical yields and avoid premature degra-
dation and ageing.

The third research objective therefore concerns the demonstration of overheating protection concepts in
PVT collectors with the following research questions:

e What are the thermal requirements of the materials employed in PVT collectors?
e How does the overheating protection influence temperatures and yields?
e Which overheating protection concepts are suitable for the application in PVT collectors?

As previously noted, glazed, flat-plate PVT collectors with liquid heat transfer fluid and c-Si cells are in
the focus of this thesis. Many of the findings on the application of low-e coatings, the characteristic
temperature approach, and overheating protections, are also applicable to other PVT categories such as
unglazed and concentrating PVT collectors. These technologies will be used occasionally as a benchmark
for comparative purposes, which allows putting the findings into a better context.

2.1.2 Thermal management — an approach focusing on collector tempera-
tures

The thematic framework “thermal management of PVT collector” subsumes the three central research
topics by putting the collector temperatures into the focus for the development and optimization of PVT
collectors and systems. As the cell and fluid temperatures link the thermal and electrical performance,
the collector temperatures are the obvious key to optimize the overall performance and balance or even
reconcile the contradictory requirements of photovoltaics and solar thermal collectors.

Thermal management is a widely used term in the electronics and automotive industry and concerns
managing the temperature of components through a demand-oriented temperature control. In the elec-
tronics sector, thermal management refers to the active or passive cooling to guarantee a safe and relia-
ble operation of electronical equipment such as processors or LEDs (Cengel and Ghajar 2015). For the
automotive sector, Mause et al. (2010) aptly define thermal management as the demand-driven and
efficient control of the thermal energy flows in the vehicle according to the current state of operation
and demand. For instance, combustion engines, batteries, and fuel cells produce waste heat, but also
operate at specific optimum temperature levels. A smart control of energy flows is therefore essential to
distribute the heat efficiently from the corresponding sources to the sinks.

Norton (2014) analogously applies the term to photovoltaics und refers to the cooling of PV cells. He
distinguishes between passive thermal management without using the excessive heat and active thermal
management where the excessive heat of PV cells is used. The later concept, of course, corresponds to
the principle of PVT collectors.

13
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Within this thesis, thermal management of PVT collectors refers to idea of controlling energy flows and
adjusting the collector temperature to the desired level. Hereby, thermal management takes place on
three different levels:

1)  On the collector level with a focus on low-e coatings

On the collector level, thermal management refers to the engineering and design of the PVT collector to
achieve an optimized overall efficiency. This is achieved by managing optical, thermal, and electrical en-
ergy flows. Low-e coatings are the investigated approach to achieve thermal management on the collec-
tor level.

2)  On the system level with a focus on the characteristic temperature T,,,,

On the system level, thermal management refers to the PVT system design. Ultimately, the system de-
termines the occurring operating collector temperatures. Optimization of the PVT yields is therefore
achieved by the design of PVT system, dimensioning of components, and selection of an apt PVT collec-
tor technology that matches the temperature requirements of the system.

3) During operation with a focus on overheating protection

Thermal management during operation refers to adjusting collector temperatures to desired levels by an
overheating protection. Firstly, this approach aims at avoiding excessive material temperatures in the
collector and thus preventing ageing. Secondly, the overheating protection can be activated depending
on the current demand for electricity and heat, allowing a demand-driven operation of the PVT collector.

2.1.3 Thesis structure

The thesis structure follows the three thematic complexes of low-e coatings, PVT systems and overheat-
ing protection. Figure 2.1 depicts the overall structure of the thesis and illustrates the framework, objec-
tives and research guestions.

To begin with, chapter 2.2 discusses the methodological approach, which is characterized by a combina-
tion of numerical and experimental methods on both the collector and system level. Furthermore, the
chapter details the assessment of the PVT performance by standardized efficiency parameters, gross en-
ergy yields, and system yields under consideration of primary energy factors.

Chapter 3 is concerned with the modelling and development of glazed PVT collectors with low-e coat-
ings. A detailed numerical model physically describes the optical, electrical, and thermal energy flows
inside a PVT collector. Two basically identical PVT collectors, yet one with and one without low-e coat-
ings, are built and tested, demonstrating the applicability of low-e coatings. The experimental results are
discussed with the numerical model to understand the effect of low-e coatings on the electrical and
thermal efficiency. Moreover, chapter 3 discusses practical aspects for the optimum application of low-e
coatings in PVT collectors.

Chapter 4 examines the electrical and thermal yields in PVT systems. For this purpose, a performance
model for system simulations is presented and validated with measured field data. With this model, the
electrical and thermal yields of different types of PVT collectors are assessed in varying system types. The
simulation results are analyzed by means of the novel characteristic temperature approach, which puts
the mean operating temperature in the focus of the assessment. Chapter 4 concludes with a techno-
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economical assessment of the levelized costs of heat and electricity indicating the economic feasibility of
PVT systems.

Chapter 5 discusses the application of overheating protection for PVT collectors to avoid excessive tem-
peratures and increase their reliability. An initial analysis discusses material requirements, fault mecha-
nisms, and the typical temperature distributions occurring in PVT systems. Then, a thorough literature
review analyzes existing overheating protection concepts and classifies these according to their physical
effect on the absorber temperatures. Three innovative concepts demonstrate the technical feasibility of
PVT collectors with overheating protection by means of experimental prototyping. Furthermore, the ef-
fect of the overheating protection on temperatures and yields is analyzed for these collectors by annual
system simulations.

Finally, the thesis concludes with a summary of the key findings and an outlook on future research topics
in chapter 6.

Thermal management of PVT collectors

: Characteristic
Low-e coatings
temperature T,

Overheating
protection
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Figure 2.1:  Structure and framework of the thesis with underlying research topics, objectives, and
questions.
2.2 Methodological approach

This thesis combines experimental and numerical methods on both collector and system level. A well-
balanced mixture of simulations and experiments with validated simulation models and experimental
demonstrators enables a robust and reliable research methodology and thus a high confidence of the
presented results. Figure 2.2 illustrates the interaction of experimental and numerical methods on the
collector and system level.
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Figure 2.2:  Methodological approach combining simulation and experiment on both collector and
system level.

Simulation methods allow an in-depth analysis and profound comprehension of the processes and inter-
action in the collector and system. Furthermore, numerical simulations are suitable for identification of
optimization potentials, parameter variation, and rapid prototyping to pre-assess prototypes before con-
struction. Experimental methods, on the other hand, demonstrate the technical feasibility of novel collec-
tors by means of constructing and testing prototypes and functional mock-ups. These experimental re-
sults are also used to validate collector and system simulation models.

2.2.1 Simulation approach

Separate simulation models on the collector and system level characterize the applied modelling ap-
proach within this thesis.

The PVT collector model describes the physical behavior by numerically describing optical, electrical, and
thermal energy flows to study the effect of design parameters on the standardized efficiency parameters.
Hence, the PVT collector model can be considered a numerical solar simulator in reference to the test
equipment of a solar simulator for the experimental characterization of the collector performance under
artificial sunlight.

The PVT system model considers the collector efficiency, weather, user behavior, control, and interaction
of electrical and thermal components to assess annual yields and energy savings on the system level. An
empirical performance model based on efficiency curves is used to describe the collector behavior. Ac-
cordingly, the system model can be regarded as numerical outdoor monitoring or field tests of entire
systems.

The collector and system simulations can be coupled by using efficiency parameters from the collector
model as input for the system model. Figure 2.3 juxtaposes the PVT collector model and the PVT system
model and summarizes their specific objectives, characteristics, and implementation.
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Figure 2.3:  Simulation approach with separate performance models for collector and system.

Most research papers on PVT system integration use a single, custom PVT collector model to study ef-
fects of design parameters on the collector efficiency and to analyze yields in solar thermal systems (e.qg.
Zondag et al. (2002a), Chow (2003), Helmers et al. (2012), Bilbao and Sproul (2015), and Haurant et al.
(2015)). This contrasts with the less frequently used approach to model collector behavior and system
integration with separate models (e.g. Bertram et al. (2012), and Koke and Clement (2016)). However,
there are various advantages in separating the collector and system models:

e The collector testing standard ISO 9806 (2013) defines the efficiency parameters as the standard
output from collector tests. These well-proven and widely accepted parameters guarantee a con-
sistent and validated simulation interface. Moreover, using interpretable efficiency curve parame-
ters as simulation input instead of a multitude of collector design parameters makes the approach
more robust to errors and allows a plausibility check prior to conducting system simulations.

e Only the separate model approach gives the possibility to consistently include commercial products
to the system simulations. For these products, only data sheet information is available, but not the
exact collector design as required for running collector simulations.

e Using a highly detailed collector model for system simulation leads to time and resource intensive
computation of system simulations. The approach based on efficiency curves is generally faster and
therefore more suitable for system simulations.

e The separate model approach gives the possibility to implement the models on two different simu-
lation platforms. In the present case, Dymola/Modelica (Modelica 2012) is used for the collector
model because of the ease of modelling versatile collector concepts in an object-oriented model-
ling language. For the system models, TRNSYS (Klein et al. 2015) is used owing to the variety of
available component and building libraries, which are essential for system simulations. Likewise,
the existing media, electricity, and heat transfer libraries of Modelica are suitable for the multi-
physical modelling of the collector component.

Consequently, the approach with two separate models combines the advantages of both collector and
system models. It is for these reasons that the separate approach was selected although this requires
setting up and validating two separate models.
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2.2.2 Experimental approach

Experiments are conducted on different scales from small-scale experiments of functional mock-ups to
standardized collector performance characterization and outdoor measurements at real operating condi-
tions.

Small-scale experiments are carried out to characterize optical, electrical, and thermal properties of mate-
rials and components. The wavelength dependent optical characteristics, such as transmittance and
emissivity, are analyzed by Fourier spectroscopy measurements. Thermal experiments are conducted at
the fluid dynamics test rig of Fraunhofer ISE to analyze internal heat transfer phenomena inside the PVT
absorber and external heat losses by measuring fluid and surface temperatures as well as the mass flow
of hydraulic components. Additionally, thermographic imagery is applied to analyze the surface tempera-
ture distribution and measure infrared emissive losses.

The electrical and thermal performance of full-sized PVT collector is characterized at the accredited test
labs of Fraunhofer ISE on the basis of standardized measurement procedures. The electrical power at
standard testing conditions P sc is characterized according to IEC 61853 (2011) at the flasher of Fraun-
hofer ISE CalLab. The thermal efficiency curves are measured at the Fraunhofer ISE TestLab Solar Thermal
Systems according to the current standard I1SO 9806 (2013) by measuring the thermal power at varying,
standardized operating conditions.

Furthermore, outdoor field tests of the PVT collectors are carried out under real operating conditions. As
only one PVT collector of a kind is built, full system monitoring is not possible. Instead, the PVT collectors
are mounted on an outdoor rack and a thermostat dictates the inlet collector temperatures as obtained
from simulations for typical solar thermal systems. Thus, the PVT collectors operate in the realistic operat-
ing conditions of the emulated system behavior while the dynamic collector performance is measured.

An overview of all PVT collectors that were built and tested within this thesis is provided in 0. This com-
prehensive overview includes collector photos, details on the construction, and test results from perfor-
mance measurements. The collectors are labeled and numbered to allow a unique cross-referencing and
unambiguous allocation of the collectors.

2.2.3 System-oriented collector development

The PVT collector is in continuous interaction with the system, in which it operates. Therefore, it always
has to be regarded within the system context. Although this thesis will focus on the component of the
PVT collector, it is also clear that the application and system have an important influence on the collector
performance, because the system defines the operating environment.

As collectors almost never operate under standardized test conditions in the real system, a sole optimiza-
tion of the standardized efficiency cannot be expedient. Instead, the specific operating conditions in the
system environment should form the basis for optimizing the electrical and thermal performance of PVT
collectors. This aspect is especially important for PVT collectors due to the sometimes contradictory re-
quirements of PV and solar thermal operation.

Given the importance of collector-system interaction, this thesis pursues the approach of system-oriented
collector development. New methods for the analysis of PVT systems will be presented, which aim at
providing a better comprehension of this interaction. For example, the novel characteristic temperature
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approach in chapter 4.4 reduces the complexity of the system and its influence on the collector perfor-
mance on a single temperature. Furthermore, a thermal analysis of the operation fields of PVT collectors
is presented in chapter 4.6.

2.2.4 Assessment of PVT collectors on different levels
The performance of PVT collectors can be assessed on different levels:

e Standardized efficiency parameters allow an expert-based comparison of the performance of PVT
collectors. Yet, the efficiency parameters do not make an objective statement regarding energy
yields and the expected annual performance.

e Gross energy yields can be calculated with the open, Excel-based tool ScenoCalc on the basis of
standardized efficiency parameters. The certification body Solar Keymark Network uses this har-
monized approach to quantitatively assess the maximum achievable yields if the collector was op-
erated at a constant fluid temperature and at a specific location.

e Assessing the system yields and energy savings by dynamic system simulations is the most detailed
approach with the highest level of accuracy of the energy yields. However, the results are only val-
id for the specific simulation case.

Depending on the desired level of specificity and required accuracy of the energetic evaluation, the level
for the assessment of the PVT collector has to be selected. However, it has to be noted that with an in-
creasing level of detail the general validity and universal applicability decrease as well (Figure 2.4).

gross energy
yields with ScenoCalc

Figure 2.4:  Pyramid for the assessment and comparison of PVT collector technologies on different lev-
els.

2.2.4.1 Standard efficiency parameters

Current standards specify the procedure for testing the electrical efficiency of PV modules and the ther-
mal efficiency of solar thermal collectors, but explicit standards for testing the combined efficiency of
PVT collectors are not available. Therefore, the standard efficiency parameters from the separate electri-
cal and thermal measurements have to be used.
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Electrical efficiency parameters

Terrestrial PV modules are qualified based on standards IEC 61853 (2011) and IEC 61215 (2016). The
current-voltage-characteristic of the PV module is measured in natural sunlight, or in pulsed or continu-
ous simulated sunlight under the reference solar spectrum AM1.5 (IEC 60904, 2006). All relevant per-
formance parameters of PV modules can be derived from the |-V curve, such as the open circuit voltage
Uoc, the short circuit current I, and the power in the maximum power point Py With the correspond-
ing fill factor FF.

The peak efficiency nesic is tested based on standard test conditions (STC) at a normal irradiance of
G = 1000 W/m?, while the temperature of the PV module is maintained at a constant temperature of
Tere = 25 °C. The temperature dependence of the PV power y is obtained by measuring the |-V curve at
several module temperatures and a subsequent linear fit. The temperature-dependent electrical efficiency
Nel is expressed as (Skoplaki and Palyvos 2009):

Net = Net.stc (1 =Y (Teen — Tsre)) (2.1

For conventional PV modules, the nominal module operating temperature (NMQOT) is measured at the
standardized operating conditions of G = 800 W/m?, T, = 20 °C, Uying = 1 M/s, ¢y = 37°, and operation
in maximum power point (IEC 61215-2:2016). These tests, however do not represent typical operation
conditions of PVT collectors. On the contrary, the fluid temperatures dictate the governing cell tempera-
ture during operation. Therefore, the NOMT alone has a limited significance for PVT collectors.

Thermal efficiency parameters

ISO 9806 (2013) is the current standard for characterizing the performance of solar thermal collectors. It
allows to measure the thermal performance in indoor conditions with artificial sun and wind in the solar
simulator. Alternatively, ISO 9806 allows outdoor testing under natural weather conditions in steady-
state conditions or with the quasi-dynamic method (QDM).

The thermal efficiency curve of solar thermal collectors in its simplest form is reported as (ISO 9806
2013):

(T ~Td) (=T
Nth = Neno — C1 mG - mG a (2.2)

with the thermal conversion factor ny,, and the linear and quadratic heat loss coefficients ¢, and c,. The
temperature difference between mean fluid temperature T,, and ambient temperature T, divided by the
normal irradiance G is often also noted shortly as the reduced temperature AT/G.

The efficiency of solar collectors can be described more accurately by taking additional parameters into
account. The quasi-dynamic test method also considers the direct and diffuse incidence angle modifiers
Kep and Koy, wind speed dependence of thermal losses ¢; and ¢, long wave irradiance characteristics c,,
and thermal capacity effects c.+. The corresponding dynamic, instantaneous heat output is given by (ISO
9806 2013):

Aol = N G =F'(1a)en Kgp(0)Gp + F' (TQ) en * KoaGa — €1 (T, — Tg) — €2(Try — a)z (2.3)

4 Tn
—c3u(Ty, — Ty) + co(EL, — 0T)) — CeffE — couG
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Depending on the construction of the collector, not all of the parameters c; — ¢ have to be evaluated
and some may be set to zero. For instance, wind speed and infrared radiative heat exchange have only a
minor influence on the efficiency of glazed collectors, which is why c;, ¢, and ¢4 are typically not evaluat-
ed. The new standard 1SO 9806 (2017) replaced the misleading definition of unglazed collectors by the
so-called WISC, which stands for “wind and/or infrared sensitive collectors”. For these collectors, it is
mandatory to characterize the relevant parameters c;, ¢,, und Ce.

PVT efficiency parameters

The separate electrical and thermal standards disregard the interaction of electrical and thermal opera-
tion. However, it is known that the electrical mode of operation — whether operated with or without
simultaneous electricity generation — has a significant influence on the thermal performance (Hofmann et
al. 2010). Furthermore, the fluid temperatures affect the PV cell temperatures and thus the electrical
efficiency through the heat transfer between PV cells and the fluid, which is described by F' or Upeig-

A good physical interpretation of the collector parameters can be achieved by converting the standard-
ized efficiency parameters into to temperature-dependent, physical characteristics of the effective trans-
mittance-absorptance product (ta).y, the electrical efficiency n,, the internal heat transfer coefficient
Unabsriia, @nd the overall heat loss coefficient U ... These derived parameters accurately describe the physi-
cal behavior of a PVT collector based on the two-node-model as will be shown in chapter 3.1.

The convention applies throughout this thesis that the thermal performance always indicates the opera-
tion with simultaneous electrical operation in MPP mode, if not stated otherwise. Consequently, the
thermal performance model implicitly considers the instantaneous electrical operation, so that the gener-
ated electrical energy is not explicitly subtracted from Eq. (2.3). Hence, this approach calculates the
thermal power independently from the instantaneous electrical power and neglects deviations in the
thermal output due to variations of the electrical output. Chapter 4.1 discusses the performance model
and the involved uncertainty and errors in more detail.

Thus, the combined overall efficiency of the PVT collector npy is given by the sum of the electrical effi-
ciency ne in Eg. (2.1) and the thermal efficiency ny, in Eq. (2.3) by:

Npyr = Net + Nt (2.4)

2.2.4.2 Gross energy yields with ScenoCalc

The motivation behind the software tool “ScenoCalc” is the calculation of the energy output of solar
collectors to allow a consistent and transparent comparison of solar thermal collector technologies. This
Excel-based tool was developed by the Swedish Research Institute RISE and is now provided by the Solar
Keymark Network as a free download including reference weather data for the European locations of
Athens, Davos, Wirzburg, and Stockholm.

ScenoCalc focuses on the collector yields and parameterizes the system integration by the mean fluid
temperature T,,. This temperature is assumed constant over the entire year. Moreover, an infinite storage
capacity is assumed, so that any heat gain from the collector is also utilized. In this way, the gross energy
yields are obtained by evaluating weather conditions and the corresponding collector energy output for
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every hour of the year. Thus, the gross energy yields can be interpreted as the maximum achievable col-
lector yield if the collector is operated a constant temperature level.

The current ScenoCalc version v5.01 (SKN 2016) does not support the assessment of electrical yields of
PVT collectors. Instead, ScenoCalc v3.10d (SKN 2011) will be used, which features the possibility to simu-
late both thermal and electrical yields according to the methodology described by Perers et al. (2012). In
addition to the thermal efficiency parameters, it requires the input of the electrical peak power P, the
temperature coefficient y, and the heat transfer coefficient for the bond between the fluid and PV cells

UAbsF\uid-

Gross energy yields obtained from ScenoCalc also form the basis for evaluating the eligibility of solar
thermal collectors for the German market incentive program MAP (Marktanreizprogramm). A weighting
function is used to combine the thermal yields Q.yzs-c and Q. s0-c at the mean fluid temperatures
T.=25°C and at T,, = 50 °C for the location of Wrzburg. Dynamic effects are considered by also in-
cluding the effective capacity c.4. The MAP weighting function is given by (BAFA 2015):

kWh
Qcoumar = 0.38 Qconr2s°c +0.71 Qcons0°c — 1.09 Ceffk_] (2.5)

The MAP weighting function does not define weighting factors for the electrical yield and is thus only
applicably for thermal collectors. Nonetheless, the weighting factors for the thermal yield in Eq. (2.5)
correspond with the annual operation time of the collector at the respective mean fluid temperatures
levels of T,, = 25 °C and T,, = 50 °C. By using normalized weighting factors for the electrical yields, which
are derived from the thermal weighting function, and neglecting dynamic loss effects, the MAP-
weighted gross electrical yield Epy e is defined as:

Epymap = 0.35 Epy25°¢ + 0.65 Epy 50°c (2.6)

As the MAP weighting function aims at approximating the operating conditions of solar collectors in
domestic hot water systems, the weighted gross energy yields represent typical yields for such a system.
Therefore Q.o mar @nd Epy uap are suitable indicators for comparing the thermal and electrical performance
of PVT collectors on a consistent basis.

2.2.4.3 System yields and energy savings

Dynamic system simulations comprise the most detailed and realistic assessment approach and take into
account the dynamic interaction of the PVT collector with other system components, control, climate,
hydraulics, load profile, and the user behavior. However, the PVT collector is only one factor of many
that influences the system yields. Nonetheless, system yields are an essential aspect for comparing and
optimizing the performance of PVT collectors. Chapter 4 will focus entirely on collector yields and energy
savings within the system context.

2.2.5 Comparing the value of electricity and heat by primary energy fac-
tors
The opposing requirements for electricity and heat generation in PVT collectors often require a balance

between electrical vs. thermal yields. In certain cases, it is therefore necessary to compare the combined
value of the produced electricity and heat and to quantify this value as a single number.

22



Chapter 2 | Methodology

Previous research on PVT collectors discussed different approaches for the comparison of electricity and
heat. Coventry (2004) introduces the energy value ratio, which is defined as the ratio of the value of
electricity to the value of heat. Comparing several approaches — amongst others energy, exergy, dis-
placed greenhouse gases, and energy costs — the energy value ratio varies between 1 (energy) and 16
(exergy) reaching the conclusion that any particular study needs to define its specific energy value ratio
depending on their objective. During the IEA SHC Task 35 on PVT collectors Collins and Zondag (2008)
address the same question and recommend the application of primary energy, since it is “the best indi-
cator for the amount of fossil fuel saved, which is the basic goal of any renewable energy system”.

Following this guideline, the primary energy yield Qp is used as parameter throughout this thesis to
quantify the combined electrical and thermal yield and is defined as:

Qprs = fp,el Epy + Qcott (2.7)

Nboiler

with the primary energy factors for electricity f,. and gas f the electrical yield E;,, the thermal yield

p.gass
Q.o and the efficiency of the reference gas boiler nygier-

Primary energy factors for electricity and gas have to be defined for this purpose. These factors are set by
policy makers for all sources of primary energy and differ between countries and evolve in time. Table
2.1 summarizes the primary energy factors of electricity and gas in Germany for the recent years. The
primary energy factor for electricity decreased continuously due to an increased share of renewable elec-
tricity in the grid. In fact, the German building directive EnEV even set the electrical primary energy factor
to f,q= 1.8 in 2016. Nonetheless, primary energy factors used in this thesis are based on DIN V 18599-1
(2013).

The primary energy vyield for solar thermal heat corresponds to the primary energy which is avoided by
substituting conventional primary energy carriers. With the primary energy factors f, =2 and f, g,,= 1.1,
and assuming that solar thermal heat replaces heat from a condensing gas boiler with an efficiency of
Nooier = 1 based on the lower heating value, the primary energy yield Qg is calculated as:

Qpr =2 Epy + 1.1 - Qcon (2.8)

Table 2.1:  Comparison of primary enerqy factors for electricity and gas. Values of DIN VV 18599-
1:2013-05 are used within this thesis.

foel fogas Energy value ratio
Fo.et/ Fougas
DIN EN 15603:2008 3.14 1.36 2.31
DINV 18599-1:2011-12 2.4 1.1 2.18
DIN V 18599-1:2013-05 2 1.1 1.82
DIN V 18599-1:2016-1 1.8 1.1 1.64
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DEVELOPMENT AND MODELLING OF PVT
COLLECTORS WITH LOW-E COATINGS

The following chapter discusses the application of low-e coatings in glazed PVT collectors to optimize the
overall efficiency with the following research questions:

e What is the effect of low-e coatings on thermal and electrical efficiency?
e Which low-e coatings are suitable for the application in PVT collectors?
e How can low-e coatings realize an optimum overall efficiency?

Chapter 3.1 motivates the application of low-e coatings and gives an overview of previous numerical and
experimental research on low-e coatings in PVT collectors. Chapter 3.2 presents a numerical model of
the PVT collector, which describes the optical, electrical, and thermal energy by physical correlations.
With this numerical model, a sensitivity analysis of two key collector parameters, U o and Uppgiig, IS Car-
ried out in chapter 3.3 to study the influence of these parameters on expectable yields. Chapter 3.4
compares the experimental results of two basically identical glazed PVT collectors, yet one with and one
without low-e coating. These results are analyzed with the numerical model in chapter 3.5 showing the
effect of low-e coatings on the efficiency and gross energy yields. Potentially suitable low-e coatings are
screened, characterized, and evaluated in chapter 3.6. Chapter 3.7 discusses application aspects of low-e
coatings in glazed, unglazed and concentrating collectors considering the possibility to apply low-e on

positions other than the module glass.”

3.1 Motivation for the application of low-e coatings

A major reason for the limited success of PVT collectors lies in its relatively low thermal efficiency. In con-
trast to conventional flat plate collectors with a spectrally selective absorber surface, the surface of the
PVT laminate has a high emissivity, which results in high radiative heat losses and thus a reduced thermal
efficiency.

Low-emissivity (low-e) coatings are considered a promising option to decrease radiative heat losses
(Zondag 2008). Similar to spectrally selective solar thermal absorbers, these coatings feature a low emis-
sivity in the infrared spectrum. At the same time, the coating is transparent in the solar spectrum, so that
the incident irradiance can propagate through the coating and is absorbed inside the PV cells. However,

The major findings of the following chapter are also published in the paper titled “Development and modelling of highly-
efficient PVT collectors with low-emissivity coatings” (Lammle et al. 2016a). Chapters 3.2, 3.4, and 3.5 contain in parts lit-
eral fragments of the paper. These fragments are not marked as citations to facilitate the legibility for the reader. While ac-
knowledging the co-authors valued contributions, the author claims authorship and responsibility for these sections. An ex-
plicit citation of literal fragments is therefore omitted.
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the low emissivity comes at the expense of higher reflectance losses reducing both the electrical and
optical performance.

A general conflict between the thermal and optical performance can be observed for basically all solar
thermal collectors. Most measures to enhance the thermal insulation on the front side also reduce the
total transmitted and absorbed energy on the absorber. For example, an additional glazing reduces con-
vective heat losses but adds two optical interfaces and thus higher reflection losses. Concentration of
solar irradiance reduces radiative heat losses through a reduction of hot surface area but increases reflec-
tance losses at the mirror. Even so-called transparent insulations, e.g. silica aerogel, reduce the total
transmission. Thus, in most cases an enhanced thermal insulation leads to deteriorated optical perfor-
mance (Duffie and Beckman 2013). Low-e coatings are one option amongst others to decrease thermal
losses, but potentially offer a good balance between a good thermal insulation, high optical transmit-
tance and moderate costs.

Nowadays, low-e coatings are primarily used in buildings for anti-condensation and energy efficient glaz-
ing with low U-values (Jelle et al. 2015). Architectural glass typically has a relatively high transmittance in
the visual range of 0.4 - 0.7 um. However, for the application in PVT collectors, its low transmittance in
the solar spectrum is considered a major drawback since it reduces both electrical and thermal efficiency
(Zondag 2008). Cox and Raghuraman (1985) conclude after multiple simulations that low-e coatings
require an infrared emissivity of less than 0.25 and solar transmittance of greater than 0.85 to be viably
applied in PVT air collectors. Santbergen et al. (2010) numerically investigate different SnO:F low-e coat-
ings for the application in glazed, liquid-type PVT collectors. They show that the thermal efficiency can
be improved significantly, yet at the cost of a drop of PV efficiency. Matuska et al. (2015) built a PVT
collector with architectural low-e glazing. Due to the low solar transmittance of the low-e coating, a low
electrical efficiency ng and a low thermal conversion factor ny,, were reached. An optimized low-e coat-
ing with good balance between high solar transmittance and low emissivity is therefore essential for a
viable application of low-e coatings in PVT collectors.

Figure 3.1 illustrates the qualitative interdependence of the optical parameters of low-e coatings and the
electrical and thermal energy yields. The low emissivity € comes at the expense of a reduced transmit-
tance in both the PV spectrum 1. and the solar spectrum 1y, 5. This affects firstly the electrical efficiency
at standard test conditions n.sc and secondly the effective transmittance-absorptance product (ta)..
Due to a lower overall heat loss coefficient U, the collector efficiency factor F’' increases. Therefore,
there is no clear tendency of the effect of low-e on the conversion factor ng, but it depends on the
specific balance of optical and thermal design parameters. In any case, low-e coatings reduce the collec-
tor heat loss coefficients ¢, and ¢, owing to the lower U, .

Due to the reduced electrical efficiency and the increased thermal efficiency, the electrical energy vyield
decreases while the thermal energy yield increases. Two minor effects need to be considered regarding
energy yields: with a lower electrical efficiency ne sic, less electricity is produced so that more solar ener-
gy is available for the thermal operation. At the same time, a higher thermal efficiency due to lower heat
losses results in higher cell temperatures throughout the year, which adds to the reduction of electrical
yields.
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Figure 3.1:  Qualitative relationship between the design parameters of a low-e coating and perfor-
mance coefficients and energy yields.

3.2 Numerical PVT collector model

3.2.1 Introduction

In order to analyze and interpret results, identify optimization potential and perform design studies, a
comprehensive PVT collector model is developed. Its main objective is the prediction of the thermal and
electrical efficiency for any given set of optical, thermal, electrical, and geometrical input parameters.
Thus, the collector model is a powerful tool for the development of new PVT collector concepts and for
understanding the interaction of optical, electrical, and thermal energy flows.

In the scientific literature, a multitude of models for solar thermal and PVT collectors can be found, each
with a different focus and a different level of detail. Without question, Duffie and Beckman (2013) is
considered the standard reference for solar thermal collectors. Matuska and Zmrhal (2009) developed a
collector model with an extensive and worthwhile reference for the heat transfer phenomena which oc-
cur inside collectors. The first work on modelling PVT collectors was done by Florschuetz (1979) which
introduced an internal heat transfer coefficient to couple the PV cell and fluid node. Zondag et al.
(2002a) advanced this approach and developed 1D and 2D models by which they studied the influence
of the model's level of detail on annual electrical and thermal yields. Chow (2003) also built up on
Florschuetz’ approach and developed an explicit dynamic collector model with a noteworthy level of de-
tail. Recent work focuses on special modelling topics such as concentrating PVT collectors (Helmers et al.
2012), spatially resolved, fully-wetted absorber (Haurant et al. 2015), a transient PVT collector model
implemented into Dymola/Modelica (Greppi 2013), or into an electronic circuit simulating software (Bil-
bao and Sproul 2015), just to name a few.

All mentioned numerical models share a common structure and thus can be reduced to the basic energy
balance of PVT collectors as depicted in Figure 3.2. The incident power p,p.omwer iS @absorbed in the PV cells,
where the energy flow is separated into electricity (p,), useful heat (§..,) and thermal losses (§,.s). The
electrical efficiency n, is a function of the absorber temperature T,,., which by definition is equal to the
cell temperature. Consequently, the two-node collector model describes the energy flows of a PVT col-
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lector with four principal parameters: (ta). on the optical side, U, and Uunig ©ON the thermal side, and
Ne ON the electrical side.
Tambient radiation

convection

1/ULoss
dLoss

Tabsorber —_—_—
Pel = G- Nel

/

1 convection \

Tf/uid,mean

évection

1/U pbsfiuia
quseful

Figure 3.2:  Basic energy balance of PVT collectors in form of a two-node collector model (left, adapted
from Helmers and Kramer (2013) and corresponding energy flows in a glazed PVT collector
(right).
A physically correct description of the PVT collector, however, requires a higher level of detail: for each of
the four principal parameters, physical and empirical correlations need to be implemented. These correla-
tions numerically describe the detailed energy flows depending on the optical, electrical, thermal and
geometrical properties as depicted exemplarily for a glazed PVT collector in Figure 3.2 (right). Table 3.1
summarizes the four principal parameters and describes experimental and modelling approaches for their
characterization.

Table 3.1:  Four principal parameters for describing a PVT collector in a two-node model.

Parame- Energy Experimental approach Modelling approach
ter flow
(Tt Optical Spectroscopy measurements of transmit-  Geometric sequence for
tance and absorptance of glazing and PVT  (to).
absorber
Nel Electrical PV module power characterization Cell-To-Module calculation
including temperature dependence
ULoss Thermal Dark measurement without illumination Equivalent thermal resistance
network
U nbssuid Thermal Dark measurement without illumination Finite element model of a
PVT absorber

The focus of the present PVT collector model is placed on the modelling of diverse collector concepts
based on the input data of measurable design parameters. The model is mainly used to study the effect
of these design parameters on the electrical and thermal efficiencies. In addition, the dynamic behavior
and component temperatures are of special interest. For this purpose, the basic two-node collector
model is extended to a dynamic multi-node model, which includes thermal capacities for transient condi-
tions and a hydraulic solver.
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The multi-physical collector model is implemented into Dymola/Modelica (Modelica 2012), which offers
several advantages: the object-oriented modelling language allows easy adaptions and extensions to the
model without major modifications to the overall structure. Thus, diverse collector concepts can be mod-
elled in a single, consistent simulation framework. The Modelica fluid property database was found very
useful for hydraulic and thermal calculations, especially with regard to temperature dependent material
properties. Finally, it is possible to integrate the collector model into existing simulation models of build-
ings and solar thermal systems.

3.2.2 Optical energy transfer

The total share of solar irradiance which is absorbed by the solar cells under normal incidence is defined
as the effective transmittance-absorptance product (ta)e. It is obtained from transmittance of the cover
Teover, ADsOrptance of the PVT laminate ou,minate, @aNd taking into account multiple reflections between cov-
er and PVT laminate. Transmittance and reflectance of the cover are measured in a spectrometer and
weighted with the AM1.5 spectrum. The absorptance of the PVT laminate oy,minse iS derived from the
reflectance which is measured in the spectrometer under open circuit conditions. Thereby the active part
covered with PV cells has a slightly lower absorptance compared to the inactive part where the underly-
ing layers absorb the major share of irradiance.

Multiple reflections additionally have to be taken into account. The exact geometric sequence for the
calculation of (ta). according to Duffie and Beckman (2013) is given by:

co

(Ta)eff = Tcover®laminate Z [pcover(l - alaminate)]n =

n=0

Tcover Xlaminate (3 1 )

1- pcover(l - alaminate)

In case that the reflectance of the cover p.ye is unknown, Duffie and Beckman (2013) suggest a multi-
reflection factor of 1.01. According to Dupeyrat et al. (2011a) this factor overestimates multiple reflec-
tions for state-of-the-art glazing types and absorbers and they propose the following empirical correla-
tion instead:

(1@)efs = 0.9542 - Tar + 0.0427 (3.2)

A small share of solar irradiance, typically between o .. = 2 - 4 %, is absorbed in the cover glazing. The
major share of this heat dissipates to the environment and cannot be used because of a low heat trans-
fer coefficient between absorber and cover.

The angular dependence of (ta).s is modeled with the b, approach for direct irradiance. For non-
concentrating flat-plate PVT collectors, the beam incidence angle modifier K, is symmetrical and can be
expressed as:

K,(8) =1—by (——1) (3.3)

cos @

with the collector specific constant b, and the incidence angle 6.

Assuming isotropic diffuse sky conditions, the total specific power which is absorbed by the collector is
given by:

Pabsorber = (Ta)eff " (Kp(0)Gp + K4Gg) (3.4)
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with the direct (beam) irradiance G,, the incidence angle modifier for diffuse irradiance Kg, and the dif-
fuse irradiance Gy.

For an analysis independent of the total collector area, P,psomer IS €Xpressed as an area-specific power
density, which can be related to either the gross area, aperture area, or absorber area. Yet, it is crucial to
explicitly state, to which area the power density is related.

3.2.3 Electricity generation

The PV cells convert the incident solar irradiance G into electrical energy p;, with the instantaneous elec-
trical efficiency n,:

Prv =G "N (3.5)

The instantaneous electrical efficiency n, is modelled as a function of the cell temperatures. Either diode
models or analytical expressions can describe n,. Since PVT collectors are typically operated in the maxi-
mum power point (MPP), the explicit current-voltage characteristic is of subordinate interest.

In a series connection of PV cells, as typically found in PV modules, the cell voltages add together while
the PV cell with the lowest current determines the overall resulting current. The open circuit voltage Ugc
is reduced significantly by increased temperatures (B(Ugc) = -0.30 to -0.43 %/K) whereas the short circuit
current even increases slightly (a(lsc) = +0.02 to +0.09 %/K) (King et al. 1997). A non-uniform tempera-
ture distribution of PV cells in a series connection therefore has a negligible influence on the overall elec-
trical module performance, in contrast to the influence of a non-uniform irradiance, e.g. by partially
shaded cells. Hence, the mean cell temperature can be used with sufficient accuracy for modeling the
temperature dependence of the electrical power on a module level. Experimental observations underline
these theoretical considerations. According to Dittmann et al. (2014), a non-uniform temperature distri-
bution “does not affect the electrical performance of the PVT collector”.

The general assumption of considering PV operation always and only in its electrical point of maximum,
leads to the conclusion that diode models do not offer significant advantages. On the contrary, diode
models are more sensitive in their parametrization. Consequently, analytical expressions are used to
model the instantaneous efficiency n The linear temperature dependence is given by the following cor-
relation (Skoplaki and Palyvos 2009):

Nel = nel,STC(l - V(Tabs —25 OC)) (3.6)

with the rated module efficiency under standard test conditions m. sic, the mean absorber temperature
T.,sand the power temperature coefficient y.

The electrical efficiency of the PVT collector under standard test conditions nesc differs from the rated
efficiency of the employed PV module owing to the presence of a front cover and potentially inactive
aperture area. The optical losses of the front cover can be considered by multiplication with the spectral-
response-weighted transmittance of the cover t. and considering multiple reflections. The adaptions
due to inactive aperture area are of mere geometrical nature and take into account the different refer-
ence areas.

If a custom PV laminate is employed inside the PVT collector, the cell-to-module efficiency can also be
calculated according to the methodology described by Haedrich et al. (2014). This approach takes into
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account losses due to inactive module area (module border and cell spacing), optical losses in the mod-
ule glass (losses due to reflection and absorption in the module glass, absorption in the encapsulant,
gains due to optical coupling, and backsheet scattering) and connection losses (string and cell intercon-
nection).

3.2.4 Heat losses

Thermal heat transfer mechanisms of PVT collectors do not differ from conventional solar collectors ex-
cept for the presence of an additional energy sink, namely the PV cells absorbing irradiance and generat-
ing electricity. Consequently, the methodology of modelling the overall heat loss coefficient U, by the
use of thermal networks (Duffie and Beckman 2013) can also be applied for PVT collectors. Overall heat
losses are subdivided into losses through the cover to the front Ug,,,, l0sses through the insulation to the
back Ug.q., and losses through the frame to the edges Uy, (Figure 3.3). The governing area for losses to
the front and back is the aperture area; regarding edge losses the lateral frame surface is used.

rad,CoverSky

—4 1/h(ond,EVA 1 1/h(ond,g\ass 1/h(ond glass ]

Front
absorber,mean T
8 1 /h L ambient
cond,EVA 1/hcond,AbsorberSheet 1/hcond,msu\anon /I/h(O”VVW‘”d 1/U

Back

%-{ 1/hcond,frame 1/hconv,wmd [ 1/U
Edge
U,

QLoss

Figure 3.3:  Thermal resistance network of the overall collector heat loss coefficient 1/U,.of a glazed
PVT collector. The dashed line between h,.q coersky @A Tompiene indlicates the differentiation
between sky and ambient temperature.

Heat transfer coefficients are calculated based on analytical and physical correlations for the heat loss
mechanisms occurring inside the collector, namely conduction, convection, and radiation.

The heat transfer coefficient for conduction in solid materials h.y.q IS given by:

ACT)

heona = T (3.7)

with the thermal conductivity A and the material’s thickness d. The thermal conductivity may depend on

the material temperature (Ochs et al. 2008) which is why thermal properties as function of temperature
are used.
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The convective heat transfer coefficient inside the air layer resulting from natural convection of air is giv-
en by:

Aair (T)

dg ap

hconv,gap = Nu (3.8)

with the thermal conductivity of air A,,, the distance between the PVT laminate and the front cover d
and the Nusselt number Nu according to Hollands et al. (1976):

gapr

*

1
1708 (1 _ (sin 1.8¢)%6 1708) N (Ra cos ¢)3 _ (3.9)

Nu=1+144 (1 - ——
“ * [ Racos ¢ Racos ¢ 5830

The terms [ ]* are only evaluated for positive values. This correlation is valid for inclination angles of
¢ =0-60° and Rayleigh numbers Ra =0 - 10°. Both Ra and A,, are calculated with the temperature-
dependent thermodynamic air properties of the Modelica fluid data base.

Regarding wind convection in the collector plane, Matuska and Zmrhal (2009) compare several correlati-
ons and observe a variation of the convective heat transfer coefficient h,wing IN @ Wide range. Yet,
Peonvwing 1S @ SeNsitive parameter with a strong influence on the overall heat losses. Comparing several
correlations in the numerical model, the following empirical correlations by McAdams (1954) give the
best agreement between experiment and simulations:

heonvwing = 5.7 + 3.8 Uying for Uyng=0-5m/s (3.10)
heonvwina = 647 uwind0'78 for Uying > 5 m/s (3.11)

In the solar simulator, artificial wind is only applied to the front surface. Hence, wind velocities are set to
zero at the back and edge surfaces of the collector for emulating the efficiency curve test procedure.

In glazed PVT collectors, the surfaces standing in radiative exchange are the PVT laminate with the front
cover, and the front cover with the sky. Radiative heat exchange between two surfaces is modelled with
the temperature-dependent emissivity ¢ (T) and assuming view factors of unity. Based on these assump-
tions the radiative heat transfer coefficient h,,4, can be expressed as (Duffie and Beckman 2013):

(TE +TH(T, + Ty)
hrad :O—L_FL_]_ (3.12)
&(Ty) =~ &(T7)

with the Stefan-Boltzmann constant o.

The temperature dependence of the surface’s emissivity is important for accurately modelling heat losses
of PVT collectors, especially with low-e coatings. The emissivity as function of surface temperature T is
given by (Duffie and Beckman 2013):

e(T) = Jo ?'EA(T)M (3.13)
[ Ex(T)da

with the monochromatic absorptance a;, from spectral measurements, and the emissive power of a black
body E,, i.e. the Planck spectrum for a given surface temperature.
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Concerning radiative heat transfer from the front cover to the sky, the sky is treated as a black body with
e = 1 and an equivalent sky temperature Ty, is introduced (Swinbank 1963):

Tsiy = 0.0552 T, (3.14)

The overall heat loss coefficient U, results from the iterative solution of the thermal network in Figure
3.3. Therein, the heat transfer coefficients are a function of temperature and consequently U, is also
temperature dependent. Figure 3.4 shows U, of a glazed, non-selective PVT collector and the contribu-
tion of the convective and radiative front losses, as well as back and edge losses. For T, =T, a small
heat loss rate of ¢, = 15.5 W/m2 occurs due to radiative losses to the cold sky. U, reaches infinity at
this point owing to the singularity of the definition of the U-value:
C.ILoss
U =— 3.15
Loss Taps —Ta ( )

Beyond its minimum at AT = 22 K, U, grows because of the non-linearity of radiative heat transfer and
temperature dependent thermodynamic material properties.
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Figure 3.4:  Temperature dependence of the overall collector heat loss coefficient U, for a glazed PVT
collector without low-e coating (“PVT-02") and key design and test parameters
Qyop = 25 MM, Aipgypoce = 50 MM, &, = 0.92, &, = 0.92,T, = 25 °C, G = 1000 W/m?,
Uping = 3 M/s.

3.25 Thermal coupling of absorber and fluid by Uassriuia

The internal heat transfer coefficient Uu.,iq defines the thermal conductance between the absorber, i.e.
the PV cell, and the fluid node. An accurate model of U,.,q iS essential for a correct solution of the
equivalent thermal network.

In the theory of solar thermal collectors, F' is a popular term which is synonymously used for the quality
of a specific absorber design. The usage of F' originates from the experimental measurement of the con-
version factor ny,, at normal incidence and at AT/G = 0 Km2/W. At this operating point, the mean fluid
temperature equals the ambient temperature, but the absorber temperature is significantly higher and
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consequently heat losses from the absorber to ambient occur. In order to compensate for these losses
the effective transmittance-absorptance product (ta).¢ is multiplied with the collector efficiency factor F':

Neno = F'(T@) e (3.16)

Accordingly, Duffie and Beckman (2013) describe F' as the “ratio of the actual useful energy gain to the
useful gain that would result if the collector absorbing surface had been at the local fluid temperature”.
In terms of heat transfer coefficients, F’ is expressed as the ratio of the heat transfer coefficient U,, which
is defined between the fluid and ambient temperature node, to the collector heat loss coefficient U,:

U
20

= (3.17)
ULOSS

Next to this rather unintuitive definition, Duffie and Beckman provide formulae for the explicit calculation
of F' for sheet-and-tube absorbers. In addition, there are also numerical approaches for the explicit calcu-
lation of F' for non-typical geometries (Koch et al. (2012) and Géngora-Gallardo et al. (2013)).

However, this notion of F' is insufficient for modelling PVT collectors. The absorber temperature is a cru-
cial parameter as both PV efficiency and heat losses depend on it, which necessitates an explicit calcula-
tion thereof. Florschuetz (1979) introduced the internal heat transfer coefficient Uyig tO CcOuple the
absorber and fluid nodes. Accordingly, the temperature difference between these two nodes is propor-
tional to Upapeug @and the useful thermal gain ueeu:

Quseful = Uapsrivia Taps — Tm) (3.18)

Uansriia @and F' are interrelated and can be converted into one another for a given U . Assuming the
validity of the two-node collector model as in Figure 3.2, the following definition of F’ is derived from
the definition of Duffie and Beckman in Eq. (3.17) by substituting 1/U, with a serial resistance of 1/U,
and 1/Uaperig:

1 1 -1
(Gt ) 1
r_ ULoss UAbsFluid _
F = = (3.19)
ULoss 1+ M
UabsFiuia

Uansriiia: ON the other hand, can be converted from F’ by rearranging Eq. (3.19):

FI

Usbsriuia = ULossﬁ (3.20)

Since F' depends on the overall heat losses U, a change of the thermal insulation, e.g. by the applica-
tion of low-e coatings, strongly affects F'. Thus, F" always has to be regarded in the context of the whole
collector and its insulation, while U4 IS @ characteristic measure for a specific absorber. Moreover, F’
is a function of absorber temperature due to the temperature dependence of U,... On contrary, Upeuig iS
less sensitive to variations of both U, and temperature. For the mentioned reasons, Uapuig iS @ more
suitable and practicable parameter to model the thermal coupling of absorber and fluid.

The internal heat transfer coefficient U ug Plays a central role in PVT collectors, since it affects both
electrical and thermal performances. A higher U, increases the collector efficiency factor F' and re-
duces cell temperatures at the same time. Upguq is primarily influenced by design parameters such as
tube spacing, tube diameter, thickness and thermal conductivity of the individual layers in the PVT ab-

33



Chapter 3 | Development and modelling of PVT collectors with low-e coatings

sorber, bond conductance, and flow conditions of the heat transfer fluid. In the following section, both
numerical and experimental approaches for the determination of U4 are presented and compared.

3.2.5.1 Numerical approach

The equivalent thermal network of Ua.gq COMprises two heat transfer coefficients connected in series:
conduction from the absorber to the inner pipe wall Uppsomeripe @and convection from the pipe wall to the
fluid Upiperiia (Figure 3.5). Hereby, the heat transfer coefficient Uppsomeripe CONtains all thermal resistances
between the absorber and the pipe wall, including the fin conductance of the PVT laminate and the
bond conductance between sheet and tube. While Uppsmeripe is Calculated with finite element methods
(FEM), Upiperiia 1s Obtained from empirical correlations for heat transfer by forced convection in circular

pipes.

-|-a|;,sor|oer,mean= 1/UAbsorberPipe : 1/UPipeF|uid 1/U Tfluid,mean
/ AbsFluid

>

Quseful

Figure 3.5:  Equivalent thermal resistance network of the internal heat transfer coefficient U psuio-

Modelling Uusorerripe With the FEM approach

The PVT laminate consists of multiple layers with specific thermal conductivities and thicknesses. The
fluid circulates in pipes of arbitrary geometry, which are thermally connected to the PVT laminate by glu-
ing, clamping, welding, or other joining techniques. An analytical solution for the heat transfer problem
is not trivial, which is why a FEM-based approach is used at this point. While it is possible to derive ana-
lytical solutions for a certain design, e.g. a sheet-and-tube PVT laminate with a certain order of layers,
the FEM model is capable of adapting to complex geometries of both laminate and pipe design. Addi-
tionally, specific development questions can be analyzed with the FEM model, e.g. the effect of a specific
absorption profile, contact resistances between two materials, or air cavities in glued compounds. Thus,
the FEM approach is a universal tool for the analysis and optimization of PVT absorber designs.

The objective of the FEM approach is the determination of the conductive heat transfer coefficient U,,.
soberipe DEtWeEEN the mean absorber temperature T,,; and the mean pipe temperature Tpe mean- It IS cON-
venient to exemplarily explain the approach at a typical PVT absorber. Figure 3.6 shows the cross section
of a sheet-and-tube PVT absorber and the simulated absorber temperature distribution in this segment.
As the absorption of solar irradiance is highest in the PV cells, the PV cells are defined as the absorber.
The pipes are equally spaced in a distance of W and the fluid temperature in both parallel pipes is as-
sumed to be equal, which corresponds to an ideal hydraulic harp configuration.
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Figure 3.6:  Schematic cross section of a PVT absorber with the equivalent thermal network of the in-
ternal heat transfer coefficient U .4 (top) and the corresponding absorber temperature
distribution obtained from FEM simulations (bottom).

The design and set-up of the FEM model utilizes available symmetry planes. Firstly, a two-dimensional
segment is considered neglecting heat flow in the direction of fluid flow. Although the fluid temperature
increases in flow direction, this temperature gradient is negligible in first order (compare Duffie and
Beckman (2013)). Secondly, the lateral temperature gradient, i.e. the temperature gradient in x-direction
between the pipes, equals zero at the point of minimum temperature at the centerline of the pipes at
x/W = 0 and at the point of maximum temperature, which is located in the middle between two pipes at
x/W = 0.5. Temperature gradients of zero imply a heat flow of zero. It is therefore convenient to model
only half of an absorber segment and apply adiabatic boundary conditions at the lateral planes.

The remaining boundary conditions represent normal operating conditions for PVT collectors. Hence,
heat sources are defined in the solar cell, low-e coating, PV glass, and EVA corresponding to their specif-
ic share of absorbed irradiance. Geometrical and thermodynamic properties for all employed materials
are defined. Heat losses are applied to the laminate surface corresponding to U, as modelled in chapter
3.2.4. The convective heat transfer coefficient heper,q is applied to the inner pipe wall as described in the
latter part of this section. Adiabatic boundary conditions are applied to the bottom of the PVT laminate
as well as to the outer pipe surface assuming that all heat losses are dissipated from the PVT laminate
surface. The resulting temperature distribution for the PVT segment is shown in Figure 3.7.
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Figure 3.7:  Boundary conditions and temperature distribution of a 2D FEM laminate segment for the
determination of the heat transfer coefficient Uppsomeripe Under operating conditions
T,=T,=25°Cand G = 1000 W/m?,

Based on the FEM results, Uapsomeripe CaN be obtained by:

Quseful

UAbsorberPipe = (3.21)

Tabs,mean - Tpipe,mean
with the surface-averaged temperature in the PV cells T,y mean, the surface-averaged temperature at the
inner pipe wall Tjipemean and the resulting net heat flow from absorber to fluid ¢,g.

In this example, the resulting T.psmean = 39.4 °C, Thpemean = 31.9 °C, and Guery = 624.8 W/m?2 yield an
overall heat transfer coefficient of Uppsorer pipe = 83.7 W/m2K.

Unbsomeripe 1S @ conductive heat transfer coefficient and as such mainly influenced by the PVT absorber
geometry (layer thickness, tube spacing and diameter) and material properties (thermal conductivity).
Analyzing the sensitivity regarding variations of the operating conditions in realistic ranges shows an
insignificant influence on Uppomerripe: Varying the heat loss coefficient U, between 3 W/m2K and
20 W/m?K leads to a variation of Uppsomeripe Of ONly 0.3 % and varying the irradiance G between
100 W/m2 and 1500 W/m? leads to a variation of 0.54 %. The influence of T, T,, and hppeiq IS also in-
significant. Due to the quasi-independence from operating conditions, it is sufficient to calculate Uy,
sorberpipe 101 €ach absorber design once for the reference conditions. Thus, a complex coupling of FEM and
collector model and recalculation of Ugpsomerripe TOr €very time step can be avoided. Uppsomeripe 1S iMmple-
mented into the collector model by a single heat transfer coefficient. Optionally, additional nodes can be
added in order to have a higher resolution of the spatial temperature distribution (compare chapter
3.2.6).

Modelling of Up,1,is With empirical correlations

The heat transfer coefficient between the pipe and fluid node in the flow regime Upieqq is calculated
during every time-step in Modelica. There, thermodynamic properties as a function of fluid type, temper-
ature and pressure are calculated and Reynolds (Re) and Prandtl (Pr) number are derived. The Nusselt
number Nu is calculated based on empirical correlations of heat transfer by forced convection in a pipe
according to the methodology of VDI Heat Atlas (2010). Thereby, it is differentiated between laminar,
turbulent, and transitive flow conditions depending on the Reynolds number Re. Appendix B.1 describes
the calculation of the Nusselt number and AT,,, in more detail.
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The resulting net heat flux §uefu is given by:

. Nu /‘{ A lpipe ATLM
Quseful = A

(3.22)
ap

with the Nusselt number Nu, the thermal conductivity of the fluid A, the total pipe length |, the loga-
rithmic mean temperature difference AT, and the aperture area A,,.

Cross-validation of the numerical approach

A cross-validation of the presented numerical approach with analytical and FEM-based approaches for
the calculation of F' was carried out. For this purpose, a conventional, non-PVT sheet-and-tube absorber
segment was modeled with the geometrical design, U, and he.eq,q as described in Koch et al. (2012).
For this absorber the analytical approach of Duffie and Beckman (2013) yields a collector efficiency factor
of F' =0.942. The FEM-based approach of Koch et al. yields a slightly lower F' of 0.9408. The presented
approach yields a Uppuig Of 55.69 W/m2K which corresponds to a F' of 0.9408. Accordingly, both FEM-
based approaches yield the identical F’. This high level of agreement is astonishing given the methodo-
logical differences of both approaches. At the same time, it proves the validity and confirms the capabil-
ity of the presented numerical approach.

3.2.5.2 Experimental approach

The numerical PVT collector model necessitates an explicit input value for the internal heat transfer
coefficient Uppnig- The previously described numerical approach requires detailed information on the
geometrical and thermal properties of the PVT absorber and assumes ideal heat transfer. This
information is not always known and ideality of heat transfer cannot be assumed in all cases, e.g. due to
a non-uniform fluid flow, contact resistance at the interface of two bonded materials, or in glued
compounds. An experimental approach is therefore required to assess non-ideality effects and to analyze
specific absorber designs without simulations.

In his Master’s thesis, Panzer (2016) developed an experimental set-up to determine U,.gq based on the
explicit measurement of fluid and surface temperatures of a full-size absorber while a hot fluid circulates
in the pipes (Figure 3.8). The experimental approach builds up on previous work by Rummler (2008) and
Karrer and Proéll (2015) with certain methodological adaptations.

While Rummler (2008) applies heat sources on the surface of the absorber, the present approach takes
place without illumination with the hot fluid being the only heat source. Hence, the direction of heat
flow is reversed compared to the real, illuminated operation. In contrast to Karrer and Proll (2015), who
determine local, spatially resolved values of Ui, the present approach aims at a mean, surface-
averaged result. For this purpose, an IR camera, whose signal is calibrated by a PT100 contact sensor
attached to the PVT absorber, measures the surface temperature. During post-processing, the surface
temperature is averaged to calculate the mean surface temperature T, ace,mean Which is required for the
evaluation.
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Figure 3.8:  Experimental set-up for the determination of Ui (IEFt) and equivalent thermal circuit
(right).

The net heat flow through the absorber §,. is obtained from the energy balance of the fluid between
inlet and outlet. The resulting heat transfer coefficient between surface and fluid is then given by:

U _ Loss _ m ¢y (Tin — Tout)
S Fluid —
urfacertu Triiamean — Tsurfacemean Agbsorber (Tin +2 Tout Tourface mean) (3.23)

Due to the presence of the glass pane and encapsulation material EVA, the mean cell temperatures are
not directly accessible by measurement instrumentations. Therefore, Us, g has to be corrected by
subtracting the heat transfer coefficient Uapssutace @S TOllows:

-1 -1

U _ ( 1 1 > _ ( 1 dGlass dEVA> (3 24)

bsFluid — - - - - :
Abstlut USurfaceFluid UAbsSurface USurfaceFluid AGlass AEVA

Four sample PVT absorbers of different design and quality were examined with this approach:

e PVT absorber 1 is a glued sheet-and-tube absorber with a pipe spacing of 100 mm in double
harp configuration (“PVT05-glued1”). A commercial glass-glass PV module is glued to an alumi-
num sheet, which is clamped to the copper tubes.

e PVT absorber 2 is an optimized version of PVT absorber 1 (“PVT06-glued2”). The difference
comprises an additional aluminum sheet and higher clamping forces to increase the contact
pressure between the omega-shaped sheet and tube. ’

e PVT absorber 3 is a directly laminated sheet-and-tube PVT absorber with a pipe spacing of
75 mm in a meander configuration (“PVTO1-low-e").

e PVT absorber 4 is a directly laminated rollbond PVT absorber with pipe spacing of 45 mm, in a
multiply branched, fractal-like hydraulic configuration based on the FracTherm® algorithm. In-
stead of a protective module glass, this PVT absorber utilizes an FEP foil (Dupeyrat 2011a).

PVT absorbers 1 - 2 were developed within the project PVTgen2. Further details on design and performance can be found in
the corresponding project report (Ldmmle et al. 2017a).
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The experimental results are shown in Figure 3.9. As expected, the quality of the thermal bond and thus
Uansriig differs significantly between PVT absorber 1 and 4 due to their construction and fabrication. Im-
portant factors for a high U,.ig are a small distance between absorber tubes, a high thermal conductivi-
ty of absorber layers and the absence of air cavities and contact resistance of clamped elements. These
requirements stand in conflict to both economic and technical aspects. In PVT absorber 3 and 4, where
the PV cells are directly laminated on the absorber sheet, the electrical isolation is a critical issue. Addi-
tionally, the different thermal expansion of the employed materials induces thermo-mechanic stress in
the PVT absorber. The usage of a glass-glass-module in PVT absorber 1 and 2 eliminates these issues, yet
at the cost of a lower Upig-
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PVT absorber 1 PVT absorber 2 PVT absorber 3 PVT absorber 4
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Figure 3.9:  Experimental results of Ui Of four sample PVT absorbers.

Figure 3.9 also depicts the statistical error indicator, which originates from the systematic uncertainty of
the used measurement instrumentation for measuring the fluid inlet and outlet temperature, the mass
flow, and the infrared thermographic surface temperature. For lower values of U.iq the statistical error
is low in absolute terms owing to the high temperature difference of surface and fluid temperature in
the denominator in Eq. (3.23). Accordingly, the absolute statistical error for high values of Uapig IS
higher.

A comparison of experimental and numerical results is carried out for PVT absorbers 3 and 4. Due to the
unknown contact resistance of the clamped omega-tube-connection and the air cavities of the glued
compound it is not possible to numerically model PVT absorbers 1 and 2 in an adequate way. The FEM
model would overestimate Upuguiq SinCe it assumes perfect heat transfer at the material interfaces.
Therefore the comparison is restricted to PVT absorbers 3 and 4, where an ideal heat transfer at the
material interfaces can be assumed.

The numerical approach with the FEM model yields Uapgig = 82.8 W/m2K for PVT absorber 3 and
Unberia = 120.4 W/m2K for PVT absorber 4. Both values lie within range of the uncertainty of the
experimental approach, where Uppug = 82.2 W/m2K for PVT absorber 3 and Uppenis = 126.3 W/m2K for
PVT absorber 4 were determined.
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Despite the good agreement, it has to be mentioned that both the experimental and the numerical ap-
proach strongly depend on the fluid flow and thus heat transfer in the pipes. Numerically, the heat trans-
fer coefficient hppenyiq has a strong influence on the resulting Ui Experimentally, the mass flow rate
and consequently the state of turbulence strongly affect the measured Uaugig- The flow regime and its
state of turbulence are not mainly attributable to the absorber design but to the actual operating condi-
tions. Uaseuig Should therefore not be considered as a fixed value for a specific absorber design, but it
also depends on the actual operating conditions.

To conclude, the described experimental approach is in general suitable to quantify the internal heat
transfer coefficient Ui @nd to reproduce well the qualitative differences between different absorber
designs. The rather basic test set-up with few measured variables and short duration of the experiment
comes at the expense of methodological weaknesses. The experiments take place without illumination
and therefore reversed direction of heat flow. Additionally, it is difficult to control the operating condi-
tions for a high reproducibility. The correction of Ue,ceruig OY the thermal conductance of the glass pane
and encapsulation material introduces further uncertainty to the experiments.

An alternative approach which is based on the parameter identification of Upuug during quasi-dynamic
outdoor measurements could potentially lead to better agreement. Instead of measuring temperatures,
this approach correlates the electrical efficiency to the fluid temperature and useful heat flow and can
thus identify Uaueuia by multiple linear regression from a dynamic test sequence. This alternative ap-
proach could eliminate the methodological uncertainty of the presented experimental approach and is
proposed for future research in this field.

3.2.6 Extended dynamic, multi-node PVT collector model

The previously described numerical PVT collector model is a steady-state two-node model which uses
surface-averaged mean temperatures to describe the absorber and fluid nodes. According to Zondag et
al. (2002a) this is a sufficient level of detail to model the thermal and electrical efficiency in stationary
operation. However, specific research and development questions require a more detailed model that is
capable of modeling the temporally and spatially resolved energy flows. In his Master’s thesis, Bobhm
(2015) extended the previously described numerical model and included thermal capacities and multiple
nodes. Typical applications of the extended model are, for example, the dynamic simulation of typical
load scenarios, or the detailed investigation of stagnation and component temperatures.

3.2.6.1 Dynamic model extension

The required dynamic adaptions to the numerical model concern the introduction of lumped thermal
capacities, the discretization of fluid volumes, and measures to ensure numerical stability.

All materials employed in the PVT collector have a thermal mass and thus contribute to the thermal iner-
tia of the collector. Lumped thermal capacities absorb, store, and release heat and are mathematically
expressed as (Modelica 2012):

CppV Qin (3.25)

EZ
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with the specific heat capacity c,, the material density p, the material volume V, the material temperature
T, and the incoming heat flow Q. Thus, the heat flow Q;, and the thermal mass c,pV govern the tem-
poral variation of the material temperature T.

The thermal masses are connected to the temperature node for every employed material with the corre-
sponding volume and material properties. For every thermal capacity and at every time-step, Eq. (3.25) is
iteratively solved until convergence, so that the material temperature T and the corresponding heat flow
Q,, are in balance.

The usage of discretized fluid volumes compensates for the dead time resulting from the fluid flow. The
change of fluid temperatures from inlet to outlet is delayed due to the physical behavior of the fluid,
which is passing through the pipes while it is heated up (Norton 2014). Discretized fluid volume ele-
ments, which are coupled in series or parallel depending on the hydraulic layout, account for this effect.

In comparison to stationary simulations, dynamic simulations have stronger requirements regarding the
numerical stability of the model. In a stable model, all functions, expressions, and material properties
should be continuously differentiable. However, the wind speed dependence of h ., winein EQ. (3.10) and
the laminar-turbulent transition of the convective heat transfer coefficient are only two examples for
physical phenomena with points of discontinuity. With the operators smooth() and noEvent(), Modelica
offers two practical functions which enhance the numerical stability and avoid convergence errors. Yet, it
is still possible that simulations do not converge due to forbidden states or unrealistic events.

3.2.6.2 Multi-node model extension

In order increase the spatial resolution of the numerical model, the PVT absorber is subdivided into m x n
segments, where m is the user-defined number of segments in the direction of flow and n is the number
of pipes. The schematic division into 10 x 10 segments of a glazed, non-selective PVT absorber with a
meander of 10 pipes in series is depicted in Figure 3.10. Additional nodes are introduced into each seg-
ment, and lateral and transversal heat conduction is considered between each absorber segment. Thus,
each segment consists of three nodes for the minimum, maximum and mean temperature which are
connected by thermal resistances derived from the FEM model in chapter 3.2.5.1.
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Figure 3.10: Segmentation of the PVT absorber into m x n nodes (courtesy of B6hm (2015)).

Edge losses are only incurred at the segments of the PVT absorber situated at the border of the collector
frame. Radiative heat losses in the air gap between PVT absorber and cover glazing depend on the ab-
sorber temperature by the fourth power. In the 3D-model, radiative heat losses are calculated individually
for each absorber segment. Thus, a more realistic model for the thermal losses is achieved, compared to
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the two-node collector model, where edge and radiation losses are a function of the mean absorber
temperature.

In highly conducting materials, heat spreads alongside the component resulting in a relatively homoge-
neous temperature distribution. It is for this reason, that a single, shared temperature node is used to
model the cover glass, frame, and backside of the whole collector. The influence on the simulated ther-
mal efficiency curve of using a multi-node model instead of a single-node model is shown in Figure B.3.

Figure 3.11 shows the temperature distribution in the PV cells during operation and stagnation. During
operation, the circulating fluid heats up from an inlet temperature of Ty;, = 25 °C to an outlet tempera-
ture of Tq .. = 30.6 °C at the given operating conditions. This affects the temperature in the PV cells,
which gradually increases in direction of fluid flow. The hottest temperatures are observed in the center
between two pipes, due to the distance and thermal resistance to the fluid.

During stagnation, there is no fluid flow and consequently no heat transfer to the fluid. In steady-state
stagnation, the absorbed irradiance is equal to the heat losses resulting in high cell temperatures. Ac-
cording to the model, the center of the non-selective PVT absorber reaches the highest temperatures of
Tapsmax = 124.7 °C, owing to the heat losses through the edges, which slightly cool the peripheral ab-
sorber parts. By comparison, the mean absorber temperature amounts to T,,, = 118.8 °C.

Tabsorber [°Cl :l Tabsorber [OC]
110 115 120 125

25 30 35 40

Operation (Tg;, = 25 °C) Stagnation

Figure 3.11: Simulated temperature distribution in PV cells during operation (left) and stagnation (right).

In real stagnation experiments on inclined collectors the highest temperatures are typically observed at
an absorber height of 2/3. Due to buoyancy-driven convection in the air gap, hot air rises inside the col-
lector resulting in typical air circulation patterns (Stieglitz 2012), which shift the maximum temperature
upwards. This effect is not implemented in the model, which is why the maximum temperature is located
in the center of the collector.

Next to the investigation of component and stagnation temperatures, the numerical model with multiple
absorber nodes forms a basis for future investigations. The spatial resolution of the temperature distribu-
tion is a requirement for the implementation of a more elaborate PV performance model, for example PV
diode models as in Haurant et al. (2015). However, the multi-node model has a significantly higher com-
putational effort and is more complex regarding the configuration of the model. Especially the combina-
tion of dynamic and multi-node model can lead to long computation times of 24 h per simulation day.
The application of the multi-node model is therefore restricted to specific research questions while typical
efficiency simulations are preferably carried out in the two-dimensional model.
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3.2.7 Validation of the numerical PVT collector model

The numerical PVT collector is validated by means of comparing the experimental steady-state test points
with the simulated efficiency curve. This can be considered an integral validation approach, where only
the final results, i.e. the efficiency curves, are assessed. The multitude of used correlations and assump-
tions are not validated individually, but only their combined impact on the overall efficiency. The simulat-
ed efficiency curves are obtained from the numerical model by simulating multiple steady-state test

points and a subsequent multiple linear regression to the thermal and electrical models in Eq. (2.2) and
Eq. (3.30), respectively.

Three PVT collector prototypes of different design and construction were both simulated with the nu-
merical model and tested in the solar irradiance simulator at Fraunhofer ISE. The sample PVT collectors
comprise an unglazed PVT collector, a glazed PVT collector (“PVT02-no low-e”), and a glazed PVT collec-
tor with low-e coating (“PVTO1-low-e”). Additionally, a conventional flat plate collector is included in the
validation. Figure 3.12 shows the simulated numerical results of the thermal efficiency compared with
experimental test results, where the full line represents the simulated efficiency curve, the error bars be-

long to the steady-state test points, and the dashed line represent the corresponding experimental effi-
ciency curve.
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Figure 3.12: Comparison of the numerical model (lines) with experimental results (error bars and dashed
lines). Efficiency based on aperture area and valid for G = 1000 W/m?2 u,,,y = 3 m/s,
T, =25 °Cin MPP mode.

The uncertainty of the numerical model is assessed by two error measures. Firstly, the maximum devia-

tion An.., between experimental test points and the corresponding simulated efficiency is used as an
indicator for the absolute error and is given by:

A77max = MAX(nexperiment,i - 77simulation,i) (3-26)

Secondly, the root mean square error RMSE is used as an indicator to summarize the overall deviation
along the entire efficiency curve and is given by:

=

1 n
RMSE = \]E Z._l(nexperiment,i - r]simulation,i)z (3'27)

with the number of experimental test points n.
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Good agreement between the numerical model and the test data is observed in general. For all four col-
lectors together, the overall root mean square error amounts to RMSEy, = 1.4 %, of the thermal model
and to RMSE,, = 0.5 %, of electrical model (Table 3.2).

Table 3.2:  Uncertainty assessment of the numerical model.

Thermal efficiency Electrical efficiency
AN max RMSE;, AN max RMSE,,
Unglazed PVT 2.7 % g 1.9% 41 0.2 % 55 0.1% 4
Glazed PVT 2.7 % g 2.0% 4 0.9% 55 0.7 % 4
Glazed PVT low-e 1.0%, 0.6% . 0.7%,, 0.7%.,
Flat plate collector 1.0% 41,6 0.7 % 4,6 - -
Overall model error 2.7 % 6 1.4 % s 0.9% . 0.5% 46

The thermal model shows very good agreement with experimental data for both the glazed PVT collector
with low-e (RMSEy, = 0.6 %,,,) and the flat plate collector (RMSE, = 0.7 %,,,). The unglazed PVT collec-
tor reaches a RMSE,, of 1.9 %,,,, which is a good result given the uncertainty involved with adjusting
and measuring the wind speed during the experiment and the variations of convective heat losses
heonvwing fOUNd in the scientific literature. Yet, at wind speeds other than 3 m/s a higher model error is
observed. For the glazed PVT collector without low-e, a relatively high uncertainty of 2 %, is observed,
which might result from the production of the laminate, where the low-e coating was removed in a
caustic bath after the lamination. This treatment could have led to a deterioration of the internal heat
transfer coefficient Uauig O @ higher reflectance of the PVT absorber compared to the idealized assump-
tions in the model. For all four collectors, a systematic overestimation of the thermal efficiency at high
temperatures can be observed. Most likely this is due to an underestimation of the thermal losses from
idealized assumptions, e.g. neglecting thermal bridges at the edges.

The accuracy of the electrical model is good in absolute terms (RMSE,, = 0.5 %,,,), but comparably high
in relative terms (RMSE, = 4.0 %,). The numerical model strongly depends on accurate electrical input
parameters, especially n. sic. This can be demonstrated at the examples of the glazed and unglazed PVT
collectors. The electrical efficiency negsie of the unglazed PVT collector was measured in the flasher, re-
sulting in a high accuracy of the electrical model (RMSE, = 0.1 %,,,). For both glazed PVT collectors no
flasher data was available, which is why ng s;c was calculated with the cell-to-module efficiency approach
(compare chapter 3.5.1). This adds additional uncertainty to the electrical efficiency, which results in a
high RMSE,, of 0.7 %, for both glazed collectors.

Overall, the uncertainty of the numerical model lies within the range of experimental uncertainty. The
confidence interval of thermal performance measurement amounts to + 2 %,,, according to a round-
robin test of different test laboratories (WeiBmdiller et al. 2012). The confidence interval of the electrical
performance measurement in the solar simulator is estimated to be £ 5 %,. This is mainly due to spec-
tral differences of the artificial sun compared to the AM1.5 reference spectrum. For this reason, electrical
performance measurements in the solar thermal simulators are always connected with high uncertainties
and results should be viewed critically.

To conclude, the numerical model is a powerful tool for the simulation of PVT collectors of different de-
sign, which shows a good agreement between experiment and simulation. Further development should
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focus on a better representation of the electrical efficiency, especially a more accurate model for the
calculation of ngsrc. The thermal model can be improved by heat flux measurements during tests in the
solar simulator. Thus a better understanding of the composition of thermal losses could be gained,
which might lead to a better model convergence at high temperatures.

3.3 Sensitivity analysis of Uabsriuiia and Uioss on gross energy yields

At an early stage in the process of developing a PVT collector, the question arises how the design of the
PVT collector will ultimately affect its performance, which design parameters should be optimized and
where research and development efforts should focus on. A technology-independent analysis can bring
light into these questions by analyzing the influence of the four design parameters (tot)e, Nesre, Uapsriuiar
and U, on the electrical and thermal gross energy yields.

The parameters (ta). and ne sre scale almost linearly on the gross energy yields: an increase of 1 %, of
either e ste or (ta)e, results in an increase 1 %, of electrical or thermal yield, respectively. Assessing the
influence of U, and Upapgug is More complex because of their non-linear effect on the electrical and
thermal performances. To study the influence on gross energy yields, a sensitivity analysis is therefore
carried out for these parameters by coupling the numerical collector model with ScenoCalc.

A parameter sweep of the design parameters Uppsomermiper €373¢ gaps @aNd dinguiaion Within physically relevant
limits achieves a variation of Uuiq and U in the numerical model. The obtained efficiency curves are
then evaluated with ScenoCalc at the German location of Wirzburg and the MAP weighting function
according to Eq. (2.5) and Eq. (2.6) is applied. Hereby, it is assumed that the variation of U, and Unpeia
does not affect the optical performance. Accordingly, nesc = 12.8 % and (ta).; = 0.87 are kept at con-
stant levels. Of course, this assumption does not hold true in reality: most measures for the reduction of
thermal losses, e.g. by an external cover, low-e coating, or concentration, also reduce the optical per-

formance.

For any combination of U, and Ui, the electrical and thermal performance ratios can be read from
Figure 3.13. In total, 1600 individual collector and ScenoCalc simulations form the basis for the contour
plot. Performance ratios instead of the specific yields are used for this assessment, as the performance
ratio describes the normalized gross energy yields independently from mgsre, (ta)esr @and the annual rate
of irradiance in the collector plane |.,. Thereby, the electrical performance ratio PR, is defined as the col-
lector yield Epy wap divided by theoretical maximum yield Mg src:

E
PR, = PV,MAP (3.28)
Itot * Ner,sTc
Correspondingly, the thermal performance ratio is defined as:
_ Qcoll,MAP
PRy, = (3.29)

Lot * (T@) epfr — NersTc)

The specific electrical and thermal yields for a given location are obtained by multiplying the performance
ratio PR with the corresponding denominator.
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Figure 3.13: Electrical (left) and thermal (right) performance ratio of a PVT collector with varying U,
and U psrig With applied MAP weighting function evaluated for the location of Wiirzburg.

For a better interpretation of the results, typical values of U, and U.uiq are indicated in the following.
U.oss ranges between U, = 10 - 20 W/m2K in unglazed collectors, U, = 7 - 10 W/m2K in glazed collec-
tors, and U = 4 - 7 W/m2K in glazed collectors with low-e. A further reduction of U, can be achieved,
for example, by noble gas fillings or vacuum insulation. Uapuq describes the quality of thermal coupling
between absorber and fluid and takes values of Uupig = 10 - 40 W/m2K for a poor coupling and values
higher than Uy > 60 W/m2K for a good coupling.

The electrical yield benefits from high values of Uppeug and U, through low cell temperatures. Accord-
ing to Eq. (3.18), a high internal heat transfer coefficient Ua,q l€ads to a small difference between cell
and fluid temperatures. Additionally, high heat losses lead to a lower heat flux q,s, resulting in a small
difference between fluid and cell temperatures. Consequently, high values of U ., and Uxuguig achieve an
efficient electrical performance.

The thermal yield benefits mainly from a low value of U, through reduced heat losses and hence a
higher thermal efficiency. Low values of U, are especially important for challenging operating condi-
tions with low levels of irradiance and low ambient temperatures to deliver heat at the required tempera-
ture level. The internal heat transfer coefficient Un.ug Plays a secondary role regarding thermal yields,
and a high value of Uugug cannot compensate high heat losses. Nonetheless, Uapsruq DECOMES More
important for collectors with a high U, to reach a reasonable collector efficiency factor F'.

These results underline the importance of a good thermal coupling between PV cells and the fluid since
both the electrical and the thermal yields benefit from a high Upuig- As a rule of thumb, Uapeuig sShould
exceed 50 W/m2K to achieve low cell temperatures and a high F'. As can be seen at PRy, a further im-
provement of the thermal coupling to values above Uapguq> 50 W/m2K does not effectuate a significant
increase of neither the electrical and the thermal performance ratio.
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In order to reach the maximum combined electrical and thermal energy yields, low thermal heat losses
are essential. Although electrical yields drop slightly through a low value of U, the gain of thermal
yields overcompensates this effect. Hence, highest primary energy yields are achieved by a low value of
Uoss combined with a high value of Uaugug- A maximization of the overall performance of PVT collectors
therefore requires a reduction of thermal losses, without significantly reducing mesrc and (ta).;. Low-e
coatings are such an approach which will be discussed in the following sections.

For technical and economic reasons, it is unlikely that a real PVT collector will reach optimum properties
for U and Uppsruig- IN most cases, a trade-off between thermal insulation, the quality of thermal cou-
pling, and optical properties is necessary. Figure 3.13 may assist in balancing between U ., and Ui
and provide a quantitative understanding of the relationship between thermal collector properties and
the gross energy yield. It has to be considered, however, that only the weighted yields for T,, = 25 °C
and 50 °C are included in this analysis. Secondly, energy yields in real systems will differ from the report-
ed gross energy yields. Thirdly, changes of the optical properties, which influence both (ta). and Mg sre,
need to be taken into account.

3.4 Experimental analysis of glazed PVT collectors with low-e coating

In the research project PVTmax (Wendker et al. 2012) a low-e coating was specifically optimized for the
application in PVT collectors and a prototype with this coating was built. Based on this preceding work,
the isolated effect of low-e coatings on the electrical and thermal efficiency is studied hereafter by com-
paring the results with an identical PVT collector without low-e coating. For this purpose, the low-e coat-
ing was removed and its efficiency re-tested. This method allows an experimental comparison of the
isolated effect of low-e coatings. The following section details the characteristics of the low-e coating,
the design of the PVT collector, and the experimental results.

3.4.1 Optical characterization of an optimized silver-based low-e coating

At Fraunhofer ISE, a silver-based low-e coating was specifically developed and optimized for the applica-
tion in PVT collectors. The optimization of the low-e coating aims at achieving a good balance between a
high transmittance and a low emissivity. This objective is reached by a thin layer of Ag to realize a low
emissivity in the infrared spectrum and by combining low-refractive layers of SiO, and high-refractive
layers of TiO, for a high transmittance. After simulation and optimization of the multi-layer stack, the
low-e coating was produced on a horizontal sputtering system at the facilities of Fraunhofer ISE. Low-
iron soda lime glass with a thickness of 4 mm was used as substrate (Wendker et al. 2012).

The resulting transmittance and reflectance spectra were characterized with a spectral reflectometer
equipped with an integrating sphere of 22 cm of diameter. The obtained spectra of low-e coated glass
are shown in Figure 3.14 (left) together with the AM1.5 spectrum and the spectral response of a c¢-Si
cell. In the long-wave spectrum, spectral measurements were performed accordingly and are plotted in
Figure 3.14 (right). In the responsive spectrum of c-Si cells a high transmittance comparable to uncoated
glass is achieved. Starting from A = 1.0 um, the transmittance t decreases continuously while the reflec-
tance p increases. Thus, the low-e coating achieves a low absorptance in the infrared spectrum and con-
sequently the desired low emissivity.
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Figure 3.14: Measured transmittance, reflectance and absorptance spectra of low-e coated glass in the
solar spectrum (left) and in the infrared spectrum (right).

The solar transmittance 1, s and reflectance paw; s are obtained by convolution of the measured spectra
with the AM1.5 spectrum. Accordingly, 1.5 and p. are obtained by convolution with the spectral re-
sponse of a ¢-Si cell. The weighted emissivity 5,5 is obtained by convolution with the Planck radiation of

a black body at T = 373 K according to Eq. (3.13). The optical properties of the produced low-e coating
are summarized in Table 3.3.

Table 3.3:  Optical properties of the produced low-e compared to uncoated low-iron glass.

Symbol low-e glass uncoated

glass
Ta e 0.79 0.90
Tq 0.87 0.90
Ot s 0.12 0.08
Pes 0.05 0.02
E57 0.13 0.92
3.4.2 Design of a PVT collector with low-e coating

The silver-based low-e coating was applied in a PVT collector to demonstrate the improvement of ther-
mal efficiency and compare its performance with a PVT collector without low-e coating. A glazed, flat
plate, liquid-type PVT collector with monocrystalline cells laminated to a sheet-and-tube absorber was
designed for this purpose (Wendker et al. 2012). The low-e coating was applied on the upper glass sur-
face of the PVT laminate. A schematic cross section of the PVT collector is shown in Figure 3.15.
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Figure 3.15: Cross section of the PVT collector with low-e coating and directly laminated sheet-and-
tube absorber.

Monocrystalline silicon solar cells were selected in the present PVT collector, owing to their high conver-
sion efficiency. 32 cells with a rated electrical efficiency of ngsc = 18.2 % and a temperature coefficient
of y=10.43 %/K are connected in series. A 30 mm border without PV cells avoids partial shading up to
incidence angles of 6 = 56°. A spacing of 2 mm between the cells as typical in PV modules was main-
tained. Thus, the PVT collector achieves an overall packing factor of 0.84 relative to the aperture area.

The PVT laminate consists of several layers and was manufactured as one package in a vacuum laminator
at Fraunhofer ISE. For good thermal contact between cell and fluid, the cells were directly laminated on
an aluminum sheet. The module glass with low-e coating forms the first layer. Two layers of EVA serve
as adhesive, encapsulant and vapor barrier for the PV cells. A thin electrical insulation layer was spray-
coated on the aluminum sheet before lamination. The whole stack was laminated in a vacuum laminator
using standard lamination parameters for pressure, temperature and lamination time. The lamination
process took place at temperatures above 140 °C at which the EVA encapsulant cross-links chemically.
Owing to the different thermal expansion coefficients of aluminum and glass the laminate curves at am-
bient temperatures.

After lamination, the copper tubes were laser welded to the aluminum sheet of the PVT laminate. The
tubes form a meander with an average tube spacing of 77 mm.

The PVT laminate is enclosed in a collector housing with a front cover and rear insulation to reduce
thermal losses. A construction of dried birch screwed to an aluminum profile formed the insulated collec-
tor frame. Low-iron glass with a double-sided anti-reflective coating and a transmittance of
Tamr s = 96.2 % was used as front cover. The spacing of the air layer was set to 20 mm. However, due to
the curvature of the PVT laminate, the distance varies between 15 mm and 20 mm. 40 mm of mineral
wool reduce heat losses to the back. Insulation tape was applied at the edges of the PVT laminate to
avoid thermal bridges.

After conducting performance tests, the low-e coating was removed in order to study the isolated effect
of low-e on thermal and electrical efficiency. For this purpose, the PVT laminate was treated in a concen-
trated sodium hydroxide and nitric acid solution for several days. Spectral analysis of a glass sample
showed a complete removal of the low-e coating by comparing the measured spectrum with that of
uncoated glass. Thus, the results of the PVT collector with and without low-e are fully comparable, since
the only modified design parameter is the low-e coating.
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Table 3.4 summarizes the key design dimensions and of the PVT collectors with and without low-e coat-
ing, which will be referred to as “PVTO1-low-e” and “PVT02-no low-e" hereafter.

Table 3.4:  Key design parameters of the PVT collectors “PVTO1” and “PVT02".

Design parameter Values

aperture dimensions 1329 x 690 mm?2
height air layer d,, 20 mm
tube outside diameter d. 8 mm
tube wall thickness 0.3 mm
tube spacing 77 mm
thickness EVA dgya 0.2 mm
thickness electrical insulation digation 0.1 mm
thickness Al sheet d.minum 0.5 mm
thickness mineral wool din,iation back 40 mm
thickness edge insulation din,ption,edge 18 mm
3.4.3 Performance characterization

Both collectors with and without low-e coating were tested in the indoor solar irradiance simulator at
the test facilities of Fraunhofer ISE. The performance tests were carried out in steady-state conditions as
described in ISO 9806 (2017). Accordingly, artificial sun, wind, and sky were applied to the collector
plane. The collectors were operated in hybrid mode, i.e. with simultaneous generation of heat and elec-
tricity. For this purpose, an electrical load in the form of a maximum power point (MPP) tracker was at-
tached to the electrical connectors. Small variations of testing conditions between the two collectors
were observed and are reported in Table 3.5. The resulting curves of thermal and electrical efficiency are
shown in Figure 3.16, where all efficiencies relate to the aperture area A,,.

In contrast to the standardized approach, the electrical performance is expressed at this point as a func-
tion of the reduced temperature aT/G, analogous to the thermal efficiency curve in Eq. (2.2). However,
since the electrical efficiency is a function of the absolute cell temperature, the electrical performance
curve is only valid for the specific test conditions with a constant rate of irradiance G. This non-standard
equation is therefore a makeshift approach, which allows the comparison of the electrical performance
for measurements in the solar simulator when no flasher data is available.

Performing linear regression of n, to aT/G with the electrical steady-state test points yields the following
electrical efficiency curve:

w (3.30)

with the electrical efficiency ng at the temperature difference AT =T, - T, = 0 K, and the linear temper-

Net = Net,o — b,

ature dependence factor b;,.
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Figure 3.16: Thermal and electrical efficiency curves (lines) with test points (markers) measured in MPP
mode of PVT collectors with low-e (“PVTO1") and without low-e coating (“PVT02"). Effi-
ciency based on aperture area. Electrical efficiency curve only valid for test conditions as
per Table 3.5.

Table 3.5 shows the resulting thermal and electrical performance parameters obtained from least square
fitting to Eq. (2.2) and Eq. (3.30). The PVT collector with low-e coating achieves a significantly improved
thermal efficiency owing to the reduced radiative losses. At AT/G = 0.05 KmZW the thermal efficiency of
the PVT collector with low-e coating is found to be 60 %, higher than that without low-e. The im-
provement of thermal efficiency comes at the expense of electrical efficiency, which is reduced by 3 %,

Table 3.5:  Test results and test conditions from performance characterization in the solar simulator
for the PVT collectors with and without low-e coating “PVTO1” and “PVT02".

Parameter Sym- Unit “PVTO01-low-e” “PVT02-no
bol low-e”

Test results

conversion factor in MPP mode Nino - 0.67 0.63
linear heat loss coefficient G W/(m?2K) 3.98 6.37
temperature dependence of heat losses G W/(m2K?2) 0.025 0.023
photovoltaic efficiency at AT = 0 K Nel,0 - 0.112 0.115
temperature coefficient of PV efficiency b, W/(m2K) 0.52 0.54
Test conditions

solar irradiance G W/m?2 971.5 987.2
ambient temperature T, °C 34.4 30.0
wind speed Uying m/s 3 3
mass flow rate of heat transfer fluid m kg/h 89.9 86.7

Even though great emphasis was placed on setting the same collector and test boundary conditions, the
experimental comparison between the collectors with and without low-e is presented with limitations.
The removal of the low-e coating by means of the caustic bath might have deteriorated optical and
thermal properties of the PVT laminate. Additionally, the differing test conditions with respect to ambi-
ent temperature, mass flow rate and irradiance might cause further inconsistencies. Instead, the numeri-
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cal model allows a better comparability and a more detailed analysis of energy flows. Therefore, the ef-
fect of low-e coatings on thermal and electrical efficiency is analyzed in more detail in chapter 3.5 by
means of the validated numerical model, where a good agreement between simulation and experiment
are observed.

3.5 Discussion of experimental results with the numerical PVT collector
model
3.5.1 Effect of low-e on the electrical efficiency ne

Figure 3.17 shows the waterfall charts for both collector configurations, summarizing the cell-to-module
efficiency calculation according to Haedrich et al. (2014) as described in chapter 3.2.3. The efficiency of
the PV cells amounts to 18.2 %. Losses due to inactive module area and cover transmittance are equal
for both collectors. The inactive module area is relatively large owing to the small aperture area of
A,, =0.92 m2. In a PVT collector with 60 cells and identical border and cell spacing, these losses could be
reduced from 3.2 %,,, to 1.7 %,,. Optical losses due to reflectance and absorptance in the PV glass
amount to 1.3 %, for the low-e variant and 0.6 %, without low-e. By applying an anti-reflective coat-
ing instead, these losses could be reduced to 0.2 %,,.. The connection losses in the collector with low-e
are slightly lower because of smaller currents. In total, the low-e coating reduces the module efficiency
under standard test conditions (STC) from mgsc = 13.3 % t0 Nyse = 12.7 %,
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Figure 3.17: Waterfall chart for the calculation of electrical cell-to-module efficiency for a PVT collector
with low-e coating (left) and without low-e coating (right).

The electrical power in standard test conditions was not tested for “PVT01” and “PVT02". Instead, the
electrical efficiency curve was measured during thermal performance characterization deviating from
normative procedures. There, the electrical efficiency mg, is evaluated at the thermal operation point
AT/G = 0 Km2/W. According to the collector model, mean cell temperatures lie 10.3 K above the ambi-
ent temperature for both collectors at this operating point. The absolute cell temperatures T, and the
calculated module efficiency ngsie employed in Eqg. (2.1) yield an electrical efficiency of ng,=11.8 %
with low-e coating and ngo = 12.1 % without low-e coating. During performance tests ngo=11.2 %
and ng = 11.5 % respectively were measured. The differences between simulation and test might result

from experimental uncertainty involved with the non-standard solar spectrum of the halogen lamps as
described previously.
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3.5.2 Effect of low-e coatings on the overall heat loss coefficient Uioss

During performance tests, cell and surface temperatures are unknown. Therefore, it is not possible to
draw direct conclusions from the measured heat loss coefficients ¢, and ¢, to the radiative heat loss coef-
ficient h,,4 or the overall heat loss coefficient U. Instead, the effect of low-e on U, is discussed by
means of the numerical model.

The emissivity of the PVT absorber is a function its surface temperature T,,.. Employing the measured
infrared absorptance spectra for both low-e coated and uncoated module glasses in Eq. (3.13), the emis-
sivity as function of the module temperature is shown in Figure 3.18. Accordingly, the emissivity of the
uncoated glass increases from €., owe = 0.908 at T, ace = 25 °C 10 €n6 1owe = 0.922 at Tg1ace = 150 °C. In

the same temperature range, the emissivity of low-e coated glass increases from € .. = 0.125 10 € oy
= 0.145.

The respective radiative heat loss coefficients h,,4 resulting from Eq. (3.12) are also plotted in Figure 3.18
assuming a constant front cover temperature of 25 °C. For instance, the radiative heat loss coefficient at
Tsurtace = 50 °C @amounts 0 h .4 jou.e = 0.84 W/m2K for low-e glass compared to hi g o iowe = 5.5 W/m?2K for
uncoated glass. Employing these correlations in the numerical collector, where surface temperatures are
computed internally, yields a reduction of the overall heat loss coefficient U, of 71 % from 8.5 W/m2K
to 4.9 W/m2K, evaluated at a surface temperature of T, = 50 °C.
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Figure 3.18: Heat loss coefficients h,yand U, .. and emissivity ¢ as function of surface temperature of
the PVT absorber with and without low-e coating.

3.5.3 Effect of low-e on the conversion factor i,

The measured conversion factor in hybrid mode amounts to ., = 0.67 of the low-e coated and
Mo = 0.63 of the uncoated PVT collector (compare Table 3.5). At first, this result looks peculiar since
low-e coatings have a higher reflectance and thus lower absorptance of the PVT laminate. The higher
conversion factor, however, can be attributed to the interdependence of thermal, optical, and electrical

properties in F.Resulting from the energy balance, the conversion factor ny,, under normal incidence is
expressed as:
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Ntno = F,[(Ta)eff — TNet,o] (3.31)

with the collector efficiency factor F', the effective transmittance-absorptance product (ta)., and the
electrical efficiency at AT = 0 K ng.

Firstly, the higher reflectance of the low-e coating reduces (ta).. The absorptance of the PVT laminate
QUaminate drops from 0.901 to 0.862 as measured in the spectrometer (Figure 3.19). Since properties of the
optical stack are only changed on the first surface, the difference of absorption can be directly attributed
to the additional reflection of the low-e coating.
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Figure 3.19: Measured reflectance and absorptance spectra of a PVT laminate with and without low-e
coating.

The optical properties and resulting effective transmittance-absorptance product for the two collectors
are indicated in Table 3.6. Taking into account the optical properties of the front cover and multiple re-
flections, the low-e coating reduces (ta). from 0.868 to 0.832.

Table 3.6:  Optical properties for the calculation of (7a).s

Parameter Symbol with low-e without low-e
transmittance cover Teover 0.962 0.962
reflectance cover Peover 0.029 0.029
reflectance laminate Plaminate 0.138 0.099
absorptance laminate Oljaminate 0.862 0.901
effective transmittance-absorptance product (TOL)eff 0.832 0.868

The collector efficiency factor F” can be calculated as the ratio of the overall heat loss coefficient U, and
the internal heat transfer coefficient Ui (EQ. (3.19)). Low-e coatings reduce U, resulting in a higher
F"of 0.926 compared to 0.868. At the same time 1, drops from 12.1 % to 11.8 % (cf. chapter 3.5.1).
The combined effect of F', (ta)e, and ne o on the conversion factor ny,, is summarized in Table 3.7. Em-
ploying the obtained parameters in Eq. (3.31) yields a conversion factor of ng,, = 0.661 with low-e com-
pared to ny, o = 0.654 without low-e.
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To conclude, ny,ostrongly depends on the properties of the low-e coating and an adequate balance be-
tween high transmittance and low emissivity is essential for an optimized conversion factor.

Table 3.7:  Modelling results regarding the conversion factor ny,

Parameter Symbol  Unit with low-e  without
low-e
Internal heat transfer coefficient U abstuid W/mz2K 61.2 62.1
overall collector heat loss coefficient ULoss W/mz2K 4.88 8.78
collector efficiency factor F - 0.926 0.876
effective transmittance-absorptance product  (to). - 0.832 0.868
photovoltaic efficiency at AT =0 K Nelo - 0.118 0.121
thermal conversion factor Nino - 0.661 0.654
3.5.4 Effect of low-e coatings on the combined electrical and thermal effi-
ciency

To summarize the effect of low-e coatings on the combined thermal and electrical efficiency of PVT col-
lectors, the stacked efficiency curves including optical and thermal losses and useful power are shown in
Figure 3.20. This rather unusual illustration of efficiency curves subdivides the incident irradiance into
their effective shares of thermal and electrical gains and into the different loss mechanisms. The colored
areas should not be interpreted as an integral, but for any operation point AT/G the breakdown of gains
and losses can be read from the y-axis. The figure also nicely illustrates the effect of F': at AT = 0K there
are already significant thermal losses due to absorber temperatures above ambient. The term “optical
efficiency” is therefore inappropriate, since ny,, includes both optical and thermal losses.
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Figure 3.20: Efficiency curves with subdivided gains and losses for the PVT collector without low-e coat-
ing (left) and with low-e coating (right).

It is convenient to discuss the effect of low-e at a typical operation point of the efficiency curve, here

AT/G = 0.05 Km2/W: The PVT collector with low-e coating has higher optical losses (+36 W/m2) owing to

the higher reflectance of low-e coated glass. Radiative losses in the collector gap are significantly re-

duced (-247 W/m?2). Although the convective heat transfer coefficient h.,, remains almost constant, the
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convective heat losses increase by +53 W/m2, which can be attributed to the higher surface temperature
of the PVT absorber owing to an increased useful heat flow from the absorber to the fluid. Edge losses
are relatively high in both cases (48 W/m?) due to the small collector area of A,, = 0.92 m2. The overall
heat losses drop in total by 190 W/m2 or 38 %,,. Consequently, the useful thermal power increases by
158 W/m2 or 57 %.,,, while the electrical power drops by 4 W/m2 or 4 %, on account of the low-e coat-

ing.

3.5.5 Effect of low-e on thermal power output

It is a common misunderstanding that the reduction of thermal losses primarily aims at achieving higher
temperatures. In fact, the aim of reducing thermal losses is to achieve a higher efficiency during regular
operation, especially at low levels of irradiance or at low ambient temperatures. This context can be bet-
ter demonstrated by means of comparing power curves. Figure 3.21 depicts the power curves of the
tested PVT collector with low-e and without low-e for two standardized weather conditions: blue sky
with an irradiance of G = 1000 W/m?2 in full line, and grey sky with G =400 W/m2 in dashed line (ISO
9806 2017).
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Figure 3.21: Power curves for PVT collectors with and without low-e for blue and grey sky conditions.

The specific thermal power output g, can be read from the ordinate for a given temperature difference,
e.g. AT = 30K. At blue sky conditions, both PVT collectors deliver a reasonable thermal output of o,
=528 W/m?2 and ¢, owe = 418 W/m2, which equals an increase of 26 %, by the application of low-e. At
grey sky conditions, however, the thermal power output drops significantly: the PVT collector without
low-e falls t0 Gnoowe = 40 W/m2 and the PVT collector with low-e still reaches G, = 126 W/m2, which
equals an increase of 215 %, by low-e. At low levels of irradiance, the PVT collector without low-e
often does not reach required fluid temperatures, so that the control will turn the pump off. At the same
conditions, the PVT collector with low-e is still able to achieve the required fluid temperature and thus
deliver solar heat to the storage.

Hence, low thermal losses are required to achieve a reasonable thermal output during demanding oper-
ating conditions, because a good thermal insulation has two effects: firstly a higher efficiency during
operation and secondly longer operation periods. Both effects together result in higher annual heat
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yields. The mathematical reason for this lies in the proportionality of the thermal efficiency from the
temperature difference AT divided by the irradiance G.

As a consequence thereof, a low thermal efficiency cannot be fully compensated by larger collector are-
as. A collector with high thermal losses, e.g. an unglazed collector, is not able to supply any heat during
challenging periods of the year with low levels of irradiance and low ambient temperatures. Increasing
the collector area only increases the thermal yield during the operational periods, but not during the
periods of zero efficiency. In order to increase useful annual heat gains, it is therefore not sufficient to
increase the corresponding collector area, but also the collector efficiency has to be improved, for in-
stance by reducing thermal losses. This contrasts with PV modules, where the electrical yield is primarily
proportional to the area and the peak efficiency nysic. A lower efficiency of the PV module can always
be compensated by adding additional PV modules in order to reach a desired electrical yield.

3.5.6 Effect of low-e on gross energy yields

These effects are also observed in the assessment of gross energy yields with ScenoCalc. Figure 3.22
shows the electrical and thermal yields at three different mean fluid temperature levels T,.... The analysis
includes the previously tested glazed PVT collectors with and without low-e coatings, based on the per-
formance data reported in Table 3.5. In addition, a PV module, an unglazed PVT collector, a low-
concentrating PVT collector, and a conventional flat plate collector are also included. The low-
concentrating PVT collector is a non-tracked commercial product with a concentration factor of C = 1.75
(Solarus 2017).
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Figure 3.22: Assessment of gross enerqy yields for different collector technologies at the location of
Wiirzburg.

Higher mean fluid temperatures reduce the energy yields of all collector technologies, except for the PV
module, which is naturally uncoupled from the thermal operation. Next to the importance of low fluid
temperatures, the assessment also illustrates the conflict between a good optical efficiency versus low
thermal losses. Currently, PVT collectors reach either high electrical or high thermal yields, but not both
at the same time.
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Of all assessed PVT technologies, the glazed PVT collector with low-e achieves the highest thermal yields
at all three temperature levels whereas the unglazed PVT collector reaches the highest electrical yields.
The energy yields of the low-concentrating PVT collector lie significantly below the glazed PVT collector
with low-e. Its relatively low yields can be attributed to the restricted acceptance angle of the untracked
collector, resulting in incidence angle losses. Moreover, there is also the potential in concentrating PVT
collectors to further reduce thermal losses by the application of low-e coatings.

Comparing both glazed PVT collectors demonstrates the effect of low-e on gross energy yields. The ap-
plication of low-e increases the thermal yield by 20 %, for Tie., = 25 °C, by 69 %, for T .., = 50 °C,
and by 210 %, for Tyen = 75 °C. At the same time, the electrical yield drops by 3 %,.,. Therefore, PVT
collectors with low-e bring in their specific strength at a medium fluid temperature level, when the ther-
mal efficiency of glazed PVT collectors without low-e is insufficient.

The same qualitative relationship between collector type and mean fluid temperature is also observed for
other locations. Table B.2 in Appendix B.3 aggregates the yields for the locations of Athens, Davos,
W(rzburg, and Stockholm.

The comparison of gross energy yields represents a simplified approach, which neglects the dynamics of
real systems. In decentralized building technologies, energy has to be delivered in time of demand. This
can result in excessive amounts of energy, which might not be utilized when there is no current demand.
Additionally, the mean fluid temperature is not constant in real systems. Domestic heat is typically stored
in sensible thermal storage systems, where charging the storage increases the temperature. Instead of
using ScenoCalc, the dynamic aspects of the application of PVT collectors with low-e coatings will be
analyzed in depth in chapter 4 by means of system simulations.

Nonetheless, the assessment of gross energy yields shows the specific strengths and suitable fields of
applications for each collector type. Only with low thermal losses, substantial thermal yields can be
achieved, since an extension of collector area cannot compensate for the lower efficiency. Hence, low-e
coatings enable the application of PVT collectors to systems with a higher temperature levels.

3.6 Evaluation of low-e coatings for PVT collectors

3.6.1 Screening of available low-e coatings

A high transmittance in the solar spectrum is a prerequisite for the application of low-e in PVT collectors.
Only few low-e coatings with a high transmittance can be found on the market or are described in the
scientific literature. This is due to the still insignificant market for these types of high-transmittance coat-
ings. For manufacturers of architectural glass, the optimization towards a low emissivity has a higher
priority than achieving a high transmittance.

The screening of potentially suitable low-e coatings was carried out within the research projects PVTmax
(Wendker et al. 2012) and PVTgen2 (Lammle et al. 2017a) and the findings are summarized briefly in
Table 3.8. The low-e samples were characterized with the Fourier spectrometer with Ulbricht sphere at
Fraunhofer ISE and optical parameters are subsequently weighted with the respective spectra.
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Table 3.8:  Screening of highly transparent low-e coated glasses.

Manufacturer Product name Material Optical parameters
€373k Tesi Tam1s  Olamis

Guardian SunGuard Ag 0.04 064 059 0.1
f-glas/Interpane  ILS ipawhite Ag 0.08 0.82 0.75 0.07
Fraunhofer ISE  ISE low-e Ag 0.13 0.87 0.79 0.09
Pilkington K Glass N OW SnO,:F 0.14 082 0.78 0.1
Pilkington K Glass N OW + AR coating ~ SnO,:F + AR (TiO,) 0.15 0.86 0.80 0.12
Euroglas silverstar free vision white ZnO:AlLO; 0.30 090 0.86 0.06
Centrosolar HIT white glass 0.92 091 092 0.02
Centrosolar HIT C white glass + AR (TiO,) 0.92 094 0.94 0.02

Guardian SunGuard is a typical architectural low-e glass with a silver-based low-e coating for window
glasses and has a low emissivity, but also a relatively low transmittance. Interpane ILS ipawhite is also a
silver-based low-e coating for windows, yet with improved solar transmittance. The Fraunhofer ISE low-e
coating is the aforementioned coating, which was applied in the PVT prototype and specifically opti-
mized for this purpose. Pilkington K-Glas N OW is a pyrolitic, fluorine doped tin oxide (SnO,:F) coating
and achieves both low emissivity and high transmittance. With an additional anti-reflective coating,
which can be spray-coated on the glass, the transmittance can be further improved especially in the PV
responsive spectrum. However, the combination K-Glass + AR is not available commercially but was pro-
duced on lab scale at Fraunhofer ISE. Euroglas silvestar free vision white is a highly transparent low-e
coating based on aluminum doped zinc oxide (ZnO:Al,O,). It was developed in the joint research project
HFK Glas by Euroglas and ISFH and is optimized for the application in solar collectors with a high trans-
mittance and medium emissivity (Foste et al. 2013).

Two samples of soda free low-iron glass (white glass) without low-e are also included in Table 3.8 for
comparison purposes, where Centrsolar HiT C features a single anti reflective coating based on TiO,.

As can be seen from this summary, the lower emissivity typically comes at the expense of a lower trans-
mittance, which reduces note only the electrical but also the thermal performance. Therefore, a good
balance between a low emissivity € and a high transmittance t is desired.

3.6.2 Evaluation of optical parameters

The optical parameters of the low-e coating determine the resulting performance of the PVT collector. A
rating function for the optical parameters is suitable to evaluate existing low-e coatings, assess their suit-
ability for PVT collectors, and develop new, optimized low-e coatings. In fact, such a target function was
used for the optimization of the silver-based low-e coating developed at Fraunhofer ISE (Lammle et al.
2016a). This target function was based on empirical assumptions and served as a starting point for the
more precise rating function, which is described in the following section.

Figure 3.23 illustrates the methodology with which this rating function is determined. The notion of this
approach is to correlate the optical properties of the low-e coating with the primary energy savings of a
PVT collector employing this coating. Thus, the rating function directly links the optical parameters of any
low-e coating with the primary energy yield of the PVT collector.
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Figure 3.23: Methodology for the deduction of the rating function.

In the first step, the relevant thermo-optical coating properties are identified based on the discussions in
chapter 3.5.3. The low-e coating only affects the optical properties at the first optical interface. Accord-
ingly, the electrical efficiency depends on the transmittance of the coating in the PV spectrum t.. Sec-
ondary reflections from the external cover can be neglected because of the low reflectance of AR glazing
of p.si= 0.04. The overall absorbed energy of the PVT collector as expressed by (ta). is influenced by the
low-e coating through the transmittance in the solar spectrum t,y; 5 plus the absorptance in the low-e
coating a5 Thermal losses in the given PVT collector design depend on the coating’s emissivity €555.

In the second step, performance coefficients of the PVT collector are calculated with the PVT collector
model. The collector construction and design parameters of the PVT prototype “PVTO1-low-e” are ap-
plied. The rating function is therefore valid for this type of glazed, flat-plate PVT collectors with low-e
applied on the PVT absorber surface.

In the third step, the primary energy savings for these collectors are calculated with ScenoCalc. The
thermal and electrical gross energy yields Ep, and Q. are evaluated at three locations Athens, Wirzburg,
and Stockholm at the relevant mean fluid temperatures of 25 °C and 50 °C, applying the MAP
weighting function. The primary energy savings Q are assessed and averaged for these locations using
the previously defined primary energy factors for electricity and gas.

In the fourth step, the correlation between the primary energy yields and thermo-optical properties is
analyzed. In total, 125 PVT collectors are sampled varying the three parameters t.g, Tawi s+0amis, and
€373, Which are treated as if they were independent from each other. A rating function f is introduced,
which normalizes the primary energy yields in the sense that the ideal coating (t.si= 1, Tami s + Gawis = 1,
€373 = 0) takes the value of f =1 and the worst coating (t.s =0, Tauis + Gawis = 0, €375 = 1) takes a
value of f = 0. The analysis of the correlation between the new rating function and the thermo-optical
properties shows a quadratic relationship for all three variables. This leads to the following form of the
rating function f with the weighting factors k;, k,, ks:

— 2 2 2
- c— . . - .
f =k ti_gi + Kz (Tamrs + @am1s)” + K3 (1 — €373x) (3.32)

The weighting factors k;, k;, ks are then identified via multiple linear regression, which achieves a good
correlation with a Pearson coefficient of R2 = 0.99 and is shown in Figure 3.24. The resulting rating func-
tion f with the identified weighting factors k;, k,, and ks is given by:

f = 0.24 T?_Si + 0.59 (TAMI.S + a’AMl.5)2 +0.17 (1 - 8373K)2 (333)
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Figure 3.24: Correlation analysis and multiple linear regression for the rating function f.

The rating function can be illustrated as follows: the higher the rating function f, the more suitable is the
coating. A high transmittance over a wide spectrum is of utmost importance since it is beneficial for both
T and Tay s and thus electrical and thermal yields. Although the weighting factor for emissivity ks is
the lowest, it should be noted that the emissivity typically ranges between 0.04 and 0.92, while transmit-
tance normally exceeds 0.6. The emissivity is therefore an effective lever for achieving a high rating func-
tion, and thus high primary energy yields.

Due to the normalization, an increase of the rating function by 1 %, equals an increase of 1 %, in pri-
mary energy yield Qp: The rating function differs slightly from the empirical function described by Ldmm-
le et al. (2016a): the new rating function assumes a quadratic relationship in contrast to a linear one.
Due to the fact that the multiple linear parameter identification is based on gross energy yields, the
thermal yields are overestimated compared to electrical yields. As a result, the focus is slightly shifted
from electrical to thermal priority resulting in a comparably lower weighting factor for 7.

The simplicity of the rating function comes at the expense of restricted validity and accuracy. Of course,
the balance between the thermo-optical parameters also depends on assumptions regarding primary
energy factors, collector design, and collector location. Assuming a primary energy factor for electricity
of f,o =3 instead of 2 results in a shift from heat to electricity priority with weighting factors of
k, =0.32, k, =0.53, and k; = 0.15. Regarding collector location and orientation the rating function ap-
pears to be robust: the weighting factors k;,, k,, and k5 differ by only +2 %, between Athens, Wiirz-
burg, Davos, and Stockholm.

An exemplary application of the rating function is given in Table 3.9. The seven screened low-e coatings
from Table 3.8 are evaluated with the rating function by employing their optical properties in Eq. (3.33).
Thermal and electrical gross energy yields for these coatings are calculated by running collector simula-
tions with the optical parameters of the low-e coatings and a subsequent assessment of gross energy
yields with ScenoCalc. The detailed efficiency curves of the PVT collectors with varying low-e coatings as
simulated with the numerical collector model are also presented in Appendix B.3.

The primary energy yield Q¢ correlates well with the rating figure: it reproduces not only the ranking of
low-e coatings but also the relative difference of gross energy yields. This shows that the rating function
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is a suitable tool to quickly assess the optical properties of low-e coatings for the application in PVT col-
lectors without performing elaborate collector and yield simulations.

Table 3.9:  Applied rating function for seven low-e coatings compared to thermal, electrical, and pri-
mary enerqy yields.

Parame-  Unit Guardian f-glas Fraun- Pilking- Euro- Centro- Centro-
ter Sun- ILS hofer ISE  ton glas solar solar
Guard ipawhit low-e K Glass free HiT HiT+C
e NOW + vision
AR white
Nesic - 8.6%  11.0% 11.5% 1.7%  126% 13.4% 13.7%
MNino - 0.54 0.62 0.66 0.70 0.68 0.67 0.68
¢ W/mz2K 3.72 3.78 4.04 4.24 4.72 6.48 6.34
() W/m?2K?2 0.01 0.01 0.02 0.01 0.02 0.02 0.02
Epv ap kwh/mz2a 106 137 146 149 160 173 179
Quiwar  KWh/m?2a 415 523 563 608 554 465 484
Que iae kWh/m?2a 667 850 912 966 930 857 890
Rating - 0.54 0.70 0.77 0.80 0.78 0.72 0.76
function f
3.6.3 Evaluation of humidity and condensation resistance with “Task X"
tests

Next to the optical properties, humidity and condensation resistance is an important criterion regarding
durability and lifetime assessment. To characterize the stability of low-e coatings under high humidity
and condensation conditions, five selected coatings underwent accelerated ageing tests within the pro-
ject PVTgen2 (Lammle et al. 2017a). These so-called “Task X tests” were originally developed for ab-
sorber coatings (ISO/FDIS 22975-2 2014), but can be adapted for low-e coatings due to similar micro
climatic conditions inside the collector.

The test procedure is divided into four phases:

e Phase O: Initial characterization

e Phase I: Condensation induced ageing in a climate chamber at T = 40 °C, relative humidity ¢ = 90 %,
and sample temperature T = 30 °C for 600 h

e Phase ll: Condensation induced ageing in a climate chamber at T =65 °C, relative humidity
¢ =95 %, and sample temperature T = 60 °C for 85 h

e Phase lll: Outdoor weathering/exposition: exposition for six days in Freiburg
After each phase, the samples’ emissivity and transmittance were measured in order to monitor their
ageing process.

Figure 3.25 shows the measured emissivity &5,3¢ of five samples after the corresponding ageing phases.
While ILS ipawhite and Fraunhofer ISE low-e coating suffered from major degradation effects, both K
Glass samples and the Euroglas coating registered no measured degradation. The application of the lat-
ter coatings is therefore recommended with respect to humidity and condensation resistance.
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Figure 3.25: Emissivity of five low-e samples after phases O - lll of the condensation ageing tests
adapted from Task X test.

The emissivity of the ILS ipawhite sample increased from an initial &5,5¢ = 0.08 t0 5,5 = 0.93 after phase
lll. At the same time the transmittance increased from Ty 5 = 0.71 to tau1 s = 0.84. The high emissivity
similar to uncoated glass and the increased transmittance suggest that the coating was destroyed almost
completely.

After three ageing phases, the ISE low-e coating reaches an emissivity of &;,5 = 0.32 from initially
375« = 0.13. There is no indication whether the emissivity decreases further beyond that point or stabiliz-
es around e3,5 = 0.32. The transmittance was not affected by the ageing process and remains at a con-
stant level of Ty, 5 = 0.79.

No change of optical properties of both K Glass samples, with and without AR coating, were observed,
not even after six days of outdoor exposure with strong rainfall. The same applies for the Euroglas coat-
ing. Note that the Euroglas sample differs from the low-e coating in Table 3.8 having an initial emissivity
of €5,5¢=0.21 and transmittance of t,y; 5= 0.82. However, the good humidity resistance should be
identical for both Euroglas samples given the almost identical coating layout.

Both silver-based low-e coatings seem to corrode faster than the tin and zinc oxide coatings. This finding
is in line with the results of Stazi et al. (2016), who found that “films with elevate silver percentages reg-
istered the worst physical and chemical resistances” after ageing. However, according to the authors,
there exist approaches to increase the moisture resistance by means of doping with additional metals or
additional thin films of moisture barrier.

3.7 Application aspects in glazed, unglazed and concentrating PVT collec-
tors

In the previous sections, glazed PVT collectors were discussed, where the low-e coating was directly ap-
plied on PVT absorber surface. However, low-e coatings can theoretically be applied to all emitting sur-
faces to suppress radiative heat losses. Accordingly, the application on the front glazing may also be an
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interesting option. Next to glazed PVT collectors, low-e coatings are also a suitable measure to reduce
radiative heat losses in unglazed and concentrating PVT collectors. In the following section, efficiency
aspects and practical considerations of the application of low-e coatings in glazed, unglazed, and con-
centrating PVT collectors are discussed.

Following the notation typically used in window glazing, Figure 3.26 illustrates the positions of low-e
coatings in PVT collectors. Position 1 directly faces the environment and is thus exposed to humidity and
external factors. Position 2 is located on the internal side of the front glazing. The position on the PVT
laminate in glazed or concentrating collectors is defined as position 3.

Pos. 1 Pos. 1
Pos. 2 POS. 2
Pos. 3

Pos. 1  Pos. 3

—B5 © 0 O o o

Figure 3.26: Applications of low-e coatings on different positions in a glazed collector (top), unglazed
collector (bottom), and concentrating collector (right).

The favorable application of low-e directly on the module glass on position 3 is not always technically
feasible. Firstly, some PVT collectors use materials other than glass for the protection of the PV cells. In-
stead of glass, polymer films such as FEP or ETFE (Dupeyrat et al. 2011c), protective silicone lacquers, or
gas-filled encapsulation-free PV modules (Mittag et al. 2015) can be used. In these cases, the feasibility
of applying low-e coatings on each specific substrate needs to be verified individually. Secondly, the in-
troduction of low-e coated, thermally toughened module glass in the production process might cause
problems. If commercial PV modules “from the shelf” are used, the low-e coating needs to be deposited
on each PV module after lamination individually at potentially high costs. Preferably, low-e coated, ther-
mally toughened glass is inserted directly in the production process, provided the availability at desired
thickness and type of the glass substrate. In case the application of low-e on position 3 proves to be un-
feasible, low-e coatings can be alternatively applied on position 1 or position 2, however with a lower
thermal efficiency.

Different configurations of glazed, unglazed, and concentrating PVT collectors are implemented in the
numerical collector model to study the influence of low-e at different positions on (ta)e, Ui, and the
thermal and electrical efficiency. As boundary condition, the position of the low-e coating is varied, while
all other glass surfaces have an AR coating. The optical properties of the ISE low-e coating are used for
the simulation study because of its medium rate of absorptance. Simulation results are summarized in
Table 3.10 and the corresponding thermal efficiency curves are depicted in Figure 3.27.
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Table 3.10:  Variation of the low-e position in glazed, unglazed, and concentrating PVT collectors.
Collec- D_escrip- Pos. Pos. Pos. mngsrc (T0)eft  Uiossat=sok Mo €1 G
tor de- tion 1 2 3 [-] [-] [W/m2K] [] [W/m2 [W/m2K
sign K] 7]
no low-e AR AR AR 13.8% 89.5% 8.8 0.67 6.4 0.03
'F?OES'°1W'Q low-e AR AR 12.7% 76.2% 7.9 0.58 5.9 0.03
glazed I
PVT - DEION® AR lowe AR 12.7% 76.2% 5.4 0.59 40 002
SEIOWe AR AR lowe 12.7% 832% 54 0.66 40 002
unglazed no low-e - - AR 14.2% 92.7% 20.5 0.50 13.4 0.02
PVT :DSOES'(?W-G - - low-e 13.0% 86.0% 13.8 0.54 9.9 0.03
no low-e AR AR AR 10.7% 81.9% 6.1 0.68 3.99 0.01
concen. 'F,st'ﬂw'e low-e AR AR 9.9% 69.6% 58 058  3.85 0.01
tratin .
Ry LN AR lowe AR 9.9% 69.6% 3.9 058 231 0.01
SElowe AR AR lowe  9.9% 76.1% 39 065 242 0.01

Applying low-e on position 1 on the front surface of the cover minimizes radiative losses from cover to
ambient. In glazed collectors, the heat loss coefficient is thus reduced from U, = 8.8 W/m2K to

7.9 W/m2K at AT = 50 K according to the numerical model. Convective heat losses by wind convection
dominate U, reducing the effect of low-e at this position. This results in a lower efficiency in glazed

PVT collectors compared to configuration without low-e, owing to the significant reduction of (ta).; by
13.2 %,..
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Figure 3.27: Application of low-e coatings in a glazed PVT collector on three different positions (left).
Application of low-e in unglazed PVT collectors and concentrating PVT collectors (right).
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Nonetheless, low-e coatings at the front cover are an interesting option for unglazed PVT collectors,
where the surface temperature and thus radiative losses are higher (Giovannetti et al. 2014). In the simu-
lated configuration, the low-e coating reduces the overall heat losses from U =20.5 W/m2K to
13.8 W/m2K resulting in an increase of the standard stagnation temperature from T, = 80 °C to 93 °C.
Resistance to weathering, humidity, and soiling poses a challenge for low-e coatings on position 1.

Owing to the symmetry of Eq. (3.12), the radiative heat loss coefficient h,,4 and consequently U, remain
unaffected whether the coating is applied at position 2 or position 3. However, due to the increased
absorptance in the metal layers, the absorbed heat in the low-e coating is not utilized if low-e is applied
at the front cover. The vast majority of energy absorbed in the front cover is lost to the ambient because
of the poor thermal contact between front cover and fluid, resulting in a drop of the effective transmit-
tance-absorptance product (ta).. Low-e coatings with a low absorptance oy s, €.9. Euroglas low-e
coating, are recommended for the application on position 2.

The application of low-e in concentrating PVT collectors is also promising, although the concentration of
irradiation itself has the effect of reducing hot absorber areas and thus radiative heat losses. That being
the case, low-e has the biggest benefit in low concentrating collectors, where radiative heat losses ac-
count for a substantial share of heat losses. The same qualitative considerations as for glazed, flat plate
PVT collectors also hold true for low-e in concentrating PVT collectors on position 1, 2, and 3. However,
since already the concentration itself decreases the optical efficiency, low-e on position 3 is recommend-
ed to avoid a further reduction of (ta).4. Another advantage of low-e on position 3 is a smaller coating
area, which could potentially reduce coating costs. Collector simulations were performed for a low-
concentration PVT collector design with concentration ratio of C = 2.4 based on the collector design
parameters given in Proll et al. (2016). For the simulations, the numerical model was adapted in order to
include concentration, while the convective heat loss model was not modified. According to the numeri-
cal results, the overall heat loss coefficient can be reduced from U, =6.1 W/m2K to 3.9 W/m2K at
AT =50 K by applying low-e to position 2 or 3.

To conclude, low-e coatings are a suitable measure of reducing radiative heat losses in all types of PVT
collectors. Next to the favorable application directly on the module glass, low-e can also be applied to
the front cover. However, this reduces (ta). significantly, depending on the absorptance of the low-e
coating. The effect of the position of low-e on the electrical efficiency is negligible.
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ASSESSMENT OF PVT SYSTEMS

The following chapter concerns the assessment of electrical and thermal yields in PVT systems with the
following research questions:

e Which factors influence electrical and thermal yields?

e Which PVT technology is suitable for which application, especially concerning PVT collectors with
low-e?

e What are the energetic benefits and the economic expenses of PVT systems?

Firstly, chapter 4.1 presents an empirical performance model of PVT collectors based on standard effi-
ciency parameters, which is suitable for annual system simulations. In chapter 4.2, the simulation frame-
work is defined concerning the reference electrical and thermal PVT systems and investigated PVT tech-
nologies. Chapter 5.3 contains the detailed assessment of the electrical and thermal collector yields in
these systems. Chapter 4.4 describes the novel characteristic temperature approach, the correlation of
Tear With collector yields, and possible fields of application. After the detailed analysis of collector yields,
chapter 4.5 evaluates the system performance concerning useful system yields and the added value of
PVT collectors. Based on their thermal operation within the system context, chapter 4.6 draws conclu-
sions on an optimized engineering of PVT collectors. Finally, chapter 4.7 analyses the economic feasibility
of the PVT system by a techno-economic assessment of collector prices, system costs, and the levelized

costs of electricity and heat. !

4.1 PVT collector performance model

411 Introduction, motivation and literature review

The assessment of annual yields of PVT collectors under “real” operating conditions can only be carried
out on the system level. There, the collector, weather, load profile, storage, control and their interaction
are taken into consideration. For simulating PVT systems, a PVT collector performance model based on
standardized performance parameters is necessary. The use of a detailed, physical collector model as
described in chapter 3.1 is impractical due to high computation times and, what is even more important,

The major findings of the following chapter are also published in the paper “PVT collector technologies in solar thermal
systems - a systematic assessment of electrical and thermal yields with the novel characteristic temperature approach”
(Ldmmle et al. 2017b). Chapters 4.1, 4.2, 4.3, 4.4, and 4.5.3 contain literal fragments of the paper. These fragments are not
marked as citations to facilitate the legibility for the reader. While acknowledging the co-authors valued contributions, the
author claims authorship and responsibility for these sections. An explicit citation of literal fragments is therefore omitted.
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the unavailability of collector data, which is required for the consistent comparison of different types of
collectors. Manufacturers, test certificates, and scientific publications mainly include standard perfor-
mance parameters. Therefore, the simulation of annual yields of PVT systems requires a PVT collector
performance model, which is based on standard performance parameters, but nonetheless considers the
interdependence of simultaneous electrical and thermal operation (Figure 4.1).

hybrid operation with generation of electricity
affects thermal performance

PV

non-standard performance model

Solar Thermal

standard performance model
based on ISO 9806

PV cell temperature depends on mean fluid
temperature T,,and internal heat transfer
coefficient Upperiuig

Figure 4.1:  Interaction of electrical and thermal performance in PVT collectors.

Current standards do not address the interaction of thermal and electrical operation in PVT collectors
with regards to a standardized approach for characterizing and modelling their performance (Kramer
and Helmers 2013).

The characterization of the electrical performance according to the corresponding standard IEC 61853
(2011) includes, amongst others, standard test conditions, nominal operating conditions, and the meas-
urement of temperature coefficients. Yet, the operation in a PVT collector differs from these standard
measurements due to the influence of the flow of heat transfer fluid and the resulting temperature dis-
tribution in the PV cells.

The standard for solar thermal collectors I1SO 9806:2013 allows tests in both open circuit (OC) and max-
imum power point (MPP) conditions, despite the known influence of the electrical operation on the
thermal performance. Nonetheless, the Solar Keymark Network guidelines (SKN 2015) specify the re-
quirements for PVT collector certification, according to which the PVT collector should be operated in
MPP mode.

Regarding modelling the PVT performance, the most basic approximation sets the cell temperature equal
to the mean fluid temperature, which is for instance used in the simulation software Polysun (Vela Solaris
2013). A more accurate approach was brought forward by Florschuetz (1979), who extended the Hottel-
Whillier-Bliss equation and coupled the cell temperature to the fluid temperature by a heat transfer coef-
ficient. This approach is the most widely used approach in the literature to model the electrical perfor-
mance of PVT collectors (e.g. Zondag et al. (2002b), Chow (2003), Perers et al. (2012), Bilbao and Sproul
(2015)).

Stegmann et al. (2012) developed a PVT performance model for TRNSYS which uses standard perfor-
mance parameters but is restricted to unglazed PVT collectors. Fritzsche et al. (2014) and Zenhdusern et
al. (2015) developed an empirical correlation to couple cell and fluid temperature by measuring an
equivalent cell temperature during stationary, indoor performance tests and correlating the equivalent
cell temperature with irradiance, fluid temperature, and the wind velocity. In a different approach,
Helmers and Kramer (2013) extended the quasi-dynamic method to simultaneously characterize the elec-
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trical and thermal performance in outdoor conditions, where the relevant performance parameters are
identified by multiple linear regression.

All models have their specific strengths and weaknesses, which are discussed in Schmidt et al. (2017).
There is, however, currently no standardized modelling and testing approach, while research activities in
this field are ongoing to harmonize the characterization of collectors and their underlying performance
models.

To bridge this gap, a custom, empirical performance model was developed. This PVT model builds up on
the two-node model by extending the standardized thermal model with an explicit node for the mean
cell temperature T, which is coupled to the mean fluid temperature T, by the internal heat transfer
coefficient Uppernig- Hence, the performance model can mostly use the standardized electrical and thermal
performance models and their corresponding set of performance data.

4.1.2 Electrical performance model for PV modules

A consistent comparison between the electrical yield of PV modules and PVT collectors requires a per-
formance model with consistent assumptions for both technologies. The major difference between PV
modules and PVT collectors concerns the governing cell temperature, which is primarily determined by
the fluid temperature in PVT collectors, and by the steady-state module temperature in PV modules.

The electrical performance model takes into account loss effects of incidence angle, irradiance, tempera-
ture, cable and inverter during every time step by modelling their specific contribution to the perfor-
mance ratio. The performance ratio is a useful indicator to compare the quality of a PV system on an
annual basis at different locations and is defined as (Goetzberger and Hoffmann 2005):

EPV (41)

PR, = ——
ot Nsrc * ltot

The instantaneous performance ratio due to incidence angle losses can be expressed as (Duffie and
Beckman 2013):

PRiay = 1— bo( _ 1) 4.2)

cos 6
with a typical value of b, = 0.07 for PV modules (King et al. 2004).
The temperature dependence of the electrical efficiency is expressed as (Skoplaki 2008):

PRy =1 -y (Teepy — 25°C) (4.3)
with a typical power temperature coefficient of y = 0.43 %/K.
The temperature of the PV module is calculated by (Faiman 2008):

(4.4)
Teenpy = Tq + Uo Ui u

with the constants of a crystalline PV module U, = 30.02 W/m2K and U, = 6.28 Ws/m3K (Koehl et al.
2011).

The low irradiance behavior is described by (Heydenreich et al. 2008):
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(In(G + e))? _ (4.5)

PR;=aG+bIn(G+1)+ [ T 1 1]

with the irradiance G in the unit W/m2 and the dimensionless Euler's number e [sic!]. Typical values for

crystalline PV modules are a = -0.0000109 m%W, b =-0.047, and c = -1.40.

On the system side, cable and inverter losses are considered. The performance ratio reduction due to the
effect of ohmic cable losses is modelled by:

)2 4.6
PR =1 — 0.02 (—=£)2 4.6)
PSTC
assuming a maximum of 2 %, losses during peak operation (Santbergen et al. 2010).
The performance ratio of the inverter is given by (Schmidt and Sauer 1996):
PR, = — 1+ vswieen (1 + vswiecn)? N Ppc — Pown (4.7)
! 2TonmPpc (27onmPpc)? TonmPhec

with the direct current PV output ppc, and the inverter specific constants pg,, = 0.016, Vg = -0.0046,
ronm = 0.047, which represents an inverter with a peak efficiency of 95 %.

Altogether, the overall instantaneous performance ratio PR, consists of:

PRtot = PRyam - PRr - PRg - PR¢ - PR (4.8)

The instantaneous specific electrical power output pey is then given by:

Ppv = MNelstc *PReot * G (4.9)

The correlations for the PV performance in Egs. (4.1) - (4.9) are implemented into TRNSYS by a generic
performance model. The electrical performance model disregards effects due to air mass and corre-
sponding spectral variations (compare King et al. 2004) because their impact on the annual performance
was found to have an negligible effect on annual yields. Furthermore, it is assumed that the PV module
remains unshaded throughout the year, and no power degradation of the module efficiency takes place.

Figure 4.2 summarizes the annual performance ratio of a c-Si PV module and depicts the contribution of
the individual loss mechanisms to the annual performance ratio. IAM, temperature, and irradiance loss
are assigned to the module losses, while cable losses and inverter losses are assigned to system losses.
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PV module output
Ne=12.7%
PR, = 0.85

PV module efficiency
Nsrc =15 %
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Figure 4.2:  Sankey diagram for the annual electrical performance of a c-Si PV module in Wiirzburg.

41.3 Solar thermal collector model (ISO 9806)

The versatile quasi-dynamic model forms the basis for the thermal PVT collector performance model,
which takes into account the dependence on direct and diffuse radiation, fluid temperature, wind speed,
incidence angle effects, and capacity (ISO 9806 2013):

Gusesur = No(Kgp(0)Gp + Kgq(0)Gq) — ceuG — 1 (T — Tg) — ¢2(Trn — T)? — c3u(Ty — Tp) 4.10)

+ ¢4 (E, — oT}) — c5dTy, /dt '
The performance coefficients ny,,and ¢, — ¢ can be evaluated by multiple linear regression after outdoor
characterization of the collector. Depending on the collector technology, some of the coefficients ¢, — ¢4
may show an insignificant sensitivity and can therefore be set to zero.

For example, the coefficient for wind speed dependence of thermal losses c; is typically not evaluated for
glazed collectors but set to zero. Nonetheless, the heat losses increase with higher wind speeds despite
the front cover. As a result, the efficiency and also stagnation temperatures depend on the wind speed
and the performance coefficient c;. To investigate this effect, two sample PVT collectors (“PVT03-
vented” and “PVT06-glued2"”) were tested outdoors and, deviating from the standardized procedure,
the parameter ¢; was identified. A wind speed dependence of ¢; =0.27 J/m3K (PVT03) and ¢;=0.22
J/m3K (PVTO06) was found for these collectors, which is slightly lower than typical values for flat plate
collectors (c; = 0.36 J/m3K, Fischer 2011), due to the predominant influence of radiative heat losses in
PVT collectors.

4.1.4 PVT collector performance model

The two-node collector model, which is also used for the physical collector model in chapter 3.1, forms
the basis for the empirical PVT collector performance. Accordingly, the mean cell temperature T pyr iS
equal to the absorber temperature T,.,, which according to the two-node model is given by:

Quseful (4.11)
Tcell,PVT =Taps =Ty + UusL
AbsFluid

Tenpvr 1S Used as an explicit value to calculate the temperature-related electrical performance ratio PR,
with Eq. (4.3) during every time step. Except for the different procedure for calculating cell temperatures,
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the identical performance model is used as for PV modules for modelling 1AM, irradiance, cable, and
inverter losses. Regarding the incident angle modifier, the electrical IAM is set equal to the thermal IAM
if no separate test data for the characterization of the electrical IAM is available (Perers et al. 2012).

The electrical mode of operation has a significant impact on the thermal efficiency (Hofmann et al.
2010). It is for this reason that the collector has to be operated in its realistic electrical mode during test-
ing, i.e. in hybrid operation with the electrical power tracked in maximum power point (MPP).

Theoretically, it is also possible to convert the thermal efficiency from open circuit (OC) mode to the MPP
mode. However, the interaction of electrical and thermal operation is physically complex and the math-
ematical conversion relies on several assumptions on the internal heat transfer and the nature of heat
loss paths (Helmers and Kramer 2013). Accordingly, a mere subtraction of the electrical power from the
thermal power in OC mode is physically incorrect.

A new procedure for the conversion of OC to MPP performance coefficients was specifically developed
for the purpose of performing system simulations for PVT collectors tested in OC mode. Appendix C.2
presents the mathematical background and a comparison of the thermal performance of PVT collectors,
which were tested in both MPP and OC modes including the theoretical conversion.

Nonetheless, the direct characterization of the thermal performance coefficients in MPP mode is more
accurate, due to the involved modelling assumptions of the new conversion procedure. Therefore, the
PVT performance model neglects the feedback of electrical output on the thermal gains and the perfor-
mance coefficients in Eq. (4.10) refer to the operation in MPP mode in any case.

There has been previous research on the two-node performance collector model for solar thermal collec-
tors with different motivations. Rockendorf et al. (1993) compared the heat loss measurement without
irradiance with efficiency measurement under irradiance by means of a two-node collector model. Witt-
wer and Rommel (1996) used the two-node model to model variable flow rates and a variable collector
efficiency factor F'. Fischer and Mdller-Steinhagen (2009) developed the two-node model further and
they expect a significant reduction of test duration and therefore suggest to include the extended model
to the European standard EN 12975.

All of the previous work utilize the two-node model because of the explicit notation of the mean ab-
sorber temperature T,... Thus, the two-node model extends the simple ISO 9806 model with the single
temperature node T,, by an additional node for the absorber temperature T,,, without altering its validity.
Figure 4.3 shows the one-node model juxtaposed to the two-node model for PVT collectors. In the fol-
lowing section, the differences between both models are explained, and a consistent procedure to ob-
tain the additional input parameters, which are not characterized by the ISO 9806 tests, is presented.
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Figure 4.3:  Comparison of one-node model for solar thermal collectors (ISO 9806) and the two-node
model for PVT collectors (based on Fischer and Mdiller-Steinhagen 2009).

Analogous to the physical model, the two-node model couples the two nodes T,, and T, by the internal
heat transfer coefficient Uyuiq. As discussed in chapter 3.2.5, numerical and experimental approaches
can be used to determine U g TOr @ specific absorber design. However, the required absorber-specific
parameters are mostly unknown for commercial PVT collectors, where typically test reports or data
sheets are the only available source of information. In this case, a makeshift procedure can be applied,
which uses measured test data to derive Un.gq ON basis of the collector efficiency factor F'. For a de-
scription of the procedure, refer to Annex 0.

In contrast to the one-node model, where thermal losses are expressed as a function of T,,, the thermal
losses in the two-node model are calculated as a function of T,,,. The latter represents a more exact rep-
resentation of the physical phenomena, since T, governs the heat losses. However, this also needs to be
taken into account when specifying the input parameters for the performance model. Instead of the
standardized parameter set of ny,, C;, and ¢,, the parameters need to be corrected with the collector
efficiency factor F' according to Table 4.1.

Table 4.1:  Input parameters for the one-node and two-node collector model.

Input parameter One-node model Two-node model
(1ISO 9806) (PVT collector)
conversion factor Tino (T0)ets = Nen, o/’
linear heat loss coefficient G U, = ¢,/F
guadratic heat loss coefficient ¢, U, = ¢, /F

In contrast to the single, effective capacity ¢4 in the one-node model, the two-node model uses the dis-
crete thermal capacities ¢, and ¢4 for each node. For this purpose, c. has to be distributed on c,,, and

Chuid-

Ceff = Cabs T Cfluid (4.12)
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A good agreement between experiment and simulation is observed, if c.¢ is halved and distributed equal-
ly on C,ps and Cyyig:

Cabs = Cfluid = Ce% (4.13)
WeiBmuller et al. (2012) observed high deviations of the effective capacity c. in a round-robin test, if C.
is characterized with the quasi-dynamic method. This may be due to a small variance of T, in the test
sequences. A significantly improved agreement with experimental results is achieved if c. is calculated
from the material properties of the collector, applying the weighting factors according to ISO 9806. For
instance, the quasi-dynamic method for “PVT06-glued2” yielded c.4 = 80.0 kJ/m2K, while the calculated
capacity amounts to C.¢ = 15.9 kJ/m2K. Owing to the entailed issues with using the capacity term identi-
fied by the quasi-dynamic method, the usage of the calculated capacity is highly recommended for con-
ducting annual system simulations.

Stagnation is an important operating condition which existing performance models do not cover. PVT
collectors continue to generate electricity during stagnation, whereas stagnation is irrelevant for the an-
nual yields of solar thermal collectors. For PVT systems, a correct model is however important and can
have a strong influence on the simulation of yields. Therefore, the state of stagnation is specifically ana-
lyzed for the new PVT performance model.

During stagnation, the thermal power ¢y, is zero and as a consequence of the two-node model, the cell
temperature equals the mean fluid temperature Ty pr = T,. Comparing the simulated model output
with the experimental electricity output, an acceptable agreement is observed (Figure 4.5, day 3). There-
fore, Eq. (4.10) describes the cell temperatures with sufficient accuracy for the case of stagnation. Due to
the good agreement, no additional correlations for stagnation are required. This is an important finding
for achieving a high accuracy of the electrical performance model during stagnation conditions.

An even higher accuracy is achieved if the wind speed dependence of thermal losses ¢; is also taken into
account. For instance, ¢; of “PVTO6-glued” was experimentally determined as ¢; = 0.27 J/m3K. Taking
into account this factor, the absorber would reach a stagnation temperature of T, = 128 °C at wind
speeds of u,,q =3 m/s according to simulations for a sunny summer day. In still air conditions at the
otherwise identical day, the absorber temperatures reaches T,,, = 139 °C, which would result in a differ-
ence of the electrical efficiency of 4.7 %,

The two-node model according to Fischer and Mduller-Steinhagen (2009) is already implemented in
TRNSYS type 832 (Haller et al. 2012), which is also regarded as the most accurate and flexible solar
thermal collector type currently available. Type 832 is therefore used for the system simulations, where
the electrical performance model is coupled to type 832 via the mean absorber temperature T,..

415 Validation of the PVT collector performance model

The PVT performance model is validated by comparing simulation data with experimental measurements.
For this purpose, two glazed PVT collectors, one with low-e coating (“PVT03-vented”) and one without
low-e coating (“PVT06-glued2”) were monitored for 15 days at the outdoor test fields of the accredited
test lab at Fraunhofer ISE. Both PVT collectors were fixed on a rack, connected to a thermostat, and at-
tached to a MPP tracker. The thermostat emulated dynamic inlet temperature profiles in order to achieve
realistic operating conditions. Highly accurate laboratory measurement equipment measured the weather
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data and electrical and thermal collector power output. Prior to the monitoring period, the thermal input
parameters were characterized based on the quasi-dynamic method. The electrical input parameters
were characterized in a flasher at Fraunhofer ISE CallLab.
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Z";Z’;Z’I’; MPPT- »PVT06 Collector 2
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Figure 4.4:  Set-up of the outdoor test-stand with two full-size, glazed PVT collectors: photo (left), and
measurement schema (right).

In order to validate the PVT performance model, the same 15 days were simulated in TRNSYS in 0.1 h
time steps using the measured weather data, collector inlet temperature, and mass flow rate as input
data. Figure 4.5 depicts the experimental and simulated electrical and thermal power output on three
representative test days of collector 2. The fluctuations in the thermal power of day one and two result
from variations of the irradiance and the inlet temperature. On day three, the pump was switched off
during noon in order to achieve stagnation conditions.

Good agreement between simulated and experimental results is observed. The thermal model reproduc-
es accurately the steady-state situations, for instance during the morning and afternoon of day 3. How-
ever, the capacity term c.in Eq. (4.10) is not able to fully describe the dynamic behavior with varying
levels of irradiance and inlet temperatures. The electrical model shows good agreement during most of
the measurement period. Only at a high angle of incidence in early morning and late afternoon, the col-
lector frame partially shades the PV cells, which results in a drop of the measured electrical power. The
electrical performance model does not consider this effect, which explains the deviations between exper-
iment and simulation.

The objective of system simulations is the accurate prediction of annual yields. Therefore, the major re-
quirement of the performance model is a good reproduction of the cumulative thermal and electrical
energy balance. The exact representation of the instantaneous power output plays a secondary role and
small deviations may be accepted, if the effect on the cumulative energy balance is small. With this
background, the model accuracy is assessed by means of the mean relative error of the electrical and
thermal yield cumulated over the measurement period. In contrast to the validation of the numerical
collector model, the root mean square error is not expedient here, because this error indicator overrates
large deviations at singular time steps, e.g. when the pump is turned back on after stagnation.
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Figure 4.5:  Validation of the PVT collector performance model: comparison of experiment and simula-
tion at three reference days for “PVT03-vented”.

The cumulative electrical yield Ep, is given by the integral over the power output:

EPV = fppV dt (414)
The mean relative error AE,, is then given by:

AEPV — EPV,test - EPV,sim — f(pPV,test - pPV,sim) dt (4. 1 5)

Epy test I oy test dt

The cumulative thermal yield Q. and the thermal mean relative error AQ, are defined correspondingly.
Table 4.2 documents the resulting mean relative error for both tested PVT collectors and for the com-
bined overall PVT performance model.

The simulation model slightly underestimates the electrical yield with a mean relative error of AE, = -
0.8 %, of PVTO3 and AE,, = 1.5 %, of PVT06. The thermal yield is overestimated with a mean relative
error of AQ. = 0.6 %, of PVTO3 and AQ. = 3.9 %, of PVTO6. It is worth mentioning, that the fully
standardized thermal performance model has a relatively large mean relative error of AQ., = 1.6 %, for
the overall model, while the non-standard electrical performance model shows a better agreement with
a mean relative error of AE,, = 0.5 %,,. This might be caused by the measurement uncertainty, which is
larger for the thermal power than for the electrical power. The measurement error of the electrical yield
is estimated to be +1 — 3 %,, mainly due to the uncertainty of the MPP tracker, while the uncertainty of
the thermal yield lies in the range of £2 — 5 %,
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Altogether, the accuracy of the PVT performance model lies within an acceptable range, which allows
the conduction of annual simulations on the system level.

Table 4.2:  Uncertainty assessment of the PVT performance model.

PVT03-vented PVT06-glued2 Overall model

Electrical Thermal Electrical Thermal Electrical Thermal
Measured yield E., Quest [KWh/m?2]  6.09 30.75 7.89 29.27 13.98 60.02
Simulated yield E;;,,, Q. [KWh/m2]  6.14 30.56 7.77 30.44 13.92 61.01
Mean relative error AEp, / AQy [-] -0.8 % 0.6 %, 1.5%q -40%, 05%, 1.6 %y
4.1.6 Discussion and outlook

Despite the good agreement with experimental results, the performance model is subject to several as-
sumptions and is therefore limited in its validity.

Firstly the performance model is based on the two-node collector model with its underlying notion that
the thermal losses are solely governed by the absorber temperature, a constant internal heat transfer
coefficient Unuig cOuples the absorber and fluid temperatures, and the mean cell temperature equals
the mean absorber temperature. While the two-node collector model shows a relatively good agreement
with glazed PVT collectors, its validity for unglazed PVT collectors is doubtful when comparing model
results with experimental observations.

Secondly, the additional model parameters Uxpgig @and Cuuig have to be determined from standardized
test results with an alternative, makeshift approach. This approach underlies model assumptions and
involves high levels of uncertainty. For instance, small variations of the performance parameters ny,o,
(ta)er @and F' result in high variations of Uuiq during its calculation from F'.

Thirdly, the feedback of electrical operation on the thermal performance is neglected in the performance
model. Therefore, it is essential that the thermal performance coefficients are determined during MPP
operation. Then the electrical efficiency of simulation and test only differs due to variations of irradiance
and absolute temperature. With a conservative estimate, this influence on the instantaneous thermal
efficiency can be narrowed down to a maximum deviation of less than 2 %..

Future research should aim at a standardized performance model for PVT collectors, where all required
model parameters are obtained from standardized collector characterization procedures. With such a
harmonized model, more accurate simulation results can be expected due to a more realistic determina-
tion of performance coefficients. Additionally, a standardized performance model facilitates the compari-
son of PVT collectors which were tested in different facilities and in different test conditions. Some inter-
esting approaches have been brought forward, e.g. by Helmers and Kramer (2013), Fritzsche et al.
(2014), and Zenhausern et al. (2015), but a consensus on a standardized model has not yet been
reached.
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4.2 Definition of PVT system simulations framework

The objective of the simulation study is the analysis and comparison of the yields and system perfor-
mances of different PVT collector technologies in a wide band of different solar thermal applications. The
following chapter introduces and defines the boundary conditions for this simulation study.

4.2.1 Definition of reference PVT collector technologies

One objective of the assessment of PVT systems is the comparison of collector technologies to identify
suitable fields of applications. Flat plate, liquid-type PVT technologies are in the focus of the system as-
sessment in addition to reference technologies, namely a PV module and a flat plate collector. All input
data for the collectors originate from measurements on real PVT prototypes at Fraunhofer ISE. The fol-
lowing three PVT collector technologies are assessed:

e The unglazed PVT collector is a commercial product without back insulation featuring a high
internal heat transfer coefficient Uy, and mono-Si PV cells.

e The glazed PVT collector features mono-Si PV cells, directly laminated on a sheet-and-tube ab-
sorber made of aluminum and copper (“PVT02-no low-e").

e The glazed PVT collector with low-e features the same PV cells and identical collector design,
but it is additionally equipped with the silver-based low-e coating by Fraunhofer ISE with
£573¢ = 0.14 on the surface of the PV module (“PVTO1-low-e").

In addition to the PVT collectors, a conventional PV module and flat plate collector are included as refer-
ence and technology benchmark:

e The reference PV module is a commercial glass-glass module with mono-crystalline PV cells and
a rated module efficiency of ngsic = 15 %, corresponding to the efficiency and cell technology of
the assessed PVT technologies.

e The reference flat plate collector represents the European market average and is a standard
sheet-and-tube collector with spectrally selective absorber coating.

Figure 4.6 depicts the corresponding efficiency curves and Table 4.3 summarizes the electrical and ther-
mal input parameters.
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Figure 4.6:  Electrical and thermal efficiency curves of the investigated collectors.

The precise definition of collector area has a substantial influence on the evaluation of PVT technologies,
as shows the following example. Figure 4.7 illustrates the relevant areas of the glazed PVT prototype
“PVTO1-low-e”. The PV module areas covers only 88 % of the aperture area to avoid partial shading
from the collector frame. Furthermore, the inactive collector frame occupies 13 % of the gross collector
area, owing to the small collector dimensions. Relating the energy yield to the gross area A, aperture
area A,, or PV module area Ay, makes a difference of up to 22%.

Table 4.3:  Electrical and thermal performance coefficients of the investigated collector technologies.

Parameter Unit PV PVT PVT PVT glazed Flat
mod-  unglazed glazed low-e plate
ule collector
Electrical Nelstc - 15.0% 15.0% 14.5% 13.9%
v %/K 0.43 0.43 0.43 0.43
Thermal Nino - 0.58 0.63 0.67 0.793
G W/m2K 12.5 6.37 3.98 4.03
G W/m2K?2 0.023 0.025 0.01
Cs - 1.38
Ce s/m 0.06
Ceff kJ/m?2 16.3  10.143 10.143 5.2
bo - 0.09 0.15 0.17 0.09
Thermo-electrical ~ Unperig W/m2K 65.5 62.1 61.2

coupling
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gross area A, = 1.04 m?
aperture area A,, = 0.92 m?
PV module area A, = 0.81 m?

collector
frame

inactive

O O O O G PV module

border

Figure 4.7:  Definition of gross, aperture, and PV module area at the example of “PVTO1-low-e”.

Based on these considerations, the following conventions apply. The efficiency and specific yields are
reported relative to the technologically relevant areas. For the electrical efficiency this means the PV
module area Ay, and for the thermal efficiency the aperture area A,,. Thus, the inactive areas of the
collector frame and module border are disregarded for the yield assessment. For the comparison of PVT
systems with regards to utilization of roof area, effective gross areas are used. While for PV modules and
unglazed PVT collectors gross, aperture and PV module areas are equal (A, = A,, = An), the following
aspect ratios are used for glazed PVT collectors corresponding to a PVT collector of 2 m2 size:
AJA,, = 1.09, and A, /As, = 1.09.

4.2.2 Definition of reference solar thermal systems

The solar thermal system in which the PVT collector is operated in substantially affects the electrical and
thermal yields. Amongst others, the system is characterized by its hydraulic layout, the sizing of storage
and collector field, design temperatures of the heat supply system, and the system control. Considering
the specific interplay between the collector, system components, weather, control, and user behavior, it
is essential to always regard the collector yield within its system context.

While numerous studies and existing publications focus on one specific system, the present approach
implies the simulation of varying PVT collector technologies in different systems. To date, only Zondag et
al. (2001) compared the performance of unglazed and glazed PVT collectors in different PVT systems
(DHW, combi, and heat pump in S/R configuration). Since that time, however, there was significant pro-
gress in the development of PVT collectors, especially concerning low-e coatings.

Four reference systems are investigated, which cover a broad range of potential applications with varying
levels of operating temperatures.

e System (a) - Heat pump (HP) system in a single-family house (SFH) supplies space heat and
domestic hot water by a ground coupled brine-water heat pump. A synergetic integration of PVT
collectors can be reached when the PVT collector is coupled to the heat pump as heat source or
for the regeneration of a ground heat exchanger, which potentially offers lowest collector temper-
atures.

e System (b) - Domestic hot water (DHW) system in a multi-family house (MFH) is typically
dimensioned in such a way that a relatively low solar fraction is reached. Hence, the water is most-
ly preheated and operating temperatures in the collector circuit are lower.
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e System (c) - Domestic hot water (DHW) system in a single-family house (SFH) is the classical
system for solar thermal collectors and is therefore considered a promising application with a po-
tentially big market for PVT collectors (Zondag et al. 2006).

e System (d) - Combined DHW and space heating (Combi) system in a single-family house
(SFH) is a challenging application with high requirements for the thermal efficiency of the PVT col-
lector, since the heat demand occurs mostly in winter, with low levels of irradiance and low ambi-
ent temperatures.

The basic hydraulic layout of the four systems with corresponding reference collector and storage dimen-
sions are depicted in Figure 4.8. The reference dimensions of collector and storage are chosen according
to typical values found in the reviewed publications, which are presented with more detail in the follow-
ing paragraph.
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Figure 4.8:  Hydraulic layout of the solar thermal systems (a) — (d) with reference dimensions of collec-
tor aperture area A,, and storage volume V.

4221 System (a)-SHP +SFH

System (a) is a solar heat pump (SHP) system to provide domestic hot water and space heat to a single-
family house (SFH). The heat pump delivers heat to a central storage tank, and a PVT collector array con-
stitutes an additional heat source. The combination of PVT collectors and heat pump systems bears the
advantage of low collector temperatures.

Solar thermal heat pump systems offer several hydraulic integration concepts (Ruschenburg et al. 2013).
In the parallel configuration (P), PVT collectors operate independently from the heat pump and the solar
heat feeds directly to the storage. The serial configuration (S) describes the coupling of the PVT collector
to the evaporator as an exclusive or additional source for the heat pump. Furthermore, PVT collectors can
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be used for the regeneration (R) of a ground source. Typical systems comprise a combination of the par-
allel, serial, and regeneration configurations. The performance of unglazed PVT collectors was assessed
in a P/S/R system by Bakker et al. (2005), in a S/R system by Bertram et al. (2012), and in P, P/S, and P/S/R
systems by llle et al. (2014).

The reference PVT heat pump system in this assessment is a P/R system, meaning that the solar heat can
be used to directly deliver heat to the storage (P), or to regenerate the borehole (R). Under energetic
considerations, the parallel operation is advantageous since the heat can be directly used without an
additional conversion step of the heat pump.

The vertical borehole serves as a heat source for the brine-water heat pump. During regeneration (R), the
PVT collector delivers heat to the borehole heat exchanger and thus avoids an undesired cooling of the
ground in proximity to the borehole. Thus, the dimensions of the borehole heat exchanger can be re-
duced compared to a system without borehole regeneration (Bertram et al. (2012)). Moreover, the PVT
collector raises the source temperature to reach a higher coefficient of performance (COP) of the heat
pump. Concerning the operation of the PVT collector, regeneration reduces collector temperatures due
to low ground temperatures and avoids stagnation of the collector array.

The option for a serial operation (S) is not considered, due to high variations of PVT collector outlet tem-
peratures. Therefore, the solar heat always passes through the ground heat exchanger before entering
the heat pump, so that temperature peaks are avoided.

In PVT heat pump systems, the electrical output of the PVT collector can be directly used to drive the
compressor of the heat pump. However, the electrical performance of the heat pump is beyond the
scope of this assessment. Therefore, it is also acceptable that the hydraulic implementation of the heat
pump is not optimized towards a maximum COP of the heat pump, which for instance could be
achieved by a sophisticated control strategy ensuring low heat pump outlet temperatures.

4.2.2.2 System (b) - DHW + MFH

System (b) is a multi-family home (MFH) system with solar thermal domestic hot water preheating. The
hot water for ten households is supplied by a storage tank with an auxiliary gas heater and the solar heat
is used to preheat the cold water in the bottom of the storage tank.

Rommel et al. (2014) assessed the performance of unglazed PVT collectors, and Matuska et al. (2015)
compared the performance of unglazed, glazed, and glazed PVT collectors with low-e coatings in DHW
systems in multi-family houses.

The set temperature for hot water draw-off amounts to T, = 60 °C at the households’ tap with an
overall daily hot water consumption of V = 1000 I/d, assuming a stochastically distributed tapping pro-
file. In addition to the hot water demand, heat losses originating from circulation are considered. To
avoid the formation of legionella, a permanent circulation of hot water at T =60 °C has to be main-
tained in this four-pipe-configuration (Streicher 2012). The circulation line is reheated by an external heat
exchanger and the recovered heat feeds back into the storage.

Due to a relatively constant heat load and relatively small dimensions of the collector array, DHW systems
in multi-family houses have a low solar fraction and hence moderate collector temperatures. PVT collec-
tors might be a suitable solution for multi-family homes as they potentially make optimum use of the
limited available roof space in relation to the high energy demand of the building.
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The hydraulic layout and load profile of system (b) is very similar to solar thermal systems for hotels, hos-
pitals, and office buildings. A PVT collector system is installed for field tests in the new town hall build-
ings of the city of Freiburg, which is designed as the biggest plus energy building in Europe. There,
glazed PVT collectors substitute the originally planned flat plate collectors to provide hot water to the
kitchen and office taps.

4.2.2.3 System (¢) -DHW + SFH

System (c) is a single-family house system with solar-assisted domestic hot water (DHW) preparation. This
configuration is considered the classical solar thermal application with a potentially big market for PVT
collectors (Zondag et al. 2006).

As such, system (c) is the most widely reviewed PVT system. Amongst others, Zondag et al. (2002b), Ka-
logirou and Tripanagnostopoulos (2006), and da Silva and Fernandes (2010) assessed the yields of glazed
PVT collectors in DHW systems. Moreover, Santbergen et al. (2010) analyzed the effect of anti-reflection
and low-emissivity coatings in glazed PVT collectors and Dupeyrat et al. (2014) compared the perfor-
mance of unglazed and glazed PVT collectors.

The set temperature for the hot water draw-off of system (b) amounts to T,, = 45 °C with a stochastical-
ly distributed tapping profile and daily draw-off rates of V = 175 I/d. This corresponds to a typical four-
person household, which is also used as simulation boundary condition for the single-family house sys-
tems (a) and (d).

4.2.2.4 System (d) - Combi + SFH

System (d) is a single-family house system with combined solar hot water preparation and space heating.
In Europe, combi systems are an important application and represent a share of 20 % of the solar ther-
mal market (Mauthner et al. 2016).

The application of PVT collectors in combi systems was assessed by Fraisse et al. (2007) for unglazed and
glazed PVT collectors with and without low-e, by Fortuin et al. (2014) for glazed PVT collectors with
low-e, and by Good et al. (2015) for unglazed and glazed PVT collectors.

The space heating in system (d) is implemented by a floor heating system with low supply temperatures
of 40 °C and the hot water preparation is identical to system (c). In general, the hydraulic system layout,
control, and parametrization follow the reference heating system developed within the IEA SHC Task 32
(Heimrath and Haller 2007).

As the demand for space heating mainly occurs in winter and the transitional period with low levels of
irradiance, sufficiently large collector areas and storage volumes are required. Amongst the investigated
systems, the combi system imposes the most challenges for PVT collectors, because high temperatures
are reached in summer due to a low heat demand. During the harsh climatic conditions of winter, a high
thermal efficiency is required, where PVT collectors underperform compared to flat plate solar thermal
collectors. Although the required floor heating supply temperatures are low, storage temperatures typi-
cally exceed this temperature, because the heat has to be stored for a longer period, which is achieved
by a sensible increase of storage temperature.

Concerning the operation of the PVT collector, the combi system with auxiliary heater bears no signifi-
cant differences to a solar thermal heat pump system in parallel configuration (P).
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4.2.2.5 General boundary conditions of the solar thermal systems

The operation of the solar loop is controlled by a differential controller with a fixed mass flow rate of
m = 45 kg/h per square meter of collector area. When the difference between collector outlet and stor-
age is above AT = 6 K, the pumps in the primary and secondary collector loop are turned on. When the
difference falls below AT =4 K, the pumps are turned off again. Regarding the regeneration of the
ground source, a more complex control algorithm is implemented, where priority is granted to charging
the storage directly: when the temperature level of the collector is insufficient for storage charging, the
heat is used to regenerate the borehole.

Load profiles for hot water tapping and space heating are provided in TRNSYS as an input file. The sto-
chastic distribution of draw-offs is obtained with DHWocalc (Jordan and Vajen 2005) for both single and
multi-family homes. The location-specific annual variation of cold water temperature is calculated ac-
cording to DIN EN 12977-2 (2012). The heat demand of the building is obtained following the method-
ology of Task 32 for the reference building with a heated floor area of 140 m? and a specific heat de-
mand of 60 kWh/mZ2a for the climatic conditions of Zurich (Heimrath and Haller 2007). The components
and TRNSYS types are listed in Table 4.4 and resulting hot water and space heating loads are reported in
Table 4.5 for the four reference locations.

Table 4.4:  List of components and used TRNSYS types.

Component Type Comment

Solar thermal collector Type 832 Dynamic collector model (Haller et al. 2012)
PV module Custom PV model (chapter 4.1.2)

PVT extension Custom PVT model (chapter 4.1.4)

Storage Type 805 Multiport Store model (Driick 2006)

Heat exchanger Type 91 TESS Library

Differential controller Type 2 TRNSYS 17 library

Auxiliary heater Type 6 TRNSYS 17 library

Heat pump Type 42b Quasi steady-state performance map model
Vertical borehole heat exchanger  Type 451 EWS model (Wetter 1997)

Flow diverter Type 11b TRNSYS 17 library

Tee-piece Type 11h TRNSYS 17 library

Pipes Type 31 TRNSYS 17 library

Variable speed pump Type 110 TESS Library

4.2.3 Definition of the electrical PVT system including battery storage

The electrical PVT system in the basic grid-connected configuration consists of the PV generator and an
inverter. The PV generator is formed by an array of PV modules, PVT collectors or a combination of both.
Their respective electrical yields are modelled with the performance model described in chapter 4.1.

As is generally known, the value of generated PV electricity is subject to temporal fluctuations. With high
proportions of renewable electricity from sun and wind in the grid, the value of electricity is lower and
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hence market prices drop. On the contrary, PV electricity has a higher value in situations with lower pro-
portions of renewable energy from sun and wind. Therefore, a mere analysis of the net energy genera-
tion is not sufficient, but also the temporal distribution of PV generation is relevant, i.e. when and how
much electricity is produced.

In contrast to PV systems, which can also be grid-connected, most solar thermal systems are per se de-
central. For a consistent comparison of the amount of produced electricity and heat, the system bounda-
ries for PV and solar thermal need to be defined consistently. Either the net, cumulated energy is as-
sessed at the collector level, or the decentral, local energy consumption is assessed on a system level.

Following these considerations, a simple, decentral home battery system based on the battery model by
Staudacher and Eller (2012, 2015) is implemented in TRNSYS. This model allows the analysis of self-
consumption rates and electrical solar fractions within the decentral boundaries of a home battery sys-
tem. Thus, the value of generated PV electricity is taken into consideration within the context of the de-
central battery system to cover the local electricity load.

Figure 4.9 shows the electricity flow chart of a decentral battery system. The battery charge controller
priorizes the self-consumption to cover the local load. If the instantaneous PV generation surpluses the
local load, the excess PV yield is stored in a battery under consideration of the current state of charge,
maximum depth of discharge, maximum charging and discharging rates, and conversion efficiency of the
battery. Only if the battery is fully charged, the surplus electricity feeds into the grid. The dynamic load
profile with a required high temporal resolution based on stochastical user behavior is generated with
Synpro (Fischer et al. 2015) for single-family and multi-family houses.

Eloss,baffery
fory B
Eloss,inverter

PV generator inverter

Figure 4.9:  Energy flow chart of a decentral PV battery system (own illustration based on Staudacher
and Eller 2012).

4.2.4 Definition of reference locations

The assessment of PVT system includes the four European locations of Athens, Davos, Wurzburg, and
Stockholm. These reference locations as defined by EN 12977-2:2012 represent the different European
climatic conditions. Their weather data is obtained from Meteonorm (Meteonorm 2016). Climatic details
and the resulting annual hot water and space heating demand are reported in Table 4.5 for the four
reference locations.
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Table 4.5:  Location-specific weather and load characteristics.

Parameter Unit Ath- Davos Wiirz- Stock Comment

ens burg holm
Average ambient  °C 16.2 4.4 10.2 7.7 Meteonorm weather data
temperature T,
Irradiance on kWh/m2a 1823 1732 1293 1177 Meteonorm weather data
tilted plane I,y
Tilt angle ° 25° 30° 35° 45°  latitude minus 15° and rounded

to the nearest 5° step

Hot water kWh/a 2060 2948 2617 2746 V=1751d, T,, =45 °C
demand SFH
Hot water kWh/a 23498 28523 26651 27415 V=1000I/d, T, =60 °C
demand MFH + circulation heat losses
Space heating kWh/a 1998 9803 8516 10341 Task 32 reference building
demand SFH (60 kWh/m?2)
4.3 Assessment of electrical and thermal yields in PVT systems

In the following section, the electrical and thermal yields are assessed with regards to collector technolo-
gy, system type, and location. Hereby, the specific electrical and thermal yields are summed without tak-
ing into account primary energy factors or exergetic efficiencies. E,, and Q¢ specify the annual cumula-
tive electrical and thermal collector yields per square meter, where the electrical yield relates to the PV
module area and the thermal yield to the aperture area as defined in the collector specifications.

Epy disregards cable and inverter losses and balances the photovoltaic output behind the PVT collector
and PV module:

Ppy dt
oy = [ Pey dt (4.16)
Apy
with the instantaneous electrical gain of the PV collector P,, and the PV module area Ay,
Qcoi specifies the annual thermal output disregarding piping and storage losses:
) . dt
Qcou = —f Qjou (4.17)

ap
with the instantaneous thermal collector gain Q¢ and the collector aperture area A, In the solar heat
pump system (a), Qo is subdivided into heat delivered to the storage Qsosqe In parallel operation and
heat delivered to the borehole Qgge, fOr regeneration.

Before comparing collector technologies, systems, and locations in more detail, Figure 4.10 shows the
specific collector yields at the location of Wiirzburg. A more detailed summary of the yields at all four
reference locations can be found in Table C.3.
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Figure 4.10: Comparison of annual electrical and thermal yields of different collector technologies for
systems (a) — (d) in Wirzburg.

4.3.1 Comparison of PVT collector technologies

The differences between the PVT collector technologies are discussed exemplarily for the multi-family
home water preheating system (b) in Wirzburg (Figure 4.10, top right). The qualitative differences be-
tween collector technologies are observed similarly for the other system configurations and locations.

The electrical yields of the investigated PVT collectors vary between 148 kWh/m2 and 182 kWh/m2 de-
pending on the employed collector technology. By comparison, the PV module achieves a specific yield
of 179 kWh/m2 or 1.5 %, below the unglazed PVT collector. This is due to the cooling of the unglazed
PVT collector, whose average, irradiance-weighted cell temperature amounts t0 Ty mean = 27.9 °C com-
pared to Tegmean = 28.9 °C of the PV module.

The lower electrical yields of the glazed PVT collectors are caused by the reduced rated module efficiency
Neste and higher cell temperatures. The front glazing with its additional optical interfaces and reflections
reduces N src by 3.3 %,. The low-e coating further reduces the module efficiency by 4.1 %,,. Moreover,
the better thermal performance increases storage temperatures and thus fluid and cell temperatures.
This results in an average, irradiance-weighted cell temperature of T e = 38.2 °C of the glazed PVT
collector and T mean = 41.8 °C of the glazed PVT collector with low-e. Compared to the PV module, the
electrical yield in system (b) drops by 11.1 %, for the glazed PVT collector and by 17.0 %, for the
glazed PVT collector with low-e.
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In addition to the electrical output stands the thermal yield, which ranges between 248 kWh/m? of the
unglazed PVT collector and 672 kWh/m2 of the flat plate collector. Both glazed PVT collectors rank in-
between with a thermal yield of 445 kWh/m?2 of the glazed PVT collector and 525 kWh/m?2 of the glazed
PVT collector with low-e. Hence, the thermal yield follows the oppositely directed trend than the electri-
cal yield. Each PVT collector technology achieves either high electrical or high thermal yields, but not
both at the same time.

High thermal yields result from a good thermal insulation, which increases both the instantaneous effi-
ciency and the collector availability. The latter point can be demonstrated by means of the annual opera-
tion time, which amounts to 1415 h for the unglazed PVT collector compared to 2240 h for the glazed
PVT collector with low-e. During most of the year, the efficiency of the unglazed PVT collector is insuffi-
cient to deliver heat at the required temperature level. A higher thermal efficiency is achieved technolog-
ically by a better thermal insulation, e.g. an external glazing or a low-e coating. However, the gain in
thermal yield comes at the expense of a drop of electrical yield.

To conclude, a conflict of objectives between a high electrical and a high thermal yield is observed anal-
ogous to the previous findings in chapter 3.5.6. This originates from the conflict between a high optical
efficiency versus a high level of thermal insulation. If high electrical yields are desired, a collector tech-
nology with a good optical efficiency is advantageous whereas for high thermal yields a collector tech-
nology with a good thermal insulation is required. For the investigated PVT collectors, a better thermal
insulation results in a reduced optical efficiency. This is why a compromise between electricity and heat
generation has to be made.

4.3.2 Comparison of system configurations

The yield of PVT collectors in various system configurations is discussed exemplarily for the glazed PVT
collector without low-e at the location of Wurzburg (Figure 4.11). The qualitative differences are ob-
served similarly for the other collector technologies and locations. The focus of the assessment is placed
on the PVT collector yields within its system context disregarding system performance indicators such as
the solar thermal fraction, the seasonal performance factor of the heat pump, or the avoided CO, emis-
sions.

The electrical and thermal yields vary significantly between the four system types. Both electrical and
thermal yield decrease from system (a) to system (d), with the electrical yield dropping by 4 %, and the
thermal yield by 48 %.,.. Thus, the thermal yield is affected more profoundly by challenging system re-
quirements.
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Figure 4.11: Comparison of specific annual yields of a glazed PVT collector in different system configu-
rations in Wirzburg.

The differences of the yields are caused by various factors. Dimensions of collector area and storage vol-
ume, temperature of the heat supply system, varying load profiles, coincidence of supply and demand,
control of collector and auxiliary heating, storage stratification and mixing are just a few factors on the
system level which have a significant influence on the collector yields. However, the influence on the
collector performance can be reduced to the temporal distribution of the mean fluid temperature T, in
the collector field. This temperature governs the operation of the collector and significantly affects the
thermal losses through Eq. (4.10) and the cell temperatures through Eq. (4.11).

Due to the central importance of T, the characteristic temperature T, is introduced as a new indicator,
which describes the irradiance-weighted mean fluid temperature of the collector within the system con-
text and is defined as:

- [ G- Tydt

char — fG dt
The reason for weighting the mean fluid temperature T,, with the irradiance in the collector plane G can
be demonstrated by the notion that T,, does not affect the collector performance during night and has a

lesser influence during low levels of irradiance. Weighting T,, with G filters the night events with zero
irradiance and considers the proportionality of both electrical and thermal yields to the irradiance G.

(4.18)

Evaluating T, for the glazed PVT collector in the four investigated systems reveals the different govern-
ing operating temperatures. A characteristic temperature of T, = 32.0°C is reached in system (a),
Terr = 33.7 °C in system (b), Tear = 36.8 °C in system (), and T, = 41.7 °C in system (d). The increase of
the characteristic temperature correlates with the decrease of corresponding yields. Although also solar
thermal collectors in general prefer low operating temperatures, this is even more important for PVT
collectors since not only the thermal yields but also electrical yields benefit from a low T,

To conclude, significant differences between the thermal yields in the four systems are found which re-
sult from different operating temperatures of the collector. The characteristic temperature T, iS @ new
indicator, which characterizes the mean operating temperature of a solar thermal system and with which
the differences in electrical and thermal yields can be explained. A more detailed analysis of the correla-
tion between yields and T, will be presented in chapter 4.4.
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4.3.3 Comparison of locations

The electrical and thermal yields at the four reference locations differ in particular due to the annual
rates of irradiance in the collector plane l.. Therefore, the usage of utilization ratios is useful, which re-
late the annual yields to the rate of irradiance. The electrical and thermal utilization ratios UR,, and URy,
are defined as (VDI 6002):

Epy _ S ppy dt
ILoe [Gdt

UR,, = (4.19)

] dt
UR,, = Qcour _ quoll
Lot [Gdt

(4.20)

The utilization ratio thus normalizes the yield with regards to climate and collector orientation, which
makes it particularly useful for the comparison of yields at different climatic conditions.

Nearly constant utilization ratios for each PVT system can be observed, when comparing utilization ratios
instead of specific yields for the four assessed locations of Athens, Davos, Wirzburg, and Stockholm
(compare Table C.3).

The electrical utilization ratio UR, for PV modules varies by AUR, .x = 0.4 %, primarily due to varia-
tions of ambient temperature and wind speed. For PVT collectors, a deviation of AURy na = 1.2 Y% iS
observed, which results from the dependence of the electrical efficiency on T,, and ¢c,. Very good
agreement of UR,, in Wirzburg and Stockholm is found because of similar weather conditions.

Regarding thermal performance, slightly higher variations of the utilization ratio are observed. System (a)
shows the largest regional differences due to the sensitive charging control with the two heat sinks of
storage and borehole. This results in significant deviations of Qgegen aNd Qsorage between the four loca-
tions. The differences between Stockholm and Wirzburg of the thermal utilization ratio UR, are relative-
ly low due to similar climatic conditions with a maximum deviation of AUR, nax = 0.6 %, fOr system (b)
to system (d). The thermal utilization ratios in Athens and Davos are lower compared to the more north-
ern locations in Wirzburg and Stockholm. In Athens, this is mainly due to overdimensioned systems re-
sulting in higher operation temperatures (AURy, nax = -6.2 %,). In Davos, the lower utilization ratio is
attributable to colder ambient temperatures (AURy, max = -4.2 %.s). Regarding variations of URy, between
collector technologies, the highest variations are observed for unglazed PVT collectors due to their strong
dependence on wind speed.

In summary, the regional variations with regards to the utilization ratios UR,, and UR, are relatively small
between the investigated locations. For this reason, the qualitative observations for Wirzburg in the pre-
vious sections also hold true for other European locations.

4.4 Characteristic temperature approach

In the previous section, the electrical and thermal yields in specific system and collector configurations
were assessed. For a better interpretation of the differences between the system types, the characteristic
temperature T, was introduced in Eq. (4.18). Both thermal and electrical yield depend on the fluid and
cell temperatures, which is why the correlation between T, and yields is now analyzed in more detail.
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This novel approach is proposed to systematically assess the suitability of systems for the application of
PVT, select the most suitable PVT collector for a specific system, pre-assess the electrical and thermal
yields or to evaluate optimization measures. The approach should not be regarded as a substitute to dy-
namic system simulations, but as an additional evaluation indicator to compare collector yields of differ-
ent systems in a systematic way.

4.4.1 Dependence of collector yield on Tchar

In order to draw generalized conclusions, the simulation results are analyzed by means of correlating the
yields with the characteristic temperature T,,,,. For this purpose, a parameter variation was conducted for
the main dimensions of collector area and storage volume of the four reference systems. Additionally,
the heat load, temperature level of hot water, stratification characteristics of the storage, and circulation
losses were varied. The parameter variation is limited to the location of Wirzburg, and system (a) is only
considered in the parallel configuration without borehole regeneration. In total, over 1000 annual sys-
tem simulations in the four reference systems were carried out. Their corresponding yields are plotted
altogether in Figure 4.12, where each point represents a specific simulation case for one system configu-
ration with one collector technology.
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Figure 4.12: Correlation between characteristic temperature T,,,and electrical (left) and thermal (right)
utilization ratio, or yields indicated for Wirzburg, with varying PVT collector technologies.

A strong correlation between T, and the electrical and thermal yields can be observed, as both yields
decrease with a higher characteristic temperature.

While the electrical yield of the three PVT technologies is almost proportional to T, the PV module
operates independently from T.... Naturally, the cell temperatures in PV modules are uncoupled from
fluid temperatures unlike in PVT collectors. A better thermal coupling between PV cells and the fluid in
PVT collectors through an improved internal heat transfer coefficient Uu.q l€ads to higher electrical
yields at a constant T, due to a reduction of the cell temperatures. The electrical utilization ratio UR,, of
the PVT collector technologies drops by 0.45 -0.48 %,/K, which is in the range of the power
dependence y of the PV cells.
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The thermal yields also follow an almost linear trend, yet the yields are scattered more diffusely com-
pared to the electrical correlation. This is due to a more complex interaction of collector and system,
where collector control, weather, and storage temperatures introduce a higher uncertainty. Nonetheless,
a characteristic curve can be observed for each collector technology, which resembles the thermal effi-
ciency curve and clearly denotes their different thermal performance characteristics. The thermal utiliza-
tion ratio URy, drops by 1.1 - 1.4 %, /K for the glazed PVT collectors and by 2.5 %,,/K for the unglazed
PVT collector, which is evidently more sensitive to a higher T.,,.

In general, the thermal yields depend much stronger on the characteristic temperature than the electrical
yields. An increase of T, by 10 K reduces the electrical yield of a glazed PVT collector by 4.6%.., while
the thermal yield drops by 36 %, It is worth mentioning that both electrical and thermal yields benefit
from low characteristic temperatures. The lower T, the more symbiotic is the application of PVT collec-
tors, resulting in higher specific yields. However, the temperature level as required by the system has to
be met, since high characteristic temperatures may be necessitated by the application.

By its definition, the characteristic temperature T, describes the governing fluid temperature of the
collector field and thus summarizes the influence of the system on the collector. On an annual basis, the
system configuration, storage volumes, and aperture area are the most relevant factors influencing T,
Yet at the same time, T, itself also depends on the thermal performance of the collector and its interac-
tion with the system. With higher thermal yields, the storage heats up, and consequently the collector
inlet temperatures and T, increase. Therefore, T, can be interpreted as an indicator for the mean op-
erating temperature of a given collector-system-combination.

The characteristic temperature approach puts the operating temperatures in the collector array into the
focus. Hence, T, is the central criterion to assess the applicability of a PVT collector technology for a
given system configuration. The approach bears some similarities but also significant differences with the
FSC method developed by Letz et al. (2009). The FSC method aims at comparing system performances
with varying hydraulic schemes and components, correlating the fractional energy savings f.,, to the frac-
tional solar consumption FSC. In contrast, the characteristic temperature approach aims at comparing
collector performances by linking the collector with the system by T.....

4.4.2 Relationship of Twar and system type

Electrical and thermal yields of PVT collectors correlate strongly with T, as shown in the previous sec-
tion. Hence, these yields can be estimated roughly when T, is known. However, it may be difficult to
estimate T, due to its dependence from the exact system configuration and collector performance.
Therefore, the following section details the relationship between T, and the type of system.

An interesting observation was made while analyzing simulation results. Different collector technologies
yield a similar T, if the collectors deliver the same thermal yield and thus the same solar fraction f,,, of
the solar thermal system. This hypothesis was investigated for the previously defined systems (a) - (d).
Apparently, Ty, is relatively constant for identical system configurations with a constant f,,, with the
characteristic temperatures varying only in a small range.

Based on this observation, typical ranges for T, can be identified for systems (a) — (d) with a given f,.
Figure 4.13 shows a box plot indicating the quantiles of T, for each system with varying levels of solar
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fractions, and varying operation modes for the solar heat pump system (a). The above-mentioned pa-
rameter variation for the characteristic curves in Figure 4.12 provides the basis for the indicated ranges.

Figure 4.13 gives an orientation of typical values of T, for the discussed systems, independent from the
employed PVT collector technology. With the knowledge of T, the preliminary yields of the PVT system
can be pre-estimated and a suitable collector technology can be selected.
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Figure 4.13: Box plot of the ranges of the characteristic temperature T, for the four reference systems
indicating the four quantiles.

The median of T, indicates typical temperature levels for each system configuration. As expected, the
solar fraction has a strong influence on T..,.. With a higher solar fraction, the characteristic temperature
T.or increases, reducing specific electrical and thermal yields at the same time. Also the mode of opera-
tion of the solar heat pump system has a strong impact on temperatures and thus T,,.. While regenera-
tion (R) of the borehole achieves the lowest T...,, the combined parallel/regeneration (P/R) increases T,
due to higher collector inlet temperatures from the storage With respect to T, the parallel mode with-
out regeneration (P) bears no differences to the combi system (d) resulting in a wide band of possible
characteristic temperatures.

4.4.3 Identification of suitable fields of application for PVT collectors

The process of selecting the worthwhile PVT collector for a specific PVT system is not trivial. Due to the
aforementioned technological conflict between a high optical efficiency and a good thermal insulation,
either highest electrical yields or highest thermal yields can be reached, but not both at the same time.
This is why there is not the perfect PVT collector for all applications, but it is even more important to
specifically select the most suitable PVT collector for the given PVT system with its individual require-
ments. As the PVT collector has to match the operating temperatures, the characteristic temperature is a
suitable indictor for the process of selecting a suitable PVT collector.
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The lower the operating temperature, the more symbiotic is the application of PVT collectors in general,
as both electrical and thermal efficiency prefer low temperatures. With increasing operating tempera-
tures, a higher degree of thermal insulation is required to reach a sufficiently high thermal efficiency in
the operating range. For instance, the thermal efficiency of an unglazed PVT collector is insufficient for
the characteristic temperature of a domestic hot water system, which is why a glazed PVT collector with
a transparent front glazing should be preferred, although this reduces the electrical performance.

As a rule of thumb, the thermal insulation should be as little as possible in order to reach high electrical
yields. At the same time, the thermal insulation has to be as high as required, i.e. matching the given
Terar, in oOrder to reach a high heat output. In low temperature systems, e.g. heat pump systems with
ground regeneration, unglazed PVT collectors may reach sufficient thermal yields, so that high electrical
yields can be achieved due to their poor thermal insulation. In medium temperature systems, e.g. multi-
family homes with low solar fractions, glazed PVT collectors offer a good balance between electrical and
thermal yields. In medium to high temperature systems, such as domestic hot water and combi systems,
glazed PVT collectors with low-e coating offer relatively high thermal yields, while maintaining accepta-
ble electrical yields. For systems with high characteristic temperatures, concentrating PVT technologies or
non-hybrid side-by-side installations may be the suitable solution.

The analysis of primary energy yields provides a more scientific explanation of this rule of thumb. The
maximization of locally produced solar energy is a major motivation for the application of PVT collectors.
To quantify the combined production of electricity and heat, Figure 4.14 plots the characteristic curves
for the specific primary energy yield instead of showing the electrical and thermal yield separately next to
each other. Primary energy factors as defined in chapter 2.2.5 are used for the conversion from electricity
and heat into primary energy.

The glazed PVT collector with low-e coating achieves the highest primary energy yields in a wide temper-
ature range. Its higher thermal yields overcompensate its lower electrical efficiency. Even at lower charac-
teristic temperatures, the glazed PVT collector with low-e achieves higher primary energy yields than
without low-e. Although unglazed PVT collectors reach the highest electrical yields, their primary energy
yields are significantly lower than that of glazed PVT collectors. In systems with characteristic tempera-
tures above 50 °C, conventional flat plate collectors reach higher overall yields than the investigated PVT
technologies. This overall picture might however change, when different primary energy factors are tak-
en as a basis for the assessment.

Furthermore, the maximum characteristic temperature T, of each collector technology limits their fields
of application. For instance the unglazed PVT collector reaches a maximum characteristic temperature of
T.or = 30 °C. Therefore, this collector is not applicable in systems exceeding this characteristic tempera-
ture, as larger collector areas cannot compensate for the low specific yields at these temperatures.
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Figure 4.14: Primary energy yields and recommended temperature ranges per collector technology.

From these considerations, typical fields of applications and suitable temperature ranges can be recom-
mended for each PVT collector technology, which are also added to Figure 4.14:

e The application of unglazed PVT collectors is limited to low operating temperatures near or below
ambient temperatures of T, < 30 °C.

e Glazed PVT collectors are suitable for low to medium operating temperatures in the range of T,
between 25 °C and 45 °C.

e Glazed PVT collectors with low-e coatings can be applied for a wide temperature range of T, be-
tween 30 °C and 55 °C.

e For higher temperatures, concentrating PVT collectors or a side-by-side installation of flat plate col-
lectors and PV modules might result in highest overall primary energy yields.

4.4.4 Exemplary application of the characteristic temperature approach for
the preliminary assessment of a PVT system at the new town hall
building in Freiburg

The new town hall building in the Freiburg district of Stihlinger is an administrative building for approx-
imately 830 employees. With a net floor area of 21,500 m2 it is designed to be the largest European
building with a net zero energy standard. A sophisticated energy concept is required to reach this ambi-
tious target and cover the high electricity and heat demand with locally generated energy. Next to a full
coverage of the roof area with highly efficient PV modules, the facade is activated by building-integrated
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PV panels. A ground water coupled heat pump delivers energy-efficient heating and cooling for the
building.

Within the research project “NVZ-Freiburg”, the originally planned solar thermal system was substituted
with a PVT system to increase the primary energy yields. The solar thermal pre-heating system provides
hot water for the kitchen and for the office facilities and is designed to achieve a relatively low solar frac-
tion of f,,; =0.15, while the supplementary heat is provided by a biogas boiler. Concerning its thermal
characteristics, the planned PVT system is similar to the domestic hot water system (b) in a multi-family
home. However, the specific load profile, thermal demand, location, climate, and storage volumes differ
to the previously assessed system.

This example demonstrates the application of the characteristic temperature approach for the selection
of PVT collectors and for preliminary dimensioning the collector array. In six steps, the most important
performance parameters of PVT collectors are derived:

1) Identify T, the first step concerns the identification of the characteristic temperature. T, can
be calculated by a single system simulation, it can be obtained from the diagram in Figure 4.13, or
it has to be estimated based on experience and expert knowledge. In this example, T, amounts
to 28.0 °C and was obtained from the simulation of the reference solar thermal system with flat
plate collectors.

2) Read utilization ratio from yield estimation tableau: for the given characteristic temperature
T.ar the corresponding electrical and thermal utilization ratios per collector technology can be read
from the yield estimation graph in Figure 4.15.

3)  Assess specific yields: by multiplying the utilization ratios with the total annual rate of irradiance
on a tilted collector plane |, the specific electrical and thermal yields are given by:

EPV = URel - ItOt (421)
Qcout = URtp Lot (4.22)

4) Set total thermal output: since the PVT system substitutes a conventional solar thermal system,
the total thermal output is given by the replaced reference system. In this specific case, the system
aims at a solar fraction of f, =0.15 which corresponds to a total thermal output of
Qu = 22 MWh.

5)  Calculate required collector area: the collector aperture area A,,, which is required to meet the
thermal output, is given by:

Aap = Qtot/Qcon (4.23)

6)  Determine electrical PVT output: the total annual electricity output of the PVT array is given by
the following equation under consideration of the ratio between aperture and PV module area

A/ Ay

Apy

Etor = Epy Aap A_
ap

(4.24)

By means of the characteristic temperature approach, different PVT technologies can thus be compared
and specific yields, required areas, and surplus electrical yields can be preliminary assessed without con-
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ducting a single simulation run (Figure 4.15). In comparison to detailed system simulations, which were
conducted for the precise dimensioning of the system, the results are very similar. The exact simulations
yield a required collector area of A,, = 29.4 m? for the flat plate collector, A,, = 38 m? for the glazed PVT
collector with low-e, and A,, = 44 m2 for the glazed PVT collector. The required areas as obtained with
the characteristic temperature approach amount to A,, = 36 m? and A,, = 43 m? and the detailed results
from all six steps are also given in Table 4.6
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Figure 4.15: Yield estimation tableau for the characteristic temperature approach with the example of
the new town hall in Freiburg.

After the completion of the new town hall building, 22 glazed PVT collectors with a total aperture area
of 44 m2 were installed. The performance of this PVT system will be monitored for one year to assess the
actual electrical and thermal performance, and optimize the systems operation. Unfortunately, no moni-
toring results were available at the time of finishing this PhD thesis.

Table 4.6:  Preliminary assessment of performance indicators for different collector technologies in the
new town hall in Freiburg, following the six steps of the characteristic temperature ap-

proach.

Step Parame- Unit Un- Glazed Glazed FPC

ter glazed PVT PVT low-e
PVT

(1) Identify Tepar Tehar [°C] 28.0

(2) Read utilization ratios URy [-] 0.14 0.128 0.121 0
URy, [-] 0.11 0.41 0.49 0.64

(3) Assess specific yields Epy [kWh/m2?] 175 160 151 0
Qcol [kWh/m2?] 138 513 613 801

(4) Define total thermal output Qi [MWh] 22.0

;5r)e§alculate required collector A [m2] 160 43 36 27

(6) Determine electrical PVT output  E, [MWh] 28 6.3 5.0 0
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4.4.5 Discussion of the characteristic temperature approach

The operating temperatures of PVT systems are centrally important with regards to the performance of
PVT collectors. The novel characteristic temperature approach puts these temperatures into the focus by
introducing the characteristic temperature T, as a new indicator to describe the irradiance-weighted
mean fluid temperatures. This indicator can be considered as the central link between collector and sys-
tem due to its strong correlation with electrical and thermal yields. Therefore, the characteristic tempera-
ture is proposed as a new indicator for the thermal characterization of solar thermal systems.

Different application possibilities for the characteristic temperature were presented. The approach can be
used to pre-assess electrical and thermal yields, preliminarily size a PVT system, compare the performance
and select suitable PVT collector technologies. Furthermore, the characteristic temperature is also a suit-
able indicator to identify, quantify and evaluate optimization measures, which reduce the operating
temperature in PVT systems. Chapter C.4 in the Appendix discusses four cases studies for optimizing
collector yields and their implication on T,

From all these considerations, it becomes clear that the operating temperatures have a major influence
on electrical and thermal yields. Hence, an optimization of the PVT system always implies a reduction of
Tear- An adequate sizing of the PVT collector array and storage volume, and the selection of a suitable
PVT collector technology are therefore the key to a well-balanced PVT systems with high overall yields.

Being at an early stage, the characteristic temperature approach needs to be developed further. The va-
lidity of the correlation between T,,,.and thermal and electrical yields needs to be verified by field moni-
toring and by simulations for other types of PVT technologies and solar thermal systems. A simple meth-
od has to be developed to obtain the characteristic curve for a collector at a specific location depending
on performance and weather data. Additionally, the factors determining T, of a given system need to
be identified, so that in the future T, can be easily estimated from system characteristics.

Nonetheless, the characteristic temperature is a versatile indicator, which has to prove its practical ap-
plicability in the future. Above all, T, is especially helpful to bring a structure into the discussion of PVT
systems by focusing on operating temperatures.

4.5 Assessment of system performance

Up to now, the focus of the assessment was placed on collector yields. However, the collector perfor-
mance and its heat and electricity output have to be seen in the context of the system. It is in the nature
of decentral systems that yields need to meet the corresponding energy demand. A closer look at the
system performance allows an analysis of the performance of decentral PVT systems and a comparison
with a side-by-side installation of conventional flat plate collectors and PV modules.

To begin with, chapter 4.5.1 describes the selected assessment approach of sizing the PVT collector array
to achieve the same thermal output as the reference system with flat plate collectors. In chapter 4.5.2.,
the system performance is assessed using the example of the domestic hot water system (c) with glazed
PVT collectors with low-e. In doing so, indicators for the characterization of the performance on system
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level are introduced and explained. However, the performance indicators for the separate electrical and
thermal system do not take into account the central benefit of PVT collectors concerning the efficient co-
generation of electricity and heat on limited areas. Therefore, a new approach to describe the energetic
added value of PVT systems is presented in chapter 4.5.3. Finally, chapter 4.5.4 discusses the newly de-
fined system performance indicators for worthwhile PVT systems, where suitable PVT technologies are
selected for synergetic collector-system combinations.

4.5.1 Approach for the assessment of PVT system performance

The previous assessment of collector yields in chapter 4.3 analyzed PVT systems with a fixed collector
area and compared their specific yields. However, fixing the collector area is not a fair approach for the
assessment of system performance. If PVT collectors are regarded as a substitute to conventional flat
plate collectors (FPC), it is @ common assessment approach to compare a PVT system with a FPC system
delivering both an equal heat output. For example, this approach was also conducted in the new town
hall in Freiburg. Accordingly, the approach of comparing systems, which achieve the same solar fraction
and operate at similar characteristic temperatures, enables a fairer benchmark methodology.

Therefore, the total thermal yield of PVT and FPC systems is set to be equal throughout chapter 4.5. In-
stead of comparing PVT and FPC systems with fixed areas, we now compare PVT and FPC systems with a
fixed thermal output. To reach this goal, the collector area of the PVT collectors has to be increased. In-
creasing the PVT collector array, however, reduces the specific collector yield, because T, increases due
to higher storage temperatures. Consequently, PVT collectors require more area to provide the same
thermal yield as FPCs.

This approach of fixing the total thermal yields instead of fixing collector areas imposes more challenging
conditions for the PVT operation. Relatively high solar fractions and large collector arrays result in a high-
er characteristic temperature and thus lower yields than the yields obtained during the assessment of
PVT collector yields in chapter 4.3.

4.5.2 Exemplary assessment of the system performance of system (c) with
glazed PVT collectors with low-e

This section exemplarily presents the system performance for the domestic hot water system (c) in a sin-
gle-family house with a glazed PVT collector with low-e coating and introduces indicators for characteriz-
ing the system performance. These system indicators show how PVT collectors provide electricity and
heat to the single-family house and how the extensively discussed collector yields affect the system per-
formance.

Neither a comparison with alternative system configuration nor a full coverage of known indicators for
PV and solar thermal systems will be given at this point. The focus is much rather placed on a selection
of interesting aspects regarding the system integration of PVT collectors.

4.5.2.1 System characteristics

The domestic hot water system can be considered the “classic” solar thermal system worldwide and is
also a suitable example for explaining PVT aspects due to its hydraulic simplicity. The glazed PVT collec-
tors with low-e coatings are selected as they match the characteristic temperature of the system.
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To achieve the same total thermal yield as a system with flat plate collectors, the area of the PVT collec-
tor array has to be increased. In system (c), a PVT array with an area of A, = 8.5 m2 delivers the same
total thermal yield of Q. = 2.7 MWh as a FPC array with Apc = 5 m2 as defined in the reference system
in Figure 4.8.

The electrical and hydraulic layout of the system is shown in Figure 4.16. The thermal system is equal to
the previously discussed domestic hat water system with a storage volume of V,,, = 0.35 m3, an auxiliary
heater, and a daily hot water demand of V = 175 I/d at T,,, = 45 °C. Additionally, a simple grid-coupled
PV home battery system with an effective battery capacity of 5 kWh is considered. The battery system
aims at increasing the rate of locally covered and consumed solar electricity.

The characteristic temperature of the system amounts to T, = 49.1 °C. This indicates challenging oper-
ating temperatures for the PVT collector and relatively low electrical and thermal yields can be expected.

Heater

0.35 m3
v

System (c) DHW / SFH, T, = 49.1 °C

Figure 4.16: Electrical and hydraulic layout of PVT system (c) including PVT technology, collector area
A,y and storage volume V.

4.5.2.2 Visualization of energy flows

To begin with, the annual energy flows in the system are visualized in Figure 4.17. This diagram gives an
excellent overview of the energy flows in a PVT system by comparing the supply side (PVT collector) with
the demand side (local power and heat demand) and by juxtaposing gains and losses of collector and
system. The green arrows show the optical energy flows and their respective losses, the blue arrows the
electrical energy flows, and red arrows the thermal energy flows.

Here, the irradiance in the collector aperture area |y aperturearea = 11.0 MWh is defined as 100 %. By mul-
tiplying the values given in percentage with this value, all energy flows can be transformed to their abso-
lute value.

The first two arrows in green stand for the annual rate of irradiance in the gross and aperture area. The
inactive area of the collector frame already reduces the usable irradiance by 9 %. Moreover, the PV cells
only cover 91 % of the aperture area to avoid partial shading of the cells from the collector frame. While
the share of irradiance on the inactive absorber area can be utilized for thermal operation, it is lost for
electricity generation. This shows the importance in glazed PVT collectors to reduce inactive areas of col-
lector frame and absorber to achieve a maximized utilization of the solar irradiance. Unglazed PVT collec-
tors do not have this issue, as the PV module area is basically equal to the aperture area.
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Figure 4.17: Visualization of optical (green), electrical (blue), and thermal (red) energy flows of PVT sys-
tem (c) in a Sankey diagram.

On collector level, the losses are dominated by the heat losses of the collector Qo cor (35.5 %). Next to
heat losses during operation, these losses also include the solar energy which is not used while the col-
lector pump is switched off during periods of insufficient thermal efficiency. Optical losses from non-
absorption and reflection (I g pefiection = 16.8 %) and from high angles of incidence (I o am = 9.2 %) to-
gether amount for more than a quarter of the incident solar irradiance. Compared to this, the electrical
PV losses due to elevated cell temperatures (E oremp = 1.56 %), high incidence angles (E ogam = 1.17 %),
and low levels of irradiance (E . ¢ = 0.16 %) are relatively low.

On system level, electricity losses from the battery, inverter and cable reduce the electrical collector yield
Epv. In this system, the major share of the PV gain is consumed locally to cover the local electricity de-
mand. Only a smaller share of the PV gain feeds into the power grid.

Heat losses in the solar thermal system reduce the collector gain Q. Firstly, heat losses of pipes and
accessories need to be considered. Secondly, there are heat losses at the heat exchanger between collec-
tor and storage circuit. Due to the limited UA-value of the heat exchanger, heat may not be transported
from the collector to the storage circuit. Thirdly, heat losses of the storage need to be considered
(QLoss,Storage =5.5 %).

4.5.2.3 Collector performance

Figure 4.18 gives a closer look at the monthly collector yields juxtaposed to the available solar resource
lot, the electricity demand Egemang, @and the heat demand Qgemang- This approach is also known as the frac-

tional savings method FSC, which was developed to characterize the performance of combi systems (Letz
et al. 2009).
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Figure 4.18: Monthly irradiance, electricity and heat demand, electrical and thermal yield of PVT system
(©).

The monthly electrical utilization ratio UR,, as ratio of electrical yield and ., is relatively low in this sys-
tem and ranges between UR, = 10.0 % in summer at high cell temperatures and 11.5 % in winter. The
monthly thermal utilization ratio ranges between URy, = 22.9 % in winter with low levels or irradiance
and cold ambient temperatures and URy, = 26.9 % in summer. While the electrical efficiency matches
better the demand side, the thermal efficiency reaches its peaks during the periods with low heat de-
mand.

The major share of electrical and thermal yields is generated between May and August with high levels
of irradiance. While the monthly electrical gain is always below the electricity load, the thermal yield ex-
ceeds the monthly demand during summer. In this period, the excessive thermal yields heat up the stor-
age, with the consequence of higher storage losses, higher collector inlet temperatures and a more fre-
quent occurrence of stagnation.

This assessment demonstrates that merely examining the quantitative value of annual collector yields
(Epy, Qcop) is insufficient for an analysis of system performance. Losses on the system level have to be con-
sidered, which are strongly influenced by the coincidence of energy production and energy demand.
Storage capacities for electricity and heat are not sufficient to store energy for longer periods of time but
only for a couple of days. In the optimal case, the supply side (collector gain) coincides with the demand
side (energy load).

4.5.2.4 Electrical system performance

The application of PVT collectors aims at achieving a certain level of energetic self-sufficiency by increas-
ing the local production of renewable energy. As PVT collectors reach lower electrical yields than PV
modules, it is interesting to investigate the system performance with regards to coverage of the electrical
load and compare PVT systems with PV systems.
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The following indicators are used to characterize the electrical system performance:
The electrical coverage rate f., indicates the contribution of locally generated and consumed electricity
E.eicon tO the local electrical load Egmang @nd is defined as (Staudacher and Eller 2012):

Eselfcon

feov = (4.25)

Edemand

Accordingly, f., describes how much of the local electricity demand is covered by the PV battery system
and is an indicator for the electrical autarchy level.

By contrast, the self-consumption rate f. ., is defined as the ratio of self-consumed electricity E o, tO
the total PV generation E,, (Staudacher and Eller 2012):

Eselfcon

fselfcon = E (4.26)
PV

Thus, the self-consumption rate describes how much of the total PV output is consumed locally and is an
important parameter for the sizing of a PV or PVT collector array.

These two indicators are evaluated for the glazed PVT collector with low-e in system (c) and compared
with a PV module. Each case is simulated for a PV system with and without battery, and for different
module areas between 2.5 m2 and 15 m2. Figure 4.19 shows the resulting electrical coverage rate f,
and self-consumption rate fcn-

—=a— PV module with battery ——e— PVT glazed low-e with battery
- =& - PV module without battery - =0 - PVT glazed low-e without battery
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Figure 4.19: Electrical coverage rate f,,and self-consumption rate ..., for PV modules and glazed PVT
collectors with low- e in system ().

While the PV system reaches higher electrical coverage rates, the PVT systems achieve a higher self-
consumption rate. Employing a battery increases both the coverage rate and the self-consumption rate.

On account of their higher efficiency ne sic and lower cell temperatures T, the PV modules achieve sig-
nificantly higher electrical coverage rates than the PVT collectors. Consequently, larger PVT collector ar-
rays are required to reach the same coverage rate. For the present example, the PVT array with a module
area of A,, = 8.5 m2 achieves a coverage rate of f.,, = 16 % without battery and f.,, = 24 % with bat-
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tery. The PV module achieves the same coverage rates with a module area of A, = 6.5 m2. The differ-
ences between the required areas are in line with the differences of the electrical yield.

It is interesting to mention, that the differences of f.,, and f.x.. are smaller in the other investigated PV
and PVT systems (compare Figure C.8, Figure C.15, and Figure C.23 in the Appendix). Apparently, the
gap between the curves of f.,, and f..,., for PV modules and PVT collectors tends to become lower with
larger module areas.

4.5.2.5 Thermal system performance

The main objective of solar thermal systems is the reduction of the consumption of conventional energy
in the heating system. Typically, the following indicators are used to describe the thermal system perfor-
mance:

The solar fraction ., specifies the contribution of the solar thermal collector to the heating system and is
defined as the useful collector output divided by the heat demand (DIN EN 12977-2:2012):

fsor =1 _ﬂ (4.27)

Qdemand
with the delivered auxiliary heat Q,,,, and the heat demand Qgemang- fso is regarded as the central parame-

ter to describe a solar thermal heating system and is the thermal pendant to the electrical coverage rate
fCOV.

The fractional energy savings f,, are an extension of f,;, and quantify the reduction of required auxiliary
energy achieved by the application of solar thermal (EN ISO 9488:1999). While f,, disregards losses of a
conventional heating system, f.,, consider these, which is why f,, is @ more benefit-oriented indicator
describing the real advantage of using solar thermal for the end-user. DIN EN 12977-2:2012 defines the
fractional energy savings f,, as:

QAux

Qconv (4_ 28)

fsav =1—

with the heat demand in a conventional heating system Q.,, as sum of the heat demand Qu.mang PIUS
heat losses of a conventional heat system Q|u conve Which amount to 487 kWh for system (c).

Figure 4.20 compares the resulting solar fraction f,,, and the fractional solar savings f.,, for different col-
lector technologies as function of the collector area.

The qualitative shape of the curves of f., and f,,, resembles the curve for total thermal yields Qc,,, where
a saturation of the collector yield can be observed with increasing collector areas. However, f,, addition-
ally includes losses on the system level and is therefore a better indicator for the thermal system perfor-
mance than the total overall collector yield Q... The fractional solar savings f.,, are slightly higher than f,
since the former indicator also considers heat losses of a conventional heating system. Yet, their shape of
curves is very similar.

In order to achieve the solar fraction of f,, = 0.65, A, =5 m2 of flat plate collectors, A, = 8.5 m2 of
glazed PVT collectors with low-e, and A, = 17.5 m2 of glazed PVT collectors without low-e coatings are
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required. The thermal efficiency of the unglazed PVT collector is insufficient to reach the required solar
fraction.
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Figure 4.20: Solar fraction f,,, and fractional energy savings f.,, as function of the collector area A, in
system (c).

This again demonstrates the difficulty of PVT collectors to reach high solar fractions, respectively high
fractional solar savings. High solar fractions require a good thermal efficiency, so that the collector pro-
duces heat also during periods of challenging operating conditions with low ambient temperatures and
low levels of irradiance. This is why PVT systems should aim towards systems with low characteristic
temperatures and thus low solar fractions.

453 Assessing the energetic added value of PVT collectors on limited are-
as

Neither the collector yield and utilization ratio (chapter 4.3) nor the described system indicators for PV
systems and solar thermal systems (chapter 4.5.2) illustrate the beneficial dual use of co-generating elec-
tricity and heat in a single component on limited areas. If PVT collectors are compared with either PV
modules or solar thermal collectors, they will always underperform, since the electrical efficiency of PVT
is lower than that of PV modules and the thermal efficiency is lower than that of solar thermal collectors.
But the advantage of PVT collectors, to generate both electricity and heat on each square meter of col-
lector area, is not considered by these considerations.

The assessment of the energetic added value of PVT on limited areas is an alternative, novel approach,
which compares the energy yield of a PVT installation with a side-by-side installation of FPC and PV
modules on limited areas. In the planning process of PVT collector systems, this approach of viewing
limited areas showed a high practical relevance when high solar yields were required. Since glazed PVT
collectors typically aim at substituting conventional solar thermal collectors, their added value can be
seen in the electrical surplus yield of a PVT installation, which covers the same thermal load but addition-
ally provides solar electricity.

The described approach builds up on the work by Dupeyrat (2011a) and Delisle and Kummert (2014).
However, instead of looking at a fixed roof area with either PVT+PV or FPC+PV, the new approach only
compares the energy yield of the area occupied by PVT collectors in comparison with a FPC+PV installa-
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tion. Thus, the assessment is independent from the random choice of the reference roof area and the
absolute values of the resulting indicators are more meaningful.

For this assessment approach, the PVT collector array is sized in such a way, that both types of installa-
tions, FPC+PV and PVT, generate the same thermal yield. The corresponding area of PVT collectors has to
be increased to compensate for the lower thermal performance of PVT collectors compared to FPC. The
PV module array is sized in such a way that the flat plate collectors and PV modules cover the same roof
area as the PVT collectors. Since both side-by-side and PVT installations generate the same thermal out-
put, the surplus electrical output of the PVT array is the sole indicator to characterize the added value of
using PVT collectors.

Figure 4.21 illustrates the comparison of a side-by-side installation with a PVT collector installation exem-
plarily for system (c). The areas of the FPC, PV and PVT array result from the following considerations:

1. The area of the flat plate collector amounts to A, = 5 m2, as previously defined in the reference
systems.

2. By definition, the thermal yields of the PVT array have to equal the yields of the flat plate collec-
tor array. An area of A, = 8.5 m? of glazed PVT collectors with low-e are required to meet the
target of Q. = 2.7 MWh.

3. The differential area between PVT and flat plate collectors is filled by PV modules, so that both
installations occupy the same roof area. Here, the difference between gross, aperture, and PV
module area of glazed PVT collectors has to be considered, which leads to a PV module area of
Apy=3.5m2

Flat plate

PV module
collector

Apy =
3.5 m?

Glazed PVT, low-e

Agpc=5m? Apyr=8.5m?

Th. Yield

El. Yield

0.6

0.0 05 10 15 20 25 3.0
Annual yield [MWh/a]

Th. Yield

El. Yield
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Figure 4.21: Limited area assessment of system (c), Wiirzburg. Comparison of a side-by-side installation
of flat plate collectors (FPC) and PV modules with a PVT installation of same thermal overall
output on the same roof area.

By definition, both installations generate the same thermal yields. However, the PVT array generates
1.0 MWh of electricity compared to 0.6 MWh of the PV array. This increase of +60 %, is due to the fact
that the whole area is covered by PVT collectors generating electricity. On the contrary, PV modules only
cover a small fraction of the area in the side-by-side installation.

Two new indicators are introduced here to describe the area requirement and the additional electrical
yield of a PVT system relative to a side-by-side installation.

The area requirement factor f,., specifies the additional area, which is required to reach a design solar
fraction f,, by taking into account the reduced thermal efficiency of PVT collectors compared to refer-
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ence FPCs. In order to compensate for the lower specific thermal yields of PVT collectors, the PVT collec-
tor area has to be enlarged. f,., is defined as the ratio of PVT collector aperture area Ay divided by the
reference collector area Agc Which both produce the same annual thermal yield:

farea = ? (4.29)

FPC
The surplus electricity rate f,,,,s quantifies the rate of additional electricity generated by a PVT array
compared to a side-by-side installation of reference collectors and PV modules on the same area. Thus,
Tourpius quantifies how much more electricity is generated by a PVT array compared to a side-by-side instal-
lation with identical heat generation and is defined as the ratio of the total electrical output of the PVT
collectors Ep,; compared to the total electrical output E,, of the PV modules in the side-by-side installa-

tion Epy.

EPVT
fsurplus = E (4.30)
PV

The electrical surplus rate f,,,s varies between different systems and also depends on the PVT and refer-
ence technologies. Accordingly, fg,.s Characterizes the energetic added value of co-generating electricity
and heat in a single component on limited areas.

Evaluating these two new indicators for the above-mentioned example yields an area requirement factor
faea OF 1.70 and a surplus electricity rate fg,q,s of 1.60. This means that 70 % more collector area is re-
quired to reach the same thermal output, but 60 % more electricity is generated on the same roof area.

The same procedure for assessing the energetic added value of PVT on limited areas was applied for the
three investigated PVT collector technologies in the four systems (a) - (d). Table 4.7 compares the result-
ing, newly introduced indicators f,., and f,,.s. Owing to the different total areas of each case, the over-
all electrical yields of each case should not be compared, but only the highlighted area requirement fac-
tor f,.. and the surplus electricity rate fg, s

The differences between systems (a) — (d) can be attributed to the characteristic temperature. The higher
the characteristic temperature, the higher is the area requirement factor and the lower is the surplus
electricity rate. This underlines the importance of low characteristic temperatures for the synergetic ap-
plicability of PVT collectors.

The unglazed PVT collectors do not reach the required thermal target of systems (b) — (d). Increasing the
collector area further would not yield higher overall thermal yields, because the characteristic tempera-
tures of systems (b) — (d) are too high for unglazed PVT collectors. Glazed PVT collectors with low-e coat-
ings require significantly smaller collector areas to achieve the targeted thermal yield, resulting in a lower
area requirement factor f,.., A high thermal efficiency is therefore essential to reduce the necessary col-
lector area.

The glazed PVT collectors in system (c) and system (d) do reach the required thermal output and the elec-
trical surplus rate is smaller than 1. This means, that the PVT installations achieve a lower electrical yield
than side-by-side installations owing to the drop of electrical efficiency of the PVT collectors compared to
PV modules. Therefore, the application of glazed PVT collectors in systems (c) and (d) is not beneficial,
under mere energetic considerations.
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Table 4.7:  Area requirement and surplus electrical yields comparing a side-by-side and PVT installation
with equal thermal yields covering the same combined roof area.

System (a) System (b) System (c) System (d)
Un- Glaze Glaze |Un- Glaze Glaze |Un- Glaze Glaze |[Un- Glaze Glaze
glazed d d glaze d d glaze d d glaze d d
low-e |d low-e |d low-e |d low-e
Area FPC 8 8 8 15 15 5 5 12 12
+PV [m?] +10.5 +3.6 +2 +22.6 +7.9 +12.4 +3.5 +30 +8.4
Area PVT 185 116 10 376 229 17.4 8.5 42 20.4
[m?]
| 2.3 1.4 1.2 g 2.5 1.5 *g 3.5 1.7 g 3.5 1.7
Qo FPC/PVT |5 6 56 5.6 5 10.1 10.1 5 27 27 5 50 50
[MWh/a] S b b
(] (] (]
B FPC+PV 117 06 0.3 2 40 14 2 22 06 2 53 15
[MWh/a] s o I
Eiot PVT 3.1 1.5 1.2 48 2.8 2.2 1.0 52 2.3
[MWh/a]
Fourplus 179 2.42 3.53 1.20 1.98 0.98 1.60 0.97 1.56

Particularly PVT collectors with low-e coatings show a high energetic benefit with an increase of electrical
output of up to 253 %. Even under challenging conditions in a combi system, PVT collectors with low-e
achieve an electrical output 56 % higher than a side-by-side installation. 20 - 70% more area of PVT
collectors compared to flat plate collectors are necessary to reach the required thermal output.

In conclusion, PVT collectors can achieve a significantly higher electrical output on limited areas while
maintaining the same thermal output as a side-by-side installation of flat plate collectors and PV mod-
ules. To assess this aspect quantitatively, two new indicators were introduced and discussed. The added
value of the hybrid PVT concept can be assessed by means of the electrical surplus rate f,,,s. The addi-
tional collector area, which is required to meet the same thermal output, is specified by the area re-
quirement factor f,...

45.4 Comparison of the system performance of PVT systems (a) - (d)

To conclude the assessment of the performance of PVT systems, worthwhile PVT systems are compared
in the following and their performance is evaluated with the newly introduced indicators.

First of all, suitable PVT technologies have to be selected for the PVT systems (a) - (d). The previous con-
siderations on the characteristic temperature clearly demonstrate that the PVT collector has to match the
operating temperatures of the system and a suitable PVT collector should be selected according to the
level of T, Following this approach, suitable PVT technologies are now selected for the previously de-
fined systems (a) - (d) and their collector array is sized to meet the required thermal demand.

System (a) has low operating temperatures (T, = 21.3 °C), system (b) medium operating temperatures
(Tenar = 44.4 °C), and systems (c) and (d) reach slightly higher operating temperatures (T, = 49.1 °C and
Terar = 54.2 °C). Following the recommendation of suitable PVT collector technologies per temperature
range in Figure 4.14, unglazed PVT collectors are selected for system (a) and glazed PVT collectors with
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low-e for systems (c) and (d). An exception from the recommendation is made in system (b). The glazed
PVT collector is selected, although T, is higher than the recommended temperatures. This is to show a
possible use case also for the glazed PVT collector technology.

Analogous to the procedure described in chapter 4.5.1, the area of the PVT collector array is enlarged to
deliver the same total heat output as the reference FPC array. Figure 4.22 indicates the required area for
the PVT collector arrays and the employed PVT collector technology. Note that system (c) is identical to
the PVT system discussed in chapter 4.5.2.
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Figure 4.22: Electrical and hydraulic layout of PVT systems (a) - (d) including PVT technology and re-
quired collector area.

System simulations were conducted for these systems, and their performance is summarized in Table 4.8
with regards to the previously introduced system performance indicators. This synopsis illustrates how
the selected system indicators characterize the performance of PVT systems comprehensively. Most per-
formance indicators are dimensionless quantities, allowing a comparison and transformation between
different types of collectors, systems, and locations.

e The collector performance indicators characterize the collector yields either by the specific electrical
and thermal yields Ep, and Q. or by the utilization ratios UR,, and URy,. The utilization ratio is a
dimensionless quantity, which normalizes the collector yields through division with the annual irra-
diance l,y.. The collector performance indicators are particularly important for the selection of a PVT
technology and for assessing the economic feasibility.

e The electrical system performance can be characterized by the electrical coverage rate f., and the
self-consumption rate f.... The former indicator f., characterizes the share of the electricity de-
mand which is covered by the locally generated solar electricity The share of locally consumed elec-
tricity is characterized by the self-consumption rate f ... The indicators f., and f. ., are particu-
larly useful for analyzing the match of PV generation and electricity load, and for sizing a PV bat-
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tery system and the module array, which might also consist of PVT collectors and PV modules side-
by-side.

The thermal system performance can be characterized by the solar fraction f., and the fractional
energy savings f.,, These indicators illustrate the rate of heat load which is covered by solar heat al-
lowing an assessment of the level of autarchy, the reduction of conventional energy consumption,
primary energy savings, or avoided CO, emissions. Furthermore, the solar fraction f., was found to
be suitable for sizing a PVT collector array through its relationship with the characteristic tempera-
ture T, (compare Figure 4.13).

In addition to the extensively discussed characteristic temperature T,.,,, two new indicators were
specifically defined for comparing PVT systems with conventional systems. The surplus electricity
rate fg,s describes the potential of PVT to generate more solar energy on limited areas compared
to a side-by-side installation. On the other hand, the area requirement factor f,., illustrates the ad-
ditional area, which is required to achieve the same thermal output as a conventional solar thermal
system. Thus, the PVT specific indicators quantify the benefits (more energy) and the downsides
(more collector area) of PVT systems compared to non-PVT systems.

For a more detailed assessment of the PVT systems (a) — (d), the interested reader is referred to Appendix
C.6. There, a detailed analysis of the system performance is also given for the other PVT systems (a), (b),
and (d), analogous the presented procedure for system (c). Detailed scorecards for each PVT system with
a comparison of system performance indicators are presented, showcasing possible use cases for the
investigated PVT technologies. Moreover, Table C.7 comprehensively summarizes the performance of
collector and system of the PVT systems. Their performance can be compared with the electrical and
thermal performance of conventional PV or FPC systems Table C.5 and Table C.6.
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Table 4.8:  Synopsis of system performance indicators of PVT systems (a) — (d).

Performance indica- Sym- Unit Defini- Sys (a) Sys (b) Sys (c) Sys (d)
tor bol tion SHP/SFH DHW/MF DHW/SF Com-
H H bi/SFH
System characteristics
Collector technology unglazed  glazed glazed glazed PVT
PVT PVT PVT with  low-e
low-e
Collector aperture area A, m? 18.5 37.6 8.5 20.4
Collector performance
Specific electrical yield  E,, kwh/m2a  Eq. (4.16) 182 152 139 135
Specific thermal yield ~ Q,, ~ kWh/m’a Eq. (4.17) 307 273 321 237
Elegtrlcal utilization UR,, Eq. (4.19) 014 012 011 0.10
ratio
Thgrmal utilization URy, Eqg. (4.20) 024 021 025 018
ratio
Electrical system performance
Electrical coverage rate £, Eg. (4.25) 0.50 0.13 0.21 0.44
Self-consumption rate .., Eg. (4.26) 0.75 1.00 0.97 0.87
Thermal system performance
Solar fraction Tool Eq. (4.27) 0.05° 0.31 0.65 0.28
Fra;tlonal energy foav Eqg. (4.28) 0.09° 0.35 0.70 0.31
savings
PVT specific indicators
— oC
Characteristic T ehar Eq. (4.18) 213 44.4 49.1 542
temperature
Area requirement foren Eqg. (4.29) 73 )5 17 17
factor
Surplus electricity rate £, Eg. (4.30) 1.8 1.2 1.6 1.6

45.5 Discussion of results

Chapter 4.5 assessed the performance of PVT systems where PVT collectors substitute conventional flat
plate collectors and their collector array is sized to achieve the same overall thermal yield as flat plate
collectors. This leads to demanding thermal requirements with relatively high characteristic temperatures

The indicators f,,, and f

Sav

o and f

sav

alone are not suitable to characterize the thermal system performance of the solar heat pump

system, as the PVT collectors provide solar heat to the storage and the borehole. The indicators f only consider the

heat which is directly delivered to the storage in parallel operation but disregard the heat for regenerating the borehole. Ac-
cording to the system simulations, the regeneration of the borehole increases the mean evaporator temperatures of the heat
pump from 9.5 °C to 11.8 °C. This effect, combined with the reduced heat demand through the parallel operation, reduces
the electricity demand of the heat pump by 9 %.
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Tar- Consequently, only low utilization ratios are achieved compared to the yield assessment in chapter
4.3. In particular, this can be seen in system (b), where the PVT collectors underperform owing to an
oversized collector array and too high operating temperatures for the glazed PVT technology.

The previous findings lead to the following three requirements for a viable and synergetic application of
PVT collectors:

1) The system should have a considerable heat and electricity demand, which ought to be covered by
solar energy. This is the principle motivation for generating solar electricity and heat locally.

2)  The available areas for the application of solar energy should be limited. For buildings with exten-
sive roof areas, a side-by-side installation of flat plate collectors and PV modules might be a better
solution.

3)  The characteristic temperature of the PVT system should be as low as possible. Small solar fractions
and small dimensions of the PVT collector array can achieve this requirement. Furthermore, PVT
systems with a relatively constant heat demand a more suitable due to the rarer occurrence of
stagnation.

An additional point has to be stressed. PVT collectors should not be seen as a one-to-one replacement of
solar thermal collectors with the added functionality of PV generation. On the contrary, PVT systems
should be specifically designed for the requirements of PVT collectors. As a consequence, the concept of
co-generating electricity and heat should not only be restricted to the collector but expanded to a sector-
coupled energy concept for the building as a whole. Ideally, this also leads to holistic, synergetic PVT
systems. Solar heat pump systems with PVT collectors are one worthwhile example where solar electricity
and heat are used to cover the local power and heat demand while the heat pump transforms electricity
into heat.

4.6 Thermal analysis of PVT collectors within PVT systems

The objective of the following section is to gain insights into the operation of PVT collectors within typi-
cal PVT systems. The system-oriented component development approach aims at optimizing the collector
according to the specifications and requirements which are derived from the system the collector is op-
erated in.

In this thesis so far, we optimized the PVT collector by applying low-e coatings and subsequently studied
its system performance. Now, we would like to analyze how the system affects the collector operation
and use the insights to further improve the collector design and its construction in the future.

Up to now, the operating conditions of the PVT collector were characterized by the characteristic tem-
perature. T, is defined as the irradiance-weighted mean fluid temperature T, and, as such, can be con-
sidered the governing operating temperature of the collector. Yet, operating conditions deviate from the
mean value of T, over the year. Moreover, the temporal probability distribution of operating tempera-
tures is of interest. For this purpose, the collector operation of the four previously defined systems is
thermally analyzed by means of two novel diagrams, the temperature duration curve and the collector
operating map.
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4.6.1 Temperature duration curve

The load duration curve is a tool frequently used in the power generation sector to analyze a power
plant utilization or dimension a co-generation plant (Zahoransky et al. 2010). The analysis of the load
duration curve illustrates the operating hours and temporal variation of operating temperatures and thus
shows how often certain fluid temperatures occur throughout the year. This tool is now applied to PVT
collectors to analyze the frequency distribution of the mean fluid temperature.

To generate the temperature duration curve, the hourly time series of the simulation results are analyzed.
Only those temperatures are considered where the collector is operational. This is achieved by filtering
the events when the pump is turned off. Then, the valid temperatures are sorted from high to low val-
ues, so that a sorted annual temperature duration curve is obtained. The resulting temperature duration
curves for systems (a) — (d) are shown in Figure 4.23. For comparison purposes, T, IS also added to the
graph.

The temperature duration curves of systems (b) — (d) are very similar and almost linear over a wide range
T... Hence, there are no operating temperatures with particularly frequent occurrences. Temperatures up
to T, =93 °C are reached in systems (b) - (d), but only for a short duration annually. The solar heat
pump system (a) has a very different temperature duration curve, as the unglazed PVT collector is oper-
ated at lower temperatures for regenerating the borehole.

The total utilization time is influenced by the system temperatures and the thermal performance of the
PVT collector. The unglazed PVT collector in system (a) is operational for 995 hours per year owing to its
low thermal efficiency. The collectors in system (b) and (c) are operational for 1587 h/a, respectively
1543 h/a. Despite its higher thermal efficiency, the glazed PVT collector with low-e in system (d) achieves
an annual utilization time of 1256 h/a, as high storage temperatures in summer reduce the total utiliza-
tion time.

100 F

——— System (a) SHP/SFH - unglazed PVT
System (b) DHW/MFH - glazed PVT
System (c) DWH/SFH - glazed PVT low-e
System (d) Combi/SFH - glazed PVT low-e

Mean fluid temperature
T, [°C]
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Figure 4.23: Temperature duration curves for PVT systems (a) - (d). The marker represents the character-
istic temperature T,,,.

4.6.2 Collector operating map

The discussion about the efficiency of solar thermal collectors and PVT collectors usually revolves around
the efficiency curve. There, the efficiency is plotted as a function of the reduced temperature AT/G, i.e.
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the temperature difference of mean fluid to ambient temperature AT =T,, - T, divided by the incident
irradiation G. It is however not clear which part of the efficiency curve is utilized during operation in real
systems. The analysis of the novel collector operating map gives a good understanding at which temper-
atures and which levels of irradiance thermal yields are generated in typical systems and which part of
the efficiency curve needs to be optimized.

The collector operation map plots the thermal yields in a two-dimensional, Cartesian carpet plot with the
temperature difference T,, - T, as x-coordinate and the irradiance G as y-coordinate. To generate the
collector operation map, the collector yields are grouped in bins of the respective T,, - T, and G intervals
in which they are harvested. Afterwards, the yields are normalized so that their sum equals unity. Thus,
the collector operation map is basically a histogram in two dimensions. As additional information, the
mean, yield-weighted temperature difference T,, - T,, is added to the graph as a white crosshair.

Figure 4.24 depicts the resulting collector operation maps for the four PVT collectors in systems (a) - (d).
An interesting shape of the yield probability distribution with a characteristic form of the color map can
be observed. During low levels of irradiation, only low temperature differences are achieved. During high
levels of irradiation, also higher temperature differences are reached. This effect can partly be attributed
to the fact that the temperature lift from T,, to T, is affected by the instantaneous thermal heat gain,
resulting in higher mean fluid temperature during higher levels of irradiance.

A high share of thermal yield is harvested at medium levels of irradiance. The yield-weighted mean irra-
diance amounts to G =630 — 670 W/m?2. Instead of the typical G = 1000 W/m?2 peak power, which is
used in efficiency curves, G = 650 W/m? is therefore a more representative value for the typical irradi-
ance in western European climates.

The unglazed PVT collector operates mostly in the range of ambient temperatures and even at negative
temperature differences, i.e. fluid temperature below ambient. In the other PVT systems, the mean oper-
ating temperature difference ranges between AT = 27.4 K of the glazed PVT collector in system (b) to
AT = 46.7 K of the glazed PVT collector with low-e in system (d).

The highest temperature differences are AT = 40 K of the unglazed PVT collector in system (a), AT = 60 K
of the glazed PVT collector in system (b), and AT = 67.5 K of the glazed PVT collector with low-e in sys-
tems (c) and (d). The maximum temperature difference AT is thus significantly lower than the depiction
of the efficiency curve, which is typically plotted up to the stagnation temperatures at the intersection of
the efficiency curve with the x-axis. A value of AT = 70 K is therefore a more representative value for the
maximum temperature difference to be shown in an efficiency curve.

Low heat losses and as consequence the low inclination of the efficiency curve are required to harvest
solar heat at medium temperature and low levels of irradiance. The minimization of heat losses is thus
required to reach an adequate efficiency in the operating range, and not to reach high temperatures as
temperature difference remains below T, - T, = 70 Kin all PVT systems. Hence, the right part of the effi-
ciency curve is not utilized in real operation.

This is an important observation with regards to the issue of overheating. High temperatures, respective-
ly high temperature differences, are not desired by the system, but are only an undesired side effect of
the basic requirement of low heat losses. Consequently, the principle solution of an overheating protec-
tion can be applied for PVT collectors. The overheating protection is only activated in periods without
heat demand and frequent occurrences of stagnation. During periods with higher heat demand, the
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overheating protection remains deactivated and the PVT collector achieves low heat losses and a high
thermal efficiency. The principle of overheating protection will be studied theoretically and experimental-

ly in the following chapter 5.
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Figure 4.24: Frequency distribution of thermal yields per temperature difference and irradiance interval.

The white crossfade refers to the mean, yield-weighted level of irradiance G and tempera-
ture difference T,, - T,
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4.7 Techno-economic assessment of PVT systems

Next to the technical performance of PVT systems with regards to annual yields, the economic feasibility
is also a crucial factor to determine the future success of PVT collectors in the market. To investigate this
point, the costs of heat and electricity of PVT systems are analyzed and benchmarked with PV and solar
thermal (ST) systems.

First, the net list prices of PVT collectors are analyzed by means of a market review of existing PVT prod-
ucts. Then, the costs of an exemplary PVT system are presented, including required component and in-
stallation costs. Finally, the levelized costs of heat and electricity are assessed by combining the previous
yield simulations with the economic cost data.

Cost data that was assessed in the Master’s thesis of Pfander (2015) form the basis for the following
chapter. Her thesis was updated with more recent data. Furthermore, the assessment of levelized costs
of energy was extended to also include decentral PV battery systems.

4.7 1 Cost analysis of PVT collectors

The net list prices of existing PVT products on the market allow a benchmark with competitive technolo-
gies. After a thorough market screening of available products, net list prices for various products of PV
modules (thin-film, poly crystalline, mono crystalline PV) and collectors (swimming pool absorbers, flat
plate collectors, evacuated tube collectors) were obtained for the German market.

No publicly available data on the prices for PVT collectors are available. Therefore, we sent enquiries on
list prices to the manufacturers. In total, seven unglazed PVT collectors and three glazed PVT collectors
are thus included in the cost assessment. PVT collectors with low-e coatings are not available on the
market and consequently no cost data is available.

Figure 4.25 summarizes the net list prices of PV, ST and PVT technologies indicated in Euro per square
meter collector area. The net list prices, which explicitly exclude taxes, are plotted against the primary
energy collector yield. The electrical yields for the location of Wirzburg assume a constant performance
ratio of 93 % for all PV technologies. The thermal yields refer to the gross collector yields as obtained
with ScenoCalc applying the MAP rating function. This diagram illustrates the energetic potential of the
different technologies juxtaposed to their corresponding price level.

The average net list price of the unglazed PVT collector was found to be 417 €/m2. The glazed PVT col-
lectors at 455 €/m2 are slightly more expensive. By comparison, the PV module price lies around 102
€/m2 of a polycrystalline PV module and 143 €/m2 of a monocrystalline PV module, while the flat plate
collector ranges around 271 €/m2 and the evacuated tube collector at 463 €/m2. A surprisingly accurate
approximation of the list price of unglazed PVT collectors is given by the sum of an average mono-Si PV
module plus a flat plate collector.

The net list price, however, should not be mistaken with production costs. The most recent overview of
the cost structure of flat plate collectors by Frick (2014), who updated a previous study by Mangold
(1996), shows that the production costs amount to only 24 % of the net list price of flat plate collectors.
More than half of the price for collectors ends up in margins at retail and wholesale. The global PV mar-
ket, on the other hand, is highly competitive and margins for PV modules are rather small with the ongo-
ing overcapacity in the PV module production (ITRPV 2017).
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Figure 4.25: Net list prices of PVT collectors compared to conventional PV modules and ST collectors
based on cost data by Pfdnder (2015), updated with recent data.

Undoubtedly, there is a significant potential to reduce the costs of PVT collectors, as the PVT market is at
an early stage with only few manufacturers and small collector areas being produced. The potential for
reducing production costs is found in combining components that are used in both PV modules and the
collector, e.g. the collector frame. In future production lines, costs could also be reduced by approaching
the production of the PVT collector as an integrated process, rather than a simple combination of a PV
module and a collector. One possible approach for the integrated production process is the lamination of
the PVT absorber in a single production step (Dupeyrat et al. 2011b) instead of gluing a PV module to an
absorber sheet. Also beyond production costs, there is certainly a cost reduction potential in terms of
indirect costs. A reliable estimation of cost reduction potential is, however, not possible on the basis of
the available data.

In contrast to the available list prices for market-available PV modules or ST collectors, the net list price of
the glazed PVT collector with low-e coating has to be estimated on the basis of available cost data. On
average, the net list price of glazed PVT collectors without low-e lies at 455 €/m2. The market screening
on highly-transparent low-e coatings, as discussed in chapter 3.6, found list prices of 8 - 15 €/m? of
low-e coated glass. As discussed above, the production costs are only responsible for approximately one
quarter of the final net list price, when a similar price structure as for flat plate collectors is assumed.
Accordingly, the additional costs for the low-e coating cannot be simply added, but the internal cost
calculation of the manufacturer has to be considered.

As indicative estimate, the additional costs for the application of the low-e coating are assumed to be in
the range of 30 €/m2. This includes costs for the coating of approximately 8 €/m2 and 22 €/m2 for exter-
nal costs. The resulting, estimated net list price of glazed PVT collectors with low-e coatings amounts to
approx. 485 €/m2. Additional costs for adapted materials or an overheating protection are not included
in this cost estimate.
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4.7.2 Cost analysis of PVT systems

In addition to the PVT collectors, a PVT system consists of various other components that ensure the
electrical and thermal operation. Moreover, installation labor and material costs make for a substantial
share of the overall system costs for the end customer. In this section, a cost analysis will be presented
exemplarily for the domestic hot water system (c) with glazed PVT collectors with low-e as discussed in
chapter 4.5.2. This analysis includes all costs for the end customer, including components, installation
and planning costs, and taxes of 19 % on top of the net list price.

In first approximation, a PVT system can be regarded as a PV system plus a solar thermal system. The
costs for these separate systems are covered extensively in the scientific literature (e.g. Morris et al.
(2013) for PV systems and Eicker (2012) for ST systems). However, a major difference to conventional
systems concerns the installation costs. As a single collector technology has to be installed instead of two
separate technologies, installation costs may be significantly lower. To study the installation costs in more
detail, enquiries were sent to installers, who were asked to quote their prices for installing PV and ST
systems. The costs data was analyzed in order to estimate installation costs for PVT systems with the fol-
lowing findings:
¢ Only one mounting system is required. Costs for the mounting system amount to 10 — 18 €/m2 for
PV modules and 10 - 25 €/m2 for flat plate collectors. In the light of the heavier construction of
PVT collectors, their mounting system costs are expected in the range of flat plate collectors, and
are incurred at an average price of 16 €/m?2.

e The labor costs for the on-roof installation of flat plate collectors were explicitly quoted by only
one installer at 41 €/m2. It is assumed that labor costs for mounting the PVT collectors are identical
to that of flat plate collectors.

e Specific installation tasks are required for the electrical and hydraulic systems where no cost reduc-
tions can be expected. The electrical installation costs include electricity works and cabling materi-
als for the PV system. The installation of a ST system is more labor intensive. Typical tasks include
the installation of storage and components, piping, and hydraulic balancing. These PV and ST spe-
cific tasks may require two trained professionals, one electrician and one plumber, for the installa-
tion of PVT collectors.

Figure 4.26 presents the full picture of the PVT system costs. The underlying cost assumptions for the
individual costs are indicated therein, next to the percentage of the total system costs of 13,239 €. In
accordance with the data presented in chapter 5.5.1, system (c) consists of 8.5 m2 of glazed PVT collec-
tors with low-e, a storage tank with a volume of 350 |, an inverter with a rated power of 1.25 kWp, and
a battery storage with a capacity of 5 kWh.
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Figure 4.26: Breakdown of system investment costs for PVT system (c) with 8.5 m? of glazed PVT collec-
tors with low-e at total system costs of 13,239 €.

With 4,906 €, or 37.1 % of the total system costs, the PVT collectors account for the major share of the
system costs. For a side-by-side system of PV modules and flat plate collector, which achieve the equal
thermal and electrical yield, a 6.1 m2 array of PV modules and 5 m2 array of flat plate collectors would be
required. The corresponding costs amount to 1,024 € for the 6.1 m2 of PV modules and to 1,612 € for
the 5 m? of flat plate collectors. Thus, the costs for the PVT collector components are 86 % higher than
the corresponding component costs in the side-by-side installation. The main reason for the increased
system costs are the high costs for the PVT collectors of 577 €/m2. At the same time, larger collector
areas are required to generate the same energy output. This underlines the importance of high-efficiency
components for the reduction of system costs.

The second largest cost item is the PV battery storage, which accounts for 22.1 % of the total system
costs. However, the battery capacity can be considered oversized for the small installed electrical power
of 1.1 kW,. As the batteries are a comparably expensive investment, an additional PV array would be
combined with the PVT array for the given electrical storage capacity in a real installation. Thus, the rela-
tive costs of the battery are reduced, making the PV battery system more profitable.

The installation costs for the PVT collectors amount to 485 € in the PVT installation in comparison to 570
€ in the side-by-side installation. Thus, installation costs of 10 €/m2 can be saved by installing PVT collec-
tors instead of separate collectors and modules. These savings for collector installation are relatively
small, compared to the high overall collector and system costs.

The total costs for the PVT system of 13,239 € are significantly higher than the combined costs for a
side-by-side installation of PV modules and flat plate collectors with the same annual electrical and ther-
mal yield. The total costs of these systems are estimated to lie around 4,813 € for the PV system and
6,094 € for the ST system. The total system costs of the hybrid PVT system are thus 21 % higher than
the combined costs for the separate, non-hybrid systems.
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4.7.3 Levelized costs of electricity and heat

The levelized costs of electricity LCOE and the levelized costs of heat LCOH are commonly used indicators
to describe the cost for generating energy with different energy technologies. They are used to assess
and compare the techno-economic viability by combining the technical characteristics, i.e. energy yields,
with the economic characteristic, i.e. investment and operational costs.

The levelized costs of electricity are defined as (Konstantin 2009):
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with the initial investment costs |, as in Figure 4.26, the annual operational costs OC = 1.5 %-l, (VDI
2014), the summation index t, the assumed lifetime n = 20 years, and the interest rate i = 2.5 %. No
degradation is considered within this approach. Hence, the annual total collector yield E,, is assumed
constant over the entire lifetime.

A simpler notation of the LCOE without the sums can be obtained by multiplying the initial investment
costs with the annuity factor .1,
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The levelized costs of heat LCOH are defined analogously (Louvet et al. 2017), but naturally incur the
total thermal collector yield Q. instead of E,,.

Due to the nature of the hybrid concept, it is necessary to divide the combined investment costs of the
PVT system into their respective share of costs for electricity and for heat production. While this is clear
for most of the system costs (the ones in blue and red in Figure 4.26), the combined costs in green are
divided according the following rules: the non-allocatable PVT installation costs and the PVT mounting
system are evenly split. The PVT collector costs are allocated with 34 % to electricity and with 66 % to
heat, which equals the ratio between PV module and flat plate collector list prices.

It is important to compare the LCOH and LCOE on a common basis. Solar thermal systems are per se a
decentral technology as they come with a heat storage and all produced heat is consumed on-site. PV
systems can be carried out either grid-connected to feed excess electricity to the grid, or decentral with a
battery storage. The LCOE is assessed for both scenarios: LCOE,,, for a central, grid-connected system,
and LCOE,,q for a decentral battery system. The former LCOE,,,. can be used for comparison with the
solar thermal system, and the latter LCOE,,4 for comparison with technologies or studies, where only the
grid-connected LCOE is calculated.

The basis for calculation differs between LCOEy and LCOE,,.q: Firstly, different investment costs I,
need to be considered. LCOE,,4 disregards the costs for a PV battery system, while these costs are includ-
ed in the calculation of LCOE.q.. Secondly, different energy yields E,,, need to be considered. LCOE
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considers both the self-consumption and feed-in electricity, whereas LCOE4. Only considers the self-
consumed electricity. Thirdly, different sizes of the PV array are considered. LCOE,4regards a PVT system
with 8.5 m2 PVT collectors and PV module array with 6.1 m2. LCOE,q requires a larger PV array to off-
set the high investment costs of the battery. Therefore, the assessment assumes an array size of 20 m2 as
a basis for the PV case. Correspondingly, the PVT case assumes a PVT array of 8.5 m2 combined with a
PV array of 13.9 m2, which together achieve the equal electrical yield as the PV case. The costs for the
battery storage are divided correspondingly, and LCOE,.q is reported for the PVT collector array alone.

Now that the LCOE and LCOH are clearly defined, we can compare the levelized costs of the PVT system
with the non-hybrid flat plate collector and PV systems in Figure 4.27.
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Figure 4.27: Breakdown of levelized costs of heat LCOH and electricity LCOE for system (c) with PVT
collectors, flat plate collectors (FPC) and PV modules. The LCOE are reported for a grid-
connected system (LCOE,,y) and for a decentral system with battery storage (LCOE ;a4e)-

The resulting levelized costs of heat amount to LCOH,,; = 0.22 €kWh and LCOHg = 0.18 €/kWh for
the per-se decentral PVT and FPC system. The grid-connected levelized costs of electricity amount to
LCOEigpvr = 0.20 €kWh for the PVT system and LCOE4py = 0.14 €kWh for the PV system. Due to the
additional battery system costs and a smaller rate of self-consumed electricity, the LCOE of the decentral
PVT battery systems are significantly higher (LCOE;yugepvr = 0.37 €kWh and LCOEage py = 0.30 €/kWh).

The breakdown of LCOH and LCOE illustrates the contribution of the different costs to the levelized
costs of heat and electricity. The collectors (PVT, FPC, PV) account for the largest share in almost all cas-
es, followed by the costs for storage of electricity and heat. In solar thermal systems, the installation
costs are an important factor, due to the high labor intensity of the installation. The expensive electrical
battery accounts for a large share of the LCOE,. in both PVT and PV cases.

Comparing the PVT systems with the non-hybrid PV and FPC systems, an increase of levelized costs be-
tween 21 % and 46 % is observed. In general, there may be two possible reasons for higher levelized
costs: higher investment costs |, and lower specific yields. In the present study, the differences can be
narrowed down to the investment costs, as the PV and the FPC systems are sized to generate the same
electrical and thermal yields as the PVT system.
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Accordingly, the 24 % higher LCOH of the PVT system are caused by the increased investment costs of
24 %. The higher LCOE,, of the PVT system is also attributable to the corresponding 46 % higher in-
vestment costs. As discussed in the previous section, the high costs for the PVT collector are primarily
responsible for the increased investment costs.

The decentral levelized costs of electricity LCOE4 are significantly higher than LCOE,,, but also the
value of the self-consumed electricity has to be ranked higher than the value of feed-in electricity. It is
therefore important to not only look at the costs of electricity, but also at the benefit from a system per-
spective. Concerning the calculation of LCOE;, .4, both PV and PVT system achieve an electrical coverage
rate of f,,, = 0.52. The absolute difference of LCOE,.,. between PVT and PV amounts to 0.07 €kWh,
which corresponds to a relative increase of 22 %.

Compared with the costs for electricity purchased from the grid of 0.29 €/kWh (BDEW 2017b), the
LCOE,prage OF the PV system are in a similar range, while the LCOE,.q. of the PVT system are 27 % high-
er. According to BDEW (2017a), the LCOH of a heating systems with a condensing gas or oil boiler
amount to 0.10 — 0.20 €/kWh, the LCOH of an air-to-water heat pump amounts to 0.12 — 0.25 € /kWh,
and of a wood pellet system to 0.15 - 0.21 €/kWh. Depending on the benchmark technology, the LCOH
of the assessed PVT system may be cost-competitive already now.

As PVT collectors are a novel technology, it is interesting to analyze the sensitivity of the net list price of
PVT collectors on the total levelized costs of heat and electricity LCOH and LCOE. For this purpose, the
net list price of PVT collectors with low-e coatings is varied, while all other parameters remain at constant
levels. Figure 4.28 shows the resulting sensitivity of the net list price on the LCOH and LCOE for PVT sys-
tems compared to the conventional PV and FPC systems Due to the large share of the PVT collector
costs, a reduction of the collector list price of 50 % leads to a significant reduction of LCOHy g Of
21 %,y and LCOE,4 of 32 %,

Competetive PVT collector price Current PVT collector price
0.45 Cpyr = 228 - 285 €/m? Cpyr = 485 €/m?
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Figure 4.28: Sensitivity analysis of the net list price of the PVT collector with low-e coating on LCOE and
LCOH. The reference technologies are assumed at constant module and collector price lev-
els and are indicated in dotted lines.
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It is particularly interesting to assess the PVT collector price, for which cost parity between the PVT sys-
tem and the conventional system is reached. In Figure 4.28, this price of break-even can be read from
the intersection of the cost curves of the PVT system with the constant energy costs of the conventional
PV and FPC systems. Accordingly, PVT collectors are competitive as soon as the PVT collector price falls
below cpr = 228 - 285 €/m2. This corresponds to a cost reduction by almost a half compared to the cur-
rent price level of c,; = 485 €/m2. Keeping in mind, that the current price level of PV modules and flat
plate collectors leads to a theoretical combined list price of Cpy,epc = 413 €/m?2, this target seems ambi-
tious too reach. Measures to reduce costs should therefore be accompanied with a further improvement
of the electrical and thermal efficiency and a reduction of the balance of system costs.

4.7.4 Discussion of results

The higher energy output per square meter of PVT systems comes at the expense of higher energy costs
than for the conventional side-by-side installations. At its current early commercial stage, PVT collectors
are economically not competitive yet. This is due to higher costs for the components and lower specific
electrical and thermal yields.

The average net list price of glazed PVT collectors amounts to 455 €/m2 and can be thus more or less
approximated by the sum of a separate PV module plus a solar thermal collector. It is expected that there
is still a potential to reduce the collector costs by an optimized production process and by reduced exter-
nal costs.

Regarding system costs, little synergies were found for the installation. Only minor cost reductions in the
range of approximately 10 €/m?2 for installation system and labor costs may be achieved by the two-in-
one PVT collector. Comparing the high costs for the PVT collectors to the non-hybrid technologies, the
small cost reductions for installing PVT collectors are of subordinate importance.

Due to higher investment costs and lower specific yields, the levelized costs of electricity LCOE and heat
LCOH are higher than that of separate PV and solar thermal systems. For the exemplary domestic hot
water system (c), it was found that the LCOE lies 0.06 €/kWh and the LCOH lies 0.04 €/kWh above the
costs for a side-by-side installation of equal electrical and thermal output. Cost competitiveness can be
reached if the price of glazed PVT collectors with low-e drops below 228 - 285 €/m2, which has to be
considered an ambitious cost target. From this, the conclusion is reached that the value proposition of
PVT collectors does not necessarily lie in low energy costs, but rather in a more effective usage of availa-
ble area.

Other PVT systems with high specific yields, e.g. through low characteristic temperatures or through high
annual rates of irradiance, potentially achieve lower levelized costs of energy. For instance, in system (b)
lower LCOH and LCOE can be expected due to the higher specific yields. The previous considerations on
low characteristic temperatures by an appropriate sizing of PVT array and storage volumes remain crucial
for the economic feasibility of PVT systems at the current cost level of PVT collectors.
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PVT COLLECTORS WITH OVERHEATING
PROTECTION

The assessment of system performance in the previous chapter made clear that an improved thermal
efficiency is the key to a higher overall efficiency and optimized primary energy yields. Low-e coatings are
therefore an essential requirement to achieve a sufficiently high thermal efficiency in the operating range
whereas yields at high temperatures are irrelevant for the system performance. Excessive temperatures
during stagnation are, however, a negative side-effect of the improved thermal insulation and may lead
to faults, ageing, and reliability issues. Furthermore, the PV cells underperform at elevated cell tempera-
tures, resulting in a drop of the electrical efficiency. To solve this problem, either an inherently tempera-
ture-resistant PVT absorber construction has to be developed, or the collector has to be protected
against overheating (Fortuin et al. 2014) .

The following chapter pursues the latter approach and concerns the demonstration of overheating pro-
tection (OHP) concepts in PVT collectors with the following research questions:

e What are the thermal requirements of the materials employed in PVT collectors?
e Which overheating protection concepts are suitable for the application in PVT collectors?
e How does the overheating protection influence temperatures and yields?

Chapter 5.1 gives an overview on the research of overheating protection in solar collectors and moti-
vates the application of OHP in PVT collectors. Chapter 5.2 describes the thermal requirements of PVT
collectors concerning temperature load, fault mechanisms and suitable material temperatures. Chapter
5.3 presents a classification and evaluation of existing OHP concepts following their physical effect on
the absorber temperatures. In chapter 5.4, innovative PVT collectors with OHP are developed and the
effect of the OHP on efficiency and stagnation temperature is characterized. Chapter 5.5 assesses the
annual energy yields and temperatures of PVT collectors with OHP by system simulations.

5.1 Motivation for the application of overheating protection in PVT col-
lectors

High stagnation temperatures have been a challenge ever since spectrally selective coatings were intro-
duced to conventional solar collectors. Research on overheating protection (OHP) concepts for solar col-
lectors is ongoing with different motivations and objectives.

Avoiding excessive collector and system temperatures is the central motivation for applying OHP. The
potential benefits lie mainly in an increased durability and safety of collector and system. This is achieved
by minimizing degradation effects on materials and the heat transfer fluid, resulting in an improved per-
formance of collector and system over the lifetime. Furthermore, the temperature limitation avoids dam-
age to hydraulic components in the solar thermal system, which thus increases the safety of collector and
system (Harrison and Cruickshank 2012). Preventing overheating is also an important aspect in large
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collector arrays, e.g. in process heat installations, where the safety issue is seen even more critically due
to the bigger thermal power of the collector arrays (Frank et al. 2014).

OHP in polymeric collectors is an approach to apply cheap polymer materials in collectors with a high
thermal efficiency, but avoid excessive temperatures through activating the OHP during stagnation (Lang
et al. 2013; Reiter 2014). Substituting metallic materials with polymers primarily aims at reducing materi-
al and production costs. Moreover, polymeric materials are potentially more environmentally friendly
with a smaller environmental footprint, as life cycle analyses show (Koéhl 2015). Major drawbacks of pol-
ymer materials are, however, the reduced temperature and pressure stability.

The reduction of the thermal loads is also an objective in the development of heat pipe collectors. When
the temperature in the heat pipe exceeds the dry-out limit, the operation of the heat pipe is cut off and
the heat flux from the absorber to the heat transfer fluid in the manifold ceases. The complexity is thus
transferred from the system to the collector, which might lead to a more reliable, simpler, and potentially
cheaper system (Jack and Rockendorf 2013; Jack et al. 2014). However, heat pipes with inherent tem-
perature limitations only reduce the temperature load in the secondary fluid circuit and not in the heat
pipe and absorber sheet.

The idea of applying an active OHP in glazed PVT collectors to solve the stagnation issues was brought
forward by Zondag (2008). The first research on OHP in glazed PVT collectors was carried out by
Dupeyrat (201 1a), which culminated in the application of a patent on an OHP mechanism for PVT collec-
tors (Dupeyrat 2011b). Subsequently, different approaches for overheating in PVT collectors were ana-
lyzed by Wendker et al. (2012). In the same project, a PVT collector prototype with a switchable vacuum
insulation was developed (Fortuin et al. 2014). Moreover, the British company NakedEnergy developed a
glazed PVT collector where the PV cells are laminated on a heat pipe located in a vacuum tube. Over-
heating is avoided by an external heat exchanger, which is activated by a thermally controlled valve in
the double condenser heat pipe (Boyle et al. 2012).

Applying OHP in PVT collectors combines the benefits of conventional solar collectors, polymer collectors
and heat pipe collectors. In addition, the electrical efficiency also benefits from lower collector tempera-
tures, making OHP particularly interesting for PVT collectors. Thus, the advantages can be summarized as
follows:

e Increase the durability of the PVT collector by reducing temperature-induced aging and degrada-
tion

e Employ standard PV components and thus participate from the low cost level of PV modules

e Reduce costs of the collector by substituting expensive metal by low-cost materials, e.g. polymers

e Reduce temperature load in system and thus reduce the temperature requirements of external
components

¢ Increase the electrical efficiency of PVT collectors by lower cell temperatures

5.2 Thermal boundary conditions for overheating protection

In this section, the technical requirements for an overheating protection with regards to reducing ab-
sorber temperatures are assessed. Firstly, typical temperatures occurring in PVT collectors are analyzed.
Then, potential failure modes that are caused by elevated temperatures are summarized. Finally, the ma-
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terial requirements and their maximum temperatures are discussed through experiments and literature
review.

5.2.1 Stagnation temperatures

The highest collector temperatures are reached during stagnation, which VDI 6002-2014 defines as a
“system state in which the heat transfer fluid in the collector loop does not circulate and the radiation
energy absorbed and converted into heat is not supplied to a storage tank or consumer.”

ISO 9806 (2013) allows two methods for characterizing stagnation temperature: either by direct meas-
urement or by extrapolation from the efficiency curve. Both methods yield different stagnation tempera-
tures, which is why a clear notion of the stagnation temperature is required. The following definitions
apply in the following.

The maximum absorber temperature T, ... refers to the measured stagnation temperature at the ab-
sorber. For its characterization, the collector is exposed to an incident irradiation of G = 1000 W/m?2 at
ambient temperatures of T, = 30 °C and a surrounding air velocity of uy,g < 1 m/s. The temperatures are
measured at 2/3 height of the absorber in dry conditions, i.e. without fluid in the tubes, when steady-
state conditions are reached.

The alternative extrapolation method calculates the stagnation temperature from the efficiency curve at
its intersection with the x-axis. This temperature is referred to as standard stagnation temperature Tg,
and is given by (ISO 9806):

—cy + \/clz + 4 G N C2

2c,

+20°C 5.1

Tstg = Ta +

with standard stagnation conditions of T, = 30 °C and G = 1000 W/m?, and the coefficients ny,,, ¢;, and
¢, from performance measurements.

Normatively, a margin of 20 °C is added to compensate the higher wind speeds during performance
measurement than during the experimental approach. Although not explicitly stated in the standard,
another reason for the margin of 20 °C lies in the temperature inhomogeneity of the absorber during
stagnation. While the heat losses are in first order proportional to the mean absorber temperature, the
maximum absorber temperature T, .« refers to the local maximum at the absorber. Numerical simula-
tions with the multi-node collector model showed that if edge losses are considered for the glazed PVT
collector, the local maximum temperature is 5.8 K higher than the average absorber temperature (com-
pare chapter 3.2.6).

Helminger (2012) compared the measured absorber temperature T, n.x With the extrapolated stagnation
temperature T, of 59 types of flat plate collectors. He did not incorporate the above-mentioned margin
of 20 °C and found on average an mean deviation of T,y ma- Teg = 14.9 K. Hence, the margin of 20 °Cis
justifiable if looking at the mean deviation only. Yet, there were also statistical spikes from T max= Tatg = -
20 K up to +60 K. The deviations for evacuated tube collectors were even spread more widely.

Therefore, the extrapolated stagnation temperatures T, have to be viewed critically, and if possible,
measured stagnation temperatures T, max Should be used. The measured method is considered to be
more accurate than the extrapolation method, as the temperature is determined directly and no mathe-
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matical conversion is required. However, the measured method is not always applicable, for instance if
the absorber is not accessible for measurement instrumentation, or if the collector would be destroyed.

To wrap-up the considerations on stagnation temperatures, Table 5.1 summarizes typical standard stag-
nation temperatures of PVT collectors compared with flat plate collectors and evacuated tube collectors.
Furthermore, Table 5.1 indicates the water saturation pressure p., at stagnation temperatures based on
VDI (2010). If p.,; exceeds the system pressure, vapor formation will occur resulting in large volumes of
steam formation, which can have critical implications. In conventional solar thermal collectors, the for-
mation of steam is considered a critical problem for the hydraulic components (Rommel et al. 2007
Scheuren 2008).

Steam formation is a minor problem in PVT collectors. Since stagnation temperatures are lower than in
solar thermal collectors, the water saturation pressure is also lower (compare Table 5.1). Thus, steam
formation occurs more rarely, and if it happens, less volumes of steam are produced. Instead, the expo-
sure of PV modules and their polymer components are considered the critical point of stagnation.

Table 5.1:  Standard stagnation temperatures and corresponding saturation pressure of water for dif-
ferent collector technologies.

Collector technology = Standard stagnation tempera-  Water saturation pressure at
ture Tsta
Tstg [°C] Ps.: [bar]
Unglazed PVT collector 75-95 0.4-0.8
Glazed PVT collector 120 - 145 20-42
Glazed PVT collector 140 - 165 36-7.0
with low-e
Flat plate collector 160 — 200 6.2-15.5
Evacuated tube collector 250 -300 39.8-85.9
5.2.2 Annual frequency distribution of absorber temperatures

The stagnation temperature specifies the maximum absorber temperature, which occurs under worst-
case, steady-state conditions. By contrast, the annual absorber temperatures that actually occur
throughout a year depend on multiple factors such as climate, system operation, collector orientation,
and dynamic effects, just to name a few.

System simulations were conducted to assess the typical temperature load of PVT collectors. The PVT
performance model, which was presented in chapter 4.1, is also valid for stagnation conditions. The
temperature load is analyzed for glazed PVT collectors with and without low-e. Both collector technolo-
gies were simulated in combi system (d) and in permanent stagnation conditions. The simulation bound-
ary conditions from the previous section, i.e. location of Wirzburg, southern orientation, tilt angle of
35°, PVT array of 20.4 m2, and storage volume of 900 |, were applied.

The annual distribution frequency is obtained by analyzing the temperatures of the absorber node at
every time step. The absorber temperatures are then grouped in temperature intervals in bins of 10 K.
Typically, this type of histogram is plotted as a bar diagram. Instead, to show the four different cases
together in a single graph, each data point represents the corresponding bar in Figure 5.1.
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Figure 5.1:  Annual distribution frequency of absorber temperatures for glazed PVT collectors with and
without low-e at the location of Wiirzburg. Operation of PVT collectors in MPP mode
throughout the year.

As can be expected, the PVT collectors face the most challenging temperature load under permanent
stagnation without heat extraction. The maximum annual absorber temperatures amount to
Tapsmax = 130.8 °C for the glazed PVT collector and to T,y max = 153.9 °C for the glazed PVT collector with
low-e. The glazed PVT collector exceeds critical temperatures above 130 °C for only 4 h during perma-
nent stagnation. The application of low-e increases the occurrence of critical temperatures significantly.
The glazed PVT collector with low-e has to withstand absorber temperatures above 130 °C for 32 h in
the combi system and for 182 h during permanent stagnation.

During permanent stagnation, the occurrence of high absorber temperatures is naturally more frequent
than in the combi system in normal operation. Stagnation also occurs in the combi system when the
storage is fully charged and the pump is off. However, this event is relatively rare resulting in a less fre-
quent occurrence of absorber temperatures T,,, > 80 °C than during permanent stagnation. Correspond-
ingly, absorber temperatures below T,,, < 80 °C are more frequent in the combi system in normal opera-
tion, as this is the typical operating range of PVT collectors in this system and the fluid cools the PVT ab-
sorber compared to the PVT collector in stagnation.

When analyzing the time series of the combi system simulations, it is interesting to notice that high ab-
sorber temperatures occur even while the pump is operational and the fluid circulates. A gradual heat-
ing-up of the collector circuit causes this effect if the heat is not efficiently transferred to the secondary
circuit due to a too low heat transfer capability of the heat exchanger. Apparently, the effectiveness of
the heat exchanger between primary and secondary circuit is an important parameter and should there-
fore not be underestimated during sizing the heat exchanger in a PVT system.

Nevertheless, the simulation results should be regarded as indicative temperature ranges, whereas moni-
toring results need to confirm these findings. A system failure or power outage in system (d) may shift
the temperature loads into the direction of permanent stagnation. Furthermore, operating the PVT col-
lector in OC mode instead of MPP mode also results in higher temperature loads than the simulated
ones.
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5.2.3 Failure mode and effects analysis

To assess the effect of elevated temperatures on the different components of glazed PVT collectors, a
failure mode and effects analysis (FMEA) is presented. The approach is based in its idea on the design
FMEA according to IEC 60812 (2006), which will be carried out with a reduced scope in the following.

Table 5.2 summarizes potential failures as observed in past research on PV module reliability (Yedidi et al.
2014; Kontges et al. 2014) and PVT collector development (Affolter 2000; Zondag 2008; Dupeyrat
2011a; Wendker et al. 2012; Gomes et al. 2015; LaAmmle et al. 2017a). The list covers the most relevant
failure modes from a reliability point of view with no claims to be exhaustive.

Two major potential causes for failure are observed: thermo-mechanical stress and exceedance of the
material’s maximum temperature.

Thermo-mechanical stress is induced by the thermal expansion of two different materials in bonded con-
nections. The relative elongation §,, between two components of different materials is given by (Grote
and Feldhusen 2011):

Orer = (a1 — a2) L (Tinax — To) (5.2)

with the thermal expansion coefficients o, and a,, the components’ length |, and the maximum temper-
ature difference T, — To.

Hence, the relative elongation 8, can be reduced by matching the thermal expansion coefficients o, and
o, of the bonded materials, reducing the length of the bonded a components |, and by reducing the
maximum temperature T,., which the materials are exposed to. Furthermore, using elastic materials,
e.g. elastic glue to bond absorber sheet and PV module, also reduces the thermo-mechanical stress in
the components.

Exceeding the maximum temperatures of the materials is the second cause of failure. These temperature
limitations mostly apply for polymeric materials where their specific glass transition and softening tem-
perature should not be exceeded. This is especially relevant for polymer encapsulation materials such as
the PV standard ethylene vinyl acetate (EVA) where a degradation of the encapsulant can cause critical
failures such as browning and delamination.

While thermo-mechanical stress can be reduced by an adapted design with the aforementioned
measures, the maximum material temperatures are a strict limitation, which can only be overcome by a
substitution of materials. Therefore, the maximum material temperatures for PV modules are analyzed in
more detail in the following section.
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Table 5.2:  Failure mode and effects analysis for high temperatures in PVT collectors.

Component Potential failure Potential causes for Potential effect of failure
mode failure

PV cells micro-cracks, cell thermo-mechanical stress  reduced cell and module effi-

cell connectors

EVA

bypass diodes

junction box

glue

PVT absorber

weld-seam be-
tween absorber
and tube

absorber tubes

breakage
corrosion, oxidation

cracked, broken cell
connectors

yellowing, browning
delamination

defective bypass diode

loss of adhesion
deformation, destruc-
tion

failure of adhesion,

e.g. between PV
module and absorber

cracks, breakage

excessive bending

debonding of tubes

internal pressure re-
sistance

humidity intake from de-
graded EVA

thermo-mechanical stress,
material fatigue

oxidation of EVA at ele-
vated temperatures

production of acetic acid
at elevated temperatures

thermo-mechanical stress,
exceeding max. tempera-
ture

thermo-mechanical stress,
exceeding max. tempera-
ture

mechanical degradation,
loss of elasticity or tensile
strength

thermo-mechanical stress,
internal temperature
shock

bi-metal effect of bonded
compounds

thermo-mechanical stress,
fatigue failure

material failure from ex-
cess temperatures, ther-
mo-mechanical stress

ciency, total module failure

increase of series resistance,
string failure
degraded optical efficiency

corrosion of PV cells

formation of hot spots, burn
marks, fire

short-circuit, module failure

reduction of Uapeig and F’

destruction of PVT absorber

increased heat losses from

smaller dg,,

reduction of Uppgig and F/

water leakage, destruction of
PVT absorber

insulation degradation of insula-  exposition to excessive increased heat losses, burn
tion material temperatures, marks, fire
degradation
5.2.4 High temperature exposure of materials employed in PVT collectors

Within the project PVTgen2 (Lammle et al. 2017a), high temperature tests have been conducted on ad-
hesives, encapsulants, single-cell PV modules, and full-size PV modules to analyze their temperature sta-
bility and identify maximum material temperatures. Different research groups at Fraunhofer ISE carried
out these tests. The results are briefly summarized at this point due to their central importance on the

specifications and requirements of overheating protection.
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Mechanical characterization of adhesives

Different types of adhesives were tested on their applicability in PVT collectors for gluing the absorber
sheet to the PV module. Their mechanical properties of tensile strength and maximum elongation were
characterized in a standard tensile strength setup. The samples were retested after exposition to high
temperatures of 120 °C, damp heat and thermal cycling.

Both tested polyurethane-based adhesives failed after the high temperature exposure when they turned
brittle. Two out of five silicone-based adhesives failed the thermal cycling and the damp heat tests. Two
other silicone-based adhesives have insufficient elasticity in the initial, unaged state. Only one silicone
and one acrylic-based adhesive had satisfactory initial mechanical properties and were able to withstand
the temperature exposure to 120 °C, thermal cycling, and damp heat test. While there are suitable can-
didates, these adhesives have to be selected carefully for the application in PVT collectors.

Dynamic mechanical analysis of PV encapsulants

Typical PV encapsulants underwent the dynamic mechanical analysis before and after temperature expo-
sure to test the thermal properties of the encapsulants. The samples included two products of EVA and
two products of polyolefins. Already prior to the temperature exposure, a loss of the storage modulus
was registered at increasing sample temperatures as the glass transition temperature of EVA lies below
0 °C. The dynamic-mechanical properties, however, did not change significantly after temperature expo-
sure of 500 h at 150 °C and no difference was observed between the four samples.

Silicone encapsulants were not included in the dynamic mechanical analysis, but they are known to be
more suitable for higher temperatures. Mickiewicz et al. (2011) compared the dynamic mechanical prop-
erties of silicone encapsulants to EVA and concluded that the storage modulus of silicone is more con-
stant over a wide temperature range. Eltermann et al. (2012) exposed three silicone encapsulants to
temperatures of 150 °C to test their application for concentrating PV receivers. Only a minor reduction
of optical properties was observed for one sample, while two samples showed no indication of optical
degradation. Given their good thermal, mechanical, and optical properties, silicone encapsulants are
therefore considered more suitable for higher temperatures than EVA and polyolefines. This is why sili-
cone is used as an encapsulant in different high-temperature PVT collectors, which were developed re-
cently (Matuska et al. 2015; Gomes et al. 2015; Proell et al. 2017).

Optical analysis of single-cell PV modules with EVA

The degradation of small-sized PV modules with EVA encapsulant was assessed through optical Fourier
spectroscopy and visual inspection after ageing at various temperature levels. Single-cell module samples
were specifically manufactured for the tests. The samples feature an mono-Si PV cell embedded between
two layers of EVA and glass sheets on front- and backside.

For the accelerated ageing tests, these samples were exposed at 105 °C, 120 °C, 130 °C, and 140 °C for
a duration between 106 h and 652 h. The Fourier measurements did not show a systematic degradation
of the module’s transmittance. However, the samples that were exposed at 130 °C and 140 °C regis-
tered degradation effects in the form of browning of EVA in the peripheral areas of the PV modules.
These effects might originate from an oxygen-induced reaction of the encapsulant at high temperatures
caused by breaking the polymer chains and the subsequent formation of chromophores. Therefore,
temperatures above 130 °C have to be seen critical for PV modules with EVA encapsulant.
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Analysis of full-size PV modules

Four types of full-sized glass-glass PV modules were exposed at 120 °C, 135 °C, and 150 °C. After each
ageing phase, the electrical power was measured in a flasher at standard test conditions. The samples
included three modules with EVA encapsulant and one module with silicone encapsulant.

After the three accelerated ageing phases, a reduction of the electrical power of 1.2 %, was observed
for one of the three EVA modules and a reduction of 1.0 %, for the silicone module. On the two other
modules, the temperature exposition did not have any negative effects and no micro-cracks were found
in any of the PV modules. However, the junction box of two PV modules was deformed severely, which
might be a potential source for an electrical short-circuit.

Conclusion

Despite numerous tests, it is not possible to define a certain maximum temperature for the materials
employed in PV modules and PVT collectors. No systematic failure modes above specific temperature
levels could be registered by mechanical, optical, dynamic mechanical, and electrical characterization.
Hence, degradation is not caused by exceeding a specific maximum temperature level. Instead, degrada-
tion has to be considered as a stochastic effect where the probability of degradation increases with ele-
vated temperatures. Nonetheless, it is clear that temperatures above 130 °C are especially critical for
EVA. But also other materials (adhesives, interconnectors) and components (junction box, bypass diodes)
are subject to ageing at elevated temperatures.

Another way of looking at the ageing processes in PVT collectors delivers the Arrhenius equation. Ac-
cording to this model, the aging rate r is exponentially proportional to the activation energy E, divided by
the temperature T and the Boltzmann’s constant k (Kurtz et al. 2011):

a

r « exp(—k—T (5.3)

Hence, every increase in temperature also effectuates an increase of the reaction rate. For PV modules,
an activation energy of E, = 1.1 eV can be assumed (Kurtz et al. 2011). Increasing the temperature from
85 °C, up to which PV modules are certified, to 130 °C, which is the maximum temperature of the
glazed PVT collector, effectuates an increase of the reaction rate by 53 times. At temperatures of
150 °C, the stagnation temperature of glazed PVT collectors with low-e, the reaction rate is even 238
times faster than at 85 °C.

This clearly demonstrates the importance of maintaining low temperatures in the PVT collector to avoid
ageing, degradation and critical failures.
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5.3 Evaluation of overheating protection concepts for PVT collectors
5.3.1 Classification and literature review of overheating protection con-
cepts

Multitudes of concepts for OHP are discussed in scientific literature and are registered in various patents.
Reiter (2014) and Frank et al. (2014) provide a good overview of existing OHP concepts and a mere repe-
tition of these concepts is avoided. Instead, all existing OHP concepts are classified in a new topology,
which provides a systematic analysis where energy flows can be switched.
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Figure 5.2:  Equivalent thermal circuit of a two-node PVT collector model. The suitable parameters to
lower the absorber temperature T,,, are highlighted in green.

The two-node energy balance for PVT collectors in Figure 5.2 forms the basis for the new topology. The
central aim of all OHP concepts is the reduction of absorber temperatures T,... Any possible measure to
lower T, can be derived from the two-node model by analyzing energy flows and parameters that af-
fect T,

Accordingly, all concepts to reduce T,,, can be classified in the following four OHP categories:

1)  Reduce G(ta) this OHP category aims at switching-off, or at least reducing, the heat source
Pavsorber WhicCh is responsible for overheating in the first place. There are three possibilities for reduc-
ing G(ta). Firstly, the transmittance of the transparent cover can be reduced, e.g. by shadowing
the absorber. Secondly, the absorption in the PV cells can be adjusted, e.g. by a switchable layer
that increases reflection. Thirdly, the incident irradiance can be reduced, e.g. by defocusing a con-
centrating collector. Applying this OHP category in PVT collectors, however, also reduces the elec-
trical power output p,, Which is considered a major drawback.

2) Increase U,,.,: OHP concepts of the second category lower the absorber temperature by increas-
ing the heat loss rate ¢, through an increased heat loss coefficient U . As the high level of insu-
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lation in glazed PVT collectors with low-e aggravates the issue of overheating and is the main
cause for excessive stagnation temperatures, it is an obvious approach to deal with the issue by
switching from low to high value of U, in the case of stagnation. This is either achieved by
changing the characteristics of existing heat loss paths, e.g. by a switchable emissivity of the ab-
sorber coating. Alternatively, U, can be increased by activating new loss paths, e.g. by opening
flaps in the collector housing to ventilate the collector.

3) Reduce Tgyigmean: the mean fluid temperature Ty g mean determines the absorber temperature dur-
ing regular operation. By maintaining fluid circulation and keeping the collector inlet temperatures
at a low level, Tyiqmean CaN be used to avoid stagnation and cool the absorber temperature. For this
purpose, the fluid has to dissipate its heat to the ambient. The heat dissipator can be either inte-
grated on the collector level or on the array or system level, e.g. by an external finned-tube heat
exchanger (Frank et al. 2014). A central challenge of this OHP category is the maintenance of cir-
culation of the heat transfer fluid and a passive and fail-safe operation. Control based concepts,
e.g. night cooling of the storage, also fall amongst this category.

4) Increase ¢ the last OHP category aims at buffering high absorber temperatures by increasing
the heat capacity c. of the collector. Thus, excessive heat is stored in thermal masses preventing a
rise of absorber temperature. Phase change materials (PCM) are an ideal solution to the problem,
as they store sensible heat at a constant temperature after exceeding a defined temperature limit.
For this purpose, PCM has to be thermally coupled to the absorber and regenerated at night to re-
lease the stored heat. The high costs and temperature stability of PCMs are however a limiting fac-
tor of this OHP approach.

Apparently, the electrical efficiency m,, also has an influence on the energy balance and T, Yet, n, is
limited by its rated efficiency ne sic. Therefore, it is not possible to actively increase n, and use p as an
active measure for an OHP concept. Nevertheless, n, influences the maximum absorber temperatures,
which can be seen at the differing stagnation temperatures of PVT collectors operated in MPP and OC
mode. Likewise, the ambient temperature is considered a constant boundary condition that cannot be
altered but influences the absorber temperature.

The four OHP categories with their corresponding subcategories are illustrated in Figure 5.3. Combina-
tions of the four categories are also possible, but will not be subject to further investigations.

The physical effects that are responsible for a temperature reduction are identical inside each category,
because the physical two-node model of the collector forms the basis for the topology. The same math-
ematical and physical approaches for dimensioning OHP concepts can be applied as a consequence. For
instance, all OHP concepts of category 2 are based on reducing U,... To achieve a certain temperature
reduction, U, has to be switched in a given switching range AU,,.. The required switching range AU,
is independent from the technological construction, whether by switching the absorber emissivity or by
venting.
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Classification of overheating protection concepts

Category 1 Category 2 Category 3 Category 4
reduce G(ta) 4 increase U reduce Tg,ig mean increase c
1.1 1.2 13 2.1 2.2 3.1 3.2 4.1 4.2
reduce reduce reduce change activate |integrated | integrated phase |integrated
cover absorber incident existing new in on system change | collector
transmission | absorption | irradiance | heatloss | heatloss | collector |/arraylevel | materials | storage
T a G paths paths (PCM) (1CS)
1.1.1 1.2.1 1.3.1 2.1.1 2.2.1 3.1.1 3.2.1
thermotropic |thermotropic, defocus | conductive| conductive collector- |system/array
layer layer heat losses| heat losses| | integrated | - integrated
T T ™ ™ heat back cooler
1.1.2 1.2.2 1.3.2 2.1.2 2.2.2 dissipator >
electrochromic| fluid optical | adjust | convective  convective 3.2.2
gasochromic switch orientation| heat losses| heat losses control-
fluid switch T T based OHP
2.1.3 2.2.3
- radiative | radiative
113 heat losses| heat losses
shading

Figure 5.3:  Classification of overheating protection concepts into four main categories according to
their physical effects on the energy balance of the collector.

Useful nomograms to preliminary dimension OHP concepts for each category are presented in Appendix
D.1. These nomograms summarize the crucial factors that influence the stagnation temperature. Fur-
thermore, the dimensioning tools allow a quick assessment of the suitability of the OHP in terms of tem-
perature reduction potential.

Besides the mentioned classical OHP approaches that utilize a switch of the thermal efficiency, there is
also the possibility to engineer the collector in such a way that critical temperatures are inherently avoid-
ed. This is achieved by reducing the thermal insulation to a subcritical level. Fortuin et al. (2014) call this
approach “LT-resist” as the materials are resistant to the inherently low temperatures. Unglazed PVT
collectors can be grouped into this category, and this approach is also applied for polymer collectors (e.g.
Dursun et al. (2014) and Reiter et al. (2014)). However, permanently high heat losses are not expedient,
as a good thermal efficiency is required for regular operation conditions. Therefore, all OHP concepts
must be able to switch from a high and to a low thermal efficiency, either actively of passively.

Besides that, air-type PVT collectors have a reduced risk for overheating compared to water-type PVT
collectors. As air collectors are typically operated in open systems, a worthwhile OHP approach comprises
venting heated air to the atmosphere to avoid excessive temperatures and thus maintain low cell tem-
peratures (Cartmell et al. 2004). Air as heat transfer has the additional advantage that there is no risk of
steam formation.

Table 5.3 categorizes OHP concepts into the four categories, based on a thorough literature review of
existing OHP concepts for solar thermal collectors, PV modules, and PVT collectors. For each OHP con-
cept a short description and corresponding references are also stated.
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Table 5.3:

Novel classification existing overheating protection concepts.

Category

Description of overheating protection (OHP)

Reference

1) Reduce G (t0).4

1.1) Reduce 1

1.1.1 Thermotropic layer changes its transmittance de-
pending on temperature of said layer

1.1.2 Fluid-optical switch to either transmit or reflect inci-
dent irradiation depending on presence of fluid

1.1.2 Electrochromic or gasochromic glazing which
switches its transmittance by an applied voltage or the
presence of gases

1.1.3 Shading the absorber by blocking incident irradia-
tion

- Rollable curtain covers the aperture on either the inside
or outside of the collector

- Shading of solar thermal absorber with PV cells

Nitz (1999), Resch and Wall-
ner (2009)

Stephens (1981), Slaman and
Griessen (2009)

Lampert (1998), Georg et al.
(1998)

Products available e.g. by Ori-
onsolar, Heijasolar, Radiant
Floor Company

Gillmann (2010), Fischer et al.
(2016)

1.2) Reduce a

1.2.1 Thermotropic layers and

1.2.2 Fluid-optical switch can also be applied directly on
the absorber to increase reflectance and thus reduce ab-
sorptance

Resch and Wallner (2009),
Slaman and Griessen (2009)

1.3) Reduce G

1.3.1 Defocus concentrating collectors

1.3.2 Adjust orientation, e.g. by adjusting azimuth or tilt
angle

Witt and Mesquite (1984)

2) Increase U,

2.1) Change
existing heat
loss paths

2.2) Activate
new heat loss
path

2.1.1. Switchable insulation integrated in the back of the
collector, e.g. by releasing hydrogen in a metal container

2.1.2 Adjust distance between absorber and glazing and
thus switch convective heat losses

- Transparent front cover, which is flexible and potentially
inflatable, can be moved towards and brought in contact
with absorber to increase convective and radiative losses

- Absorber can be moved towards glazing

2.1.2 Switchable vacuum insulation between absorber
and glazing

- active: vacuum pump stand maintains pressure; flooding
the gap with air increases pressure and thus U,

- passive: temperature-induced desorption of water inside
a vacuum container

2.2.2 Venting the collector by opening flaps in the collec-

tor housing, e.g. passively by a memory shape metal actor,

buoyancy-driven natural convection of ambient air cools
the collector

- Ventilation of back side between absorber and insulation

Benson et al. (1994)

Patents by Moore (1983),
Sharpe (1984), Raetz (1998),
Mueller and Wemhoener
(2013)

Dupeyrat (2011b)

Wendker et al. (2012), availa-
ble as product by UniKoll
(UniKoll 2015)

Henning et al. (2011)

Cadafalch (2002), Harrison et
al. (2004), Hussain and Harri-
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- Ventilation of front side and back side

2.2.2 Switchable heat pipes transfer heat to an external
heat exchanger

-Valve with shape memory metal opens after exceeding a
set temperature

- Sorption heat pipe is activated after exceeding a set
temperature

son (2015)

Kearney et al. (2005), Ram-
schak et al. (2016)

Mahdjuri (1999), Mahjouri
(2004), Boyle et al. (2012).
Applied in products by Naked
Energy and Kingspan

Klier (2013), mechanism also
explained in Vasiliev (2004)
and Frank et al. (2014). Prod-
uct by TIGI Solar.

3) Red uce Tfluid,mean

3.1) Collector

3.1.1 Thermosiphonic-driven fluid circulation sets in when

integrated valve opens after exceeding a set fluid temperature
- heat dissipator attached to collector frame Cummings (1977), Konetsu
and Torrens (2004), product
by Konetsu S.L.
- heat dissipator integrated into the collector’s rear side Thir and Hintringer (2013)
3.2) System 3.2.1 Thermosiphonic-driven fluid circulation setting in Baer (1984), Butler (2002),
integrated after valve opens when exceeding set fluid temperature. Konetsu and Torrens (2004),
Heat dissipator integrated on array or system level. product by Konetsu S.L.
3.2.2 Thermo-electric peltier devices generate electricity to  Martinez et al. (2014)
run a fan which cools the heat transfer fluid
3.2.3 Control-based strategies to reduce storage tempera-
ture
- Night cooling of storage by utilizing the collector as heat  Becker et al. (2006), Scheuren
sink by recirculation hot water from storage (2008), Kusyy and Vajen
(2011)
- Actively increase collector temperature by low mass Lustig (2002), Scheuren
flows to reduce thermal collector efficiency (2008), Kusyy and Vajen
(2011)
- Tank fluid purging: release hot tank water to drain Magalhaes et al. (2016)
- Actively pumped and controlled external back cooler for ~ Hausner et al. (2003), Becker
stagnation cooling et al. (2006),
4) Increase
Cetf
4.1) PCM 4.1.1 Phase change material (PCM) is coupled to the PV
module or absorber to buffer temperatures
- in PV modules Du et al. (2013), Makki et al.
(2015)
- in solar thermal collectors in facade applications Hengstberger et al. (2016)
- in PVT collectors Bouzoukas (2008), Di Su et al.
(2017)
4.1.2 PCM slurries Serale et al. (2014)
4.2) ICS 4.2 Integrated collector storage (ICS) to increase collector ~ Smyth et al. (2006)

capacity
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5.3.2 Evaluation of overheating protection concepts for PVT collectors

The suitability of existing and novel OHP approaches for the application in PVT collectors varies from
concept to concept. Objective and systematic evaluation criteria are required to assess and compare the
individual approaches.

Reiter (2014) developed a multi-dimensional evaluation approach for OHP concepts in polymer collec-
tors. On a scale from 1 to 5, he evaluates multiple OHP concepts in the six dimensions of intrinsic safety,
temperature reduction, universal applicability, operational costs, efficiency reduction, and manufacturing
costs. This comprehensive study is highly recommended for any reader who is interested in the evalua-
tion of the individual OHP concepts.

The requirements for OHP concepts in PVT collectors, however, differ from the requirements of polymer
collectors. In polymer collectors, the sole objective of OHP is the limitation of the absorber temperature.
In PVT collectors, also the electrical efficiency benefits from the reduced temperature load. Therefore, the
evaluation criteria of Reiter (2014) are adapted slightly to also take into account the specific require-
ments of PVT collectors. The adapted evaluation criteria for OHP in PVT collectors are discussed in the
following paragraph, highlighting the specific requirements of PVT collectors.

1. Temperature reduction

The first and most important evaluation criterion concerns the potential to reduce absorber tempera-
tures during stagnation, which can be quantified by the temperature switching range
ATone = Tagnomal - Tsgone- While high stagnation temperatures would occur in the normal operation
mode, the OHP limits the absorber temperature during stagnation. Thus, the OHP reduces cell tem-
peratures for a higher electrical efficiency and reduces the temperature load to avoid ageing and deg-
radation.

Depending on the corresponding category, the temperature switching range ATy, can be assessed
preliminarily from the switching range of (ta). in category 1, the switching range of U, in category
2, the heat dissipator capacity in category 3, and the effective capacity c.in category 4. The dimen-
sioning nomograms for the four OHP concepts in Appendix D.1 are also suitable to assess the tem-
perature reduction ATgp.

2. Intrinsic safety

The intrinsic safety criterion specifies whether the OHP operates fail-safe and is activated even during
irregular operating conditions. Reiter (2014) classifies the intrinsic safety of OHP concepts into perma-
nent protection (A), protection during power failure (B1), protection during system failure (B2), and
protection only during operation (C). A permanent protection is, of course, always desired, but not all
OHP approaches can be realized in such a way.

With regards to the intrinsic safety, it can also be differentiated between active and passive OHP con-
cepts. In this context, active refers to an OHP that consumes electricity or relies on active control algo-
rithms. A passive concept, on the other hand, activates its OHP automatically if temperatures exceed a
certain threshold, or if fluid flow falls below a minimum level.

Both active and passive OHP concepts can be carried out in a fail-safe manner. For instance, an active
system is permanently protected if the OHP is activated automatically during power and system fail-
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ures. A specialty of OHP in PVT collectors is the internal generation of electricity during critical states.
High stagnation temperatures only occur during high levels of irradiance, so that the PVT array would
generate sufficient electricity to operate its own active OHP. Furthermore, longer intervals of power
failures could also be bridged when a backup battery system is utilized. An active OHP in combination
with a PVT battery system would be classified as B1 — protection during power failures, as system fail-
ures are not covered in this example.

Guaranteeing intrinsic safety is a challenge for all OHP approaches. Especially in active and control-
based OHP concepts of category 3 it is difficult to achieve a permanent protection.

. Efficiency reduction

It is clear that the OHP reduces the thermal efficiency ny, o When it is activated. However, some OHP
approaches also reduce the thermal efficiency during normal operation My, noma- FOr instance, thermo-
tropic layers suffer from a reduced transmittance in its transparent state, compared to conventional
glazing. A reduction of thermal efficiency Ang, nomar results in an undesired drop of optical perfor-
mance and lower annual thermal yields compared to a collector without OHP.

Electricity is generated during normal operation but also during stagnation. Hence, a reduction of
electrical efficiency is also critical when the OHP is active. In this respect, the reduction of the electrical
efficiency during stagnation Ang 4, has a lesser influence on annual electricity yields than a reduction
of the normal efficiency Ang.omar given the much rarer occurrence of stagnation. Yet, all approaches
in OHP category 1 reduce the optical efficiency during stagnation, which might reduce annual electri-
cal yields significantly. OHP category 1 is therefore less suitable for PVT collectors where a high elec-
trical efficiency is also required during stagnation.

. Additional costs

Most OHP concepts imply additional manufacturing and operational costs. The manufacturing costs
concern the additional components for the OHP mechanism. Operational costs concern the additional
energy consumptions of the overheating-protected collector. Depending on the OHP technology,
electricity is either consumed during normal operation, e.g. to maintain a vacuum pressure for high
thermal performance, or it is consumed during stagnation to activate and operate the OHP.

Passive OHP concepts in categories 1, 2 and 4 typically have less operational costs, but the manufac-
turing costs are higher. Control-based OHP approaches in category 3 have no manufacturing costs,
but higher operational costs. For instance, night cooling by recirculating hot water in the collector
loop requires no additional equipment, but it consumes electricity to operate the pumps.

. Potential synergies

Evaluation criterion 5 considers all potential synergies of applying OHP in PVT collectors. Potential
synergetic effects can be found in an increased electrical or thermal efficiency by a higher optical or
thermal performance during normal operation. Cost reductions in the collector and system through
lower temperature requirements or substituting components by the OHP are also a potential benefit
of OHPs. Moreover, new possible applications may arise through an OHP. For example, the hot air of
a vented PVT collector could be utilized, or the collector performance in a heat pump system could be
increased by opening the ventilation channels when operated below ambient temperatures.
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Also, the flexible, demand-oriented operation of the PVT collector is a potential synergy. By actively
and purposely lowering the absorber temperatures, it is possible to switch between operation with
heat-priority and electricity-priority. Thus, annual yields can be potentially increased. This aspect is an-
alyzed in more detail in chapter 5.5.

Any overheating concept can be evaluated with these five evaluation criteria on a custom scale or on a
scale as proposed by Reiter (2014) by taking into account the individual construction, design, and realiza-
tion of each concept. Although the previously defined OHP categories base on the same physical effect,
it is not possible to rate these categories on a consistent basis. Instead, the evaluation has to be carried
out for each OHP concept individually.

5.4 Demonstration of overheating protection concepts in PVT collectors

The objective of the following section is the building and testing of highly efficient PVT prototypes with
low-e coatings, which are protected against overheating. Thus, the effect of OHP on temperatures and
the instantaneous efficiency under real stagnation conditions can be analyzed experimentally and the
applicability of overheating protection for PVT collectors can be assessed.

By means of three case studies, different OHP concepts for PVT collectors are evaluated and compared:

e PVT collector with ventilation: this state-of-the-art OHP concept is applied first-in-time to a
glazed PVT collector with low-e coating.

e PVT collector with switchable film insulation: in this innovative OHP concept, an inflatable
polymer film substitutes the rigid glass front cover. This opens the possibility to vary the gap dis-
tance between the PVT absorber and polymer film and thus switch convective and radiative heat
losses.

e PVT collector with sorption-based switchable insulation: this passive OHP concept approach
is based on the temperature-dependent desorption characteristics of adsorbents in a vacuum
chamber. A feasibility study with small-scale experiments and numerical simulations of the PVT col-
lector is presented.

5.4.1 PVT collector with ventilation

5.4.1.1 Description of the OHP concept

Venting of the collector is one of the most discussed OHP approaches for flat plate collectors in the sci-
entific literature (Cadafalch 2002; Harrison et al. 2004; Kearney et al. 2005; Hussain and Harrison 2015;
Ramschak et al. 2016). The idea of venting the collector is simple: ventilation channels are integrated
into the collector. During normal operation, the channels are closed. During stagnation, cool ambient air
enters the collector through the opened channels. The air takes up heat so that its temperature increas-
es, its density decreases and the air rises upwards. Thus, the passive, buoyancy-driven airflow evacuates
excessive heat from the collector and thus lowers the absorber temperatures. For the first time, this es-
tablished OHP concept is now applied to PVT collectors.

The design of the PVT collector with ventilation “PVT03-vented” is analogous to the PVT collector
“PVTO1-low-e". It uses the same PVT absorber dimensions, same PV cells, and the same construction of
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the direct-laminated sheet-and-tube PVT absorber. However, a low-e coating from Euroglas, which fea-
tures an emittance of &5,5 = 0.30 and a transmittance of ty; s = 0.89, is applied on the PV module
glass. This PVT collector comes without anti-reflection coating on the front glazing, resulting in a relative-
ly low transmittance-absorptance product of (ta) = 0.83. Due to these constructive differences, the
performance in normal operation is expected to be slightly lower than that of “PVTO1-low-e”.

Within his Master’s thesis, Panzer (2016) constructed the collector casing and integrated inlets and out-
lets into the frame, allowing the ventilation of channels above and beneath the absorber. During stagna-
tion, the channels can be opened to allow air circulation and avoid overheating. To enhance the heat
transfer from the absorber to the air, V-shaped aluminum fins with a thickness of 0.2 mm are glued to
the rear side of the absorber.

Figure 5.4 depicts a schematic cross section of the PVT collector with ventilation and its equivalent ther-
mal circuit. Opening the ventilation channels activates the parallel resistance 1/U,,, resulting in the addi-
tional heat flux Gyens.
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air gap
PVT absorber g 3
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frame
ventilation
channels —_—— T
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cooling fins—||
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Figure 5.4:  Schematic cross section of the PVT collector with the option to vent above or beneath the
absorber (left); equivalent thermal circuit of the PVT collector indicating the switchable ven-
tilation losses (right).

In the present prototype, the channels have to be opened manually. There are, however, available tech-
nical solutions for opening the channels passively. Thermally controlled shape memory alloy springs can
be used to open the channels, once its temperatures exceed the threshold (Harrison et al. 2004; Kessen-
tini 2014). The integration of such an automated mechanism was, however, beyond the scope of this
collector development.

Figure 5.5 shows photos of the collector at the outdoor test field of the TestLab Solar Thermal Systems
at Fraunhofer ISE. In the left photo, the collector is in normal operation with closed channels. In the right
photo, the OHP is activated through the opened ventilation channel below the absorber.
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Figure 5.5:  Photos of the PVT collector “PVTO3-vented” during outdoor testing with closed vents (left)
and opened vents (right).

5.4.1.2 Experimental characterization of U

The heat loss coefficient U, was experimentally determined for several design variants in the fluid dy-
namic test rig at Fraunhofer ISE using the “dark” method of characterizing heat losses without incident
irradiance. This formerly normative method (DIN 4757) is still a popular approach to reduce test time
(Fischer 2011; Beikircher et al. 2014). In the dark method, hot fluid is circulated through the collector.
Given the absence of irradiance, the heat dissipates from the fluid to the ambience, resulting in an in-
verted heat flow from absorber to ambience and consequently a lower fluid outlet than inlet tempera-
ture.
The heat loss rate q,. is obtained from measuring the mass flow rate m and balancing the fluid inlet and
outlet temperatures Ty,iqin @and Tqug0u Then the heat transfer coefficient Uy, which is defined between the
nodes of mean fluid temperature T,,and ambient temperature T,, is obtained with:

_ QLoss m Cp (Tfluid,in_Tfluid,out) (5.4)

U, = =
0 AT Aaper(Tm - Ta)

In the dark case without irradiance, the thermal resistance 1/U, can be regarded as a serial connection of
1/U ppssiig @and 1/U,o... With the previously determined Upug (COmpare experiments in chapter 3.2.5), U
is expressed as:

. 1 (5.5)
k0SS 1)Uy — 1/U ppsriuia

The stagnation temperature Ty, can be estimated from U, which allows a better interpretation of the
experimental results. Assuming a security margin of 20 °C, the stagnation temperature is given by:
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T — 5.6
Tstg=Ta+G—( Jers ~Met L 540¢ 5.6)

Loss

The resulting stagnation temperatures Ty, in Figure 5.6 are indicated for (ta)es = 0.832, G = 1000 W/m?
and T, = 30 °C in OC mode with n, = 0.
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Figure 5.6:  Measured heat loss coefficient U, at AT = 39 K and derived stagnation temperature T, of
the vented PVT collector in several design variants.

During normal operation with closed ventilation channels, a low heat loss coefficient of
Uioss = 7.2 W/m?2K was measured, which corresponds to high stagnation temperatures of Ty, = 166 °C.
Activating the overheating protection by venting the front channel lowers the stagnation temperature to
Ty = 132 °C. Venting the rear channel without fins results in stagnation temperatures of T, = 123 °C
while venting the rear channel with fins yields Ty, =99 °C. The lowest stagnation temperatures of
Ty = 95 °C are achieved by venting both the front and rear channel.

Accordingly, the switch of U by venting the front channel is insufficient to avoid critical temperatures
above 130 °C. On the contrary, ventilation of the rear channel with added fins achieves the temperature
reduction target.

However, the measured values for U, and the derived stagnation temperatures have a limited validity
and should be primarily used for comparing the different variants. The operating conditions of the fluid
dynamic test rig, i.e. ambient temperatures, radiation background, and wind speed distribution in the
collector plane, are difficult to control. Although measurements were carried out at four discrete tem-
perature levels of T,,_58 °C, 63 °C, 67 °C, and 71 °C and U, was averaged for these temperatures,
stagnation levels were not reached to avoid destroying the collector. Moreover, the method entails un-
certainty for the prior determination of U,a. Therefore, the values of U, and Ty, serve as an approx-
imate estimate to compare the variants and to pre-assess the potential of the OHP concept. The exact
stagnation temperatures are therefore determined by thermal performance measurement according to
ISO 9806 (2016).
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5.4.1.3 Characterization of collector performance

The thermal and electrical performance of the collector were measured in outdoor conditions with the
quasi-dynamic test method according to ISO 9806 in the hybrid MPP mode, i.e. with simultaneous ther-
mal and electrical operation. The efficiency curves in Figure 5.7 were characterized in two modes:

1) Normal operation mode with closed ventilation channels

2)  Vented OHP with activated overheating protection and open ventilation channels behind the ab-
sorber with fins

A dynamic switch during operation between these two efficiency curves is possible by opening the venti-
lation channels, which is indicated by the green line in Figure 5.7.
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Figure 5.7:  Efficiency curves for the PVT collector with ventilation “PVT03-vented” in normal mode
with closed channels and OHP mode with opened channels.

During normal operation, the PVT collector achieves a high thermal efficiency with relatively low heat
losses. A slightly lower thermal and electrical efficiency is observed compared to “PVTO1-low-e” in chap-
ter 3.4. This is due to the aforementioned higher emissivity of £ = 0.30 of the Euroglas coating compared
to € = 0.14 of the ISE coating. Additionally, the front glazing is not equipped with AR coating resulting in
a reduced optical efficiency.

During stagnation or periods of low heat demand, the OHP can be activated by opening the ventilation
channels. The ventilation increases the heat losses significantly and lowers stagnation temperatures. The
resulting standard stagnation temperature amounts to T, = 148.9 °C during normal operation and to

T4, = 101.8 °Cin overheating protection mode.

The heat loss coefficient during stagnation U, can also be estimated from the efficiency curve parame-
ters. During no flow conditions, the incident power on the absorber equals the heat losses. Solving the
energy balance of the two-node model to U, leads to:

G- [(tQ)err Nl G [(t@)efr — Met] 262 (5.7)

ULoss stg —
’ Tetg — T,
o e fC12 + 4Neno0C2G — €1
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The derived heat loss coefficients Uy = 7.8 W/m2K with closed channels and U,y qq = 14.3 W/m2K
with opened channels, are in the range of the previously assessed values with the dark method.

As positive side effect of the overheating protection, the electrical efficiency also benefits from lower
stagnation temperatures. According to the measurement, the drop of cell temperatures increases the
electrical efficiency during stagnation from n, = 6.5 % with closed channels to n, = 8.9 % with opened
ventilation channels. During regular operation, the instantaneous electrical efficiency remains unaffected
by the overheating protection.

5.4.1.4 Dynamic operation of the OHP

The PVT collector was monitored at the outdoor test rack on the roof of Fraunhofer ISE to test the over-
heating protection under real operating conditions. A typical stagnation sequence was emulated for this
purpose, while temperature, thermal and electrical power, and operating conditions were monitored.
Figure 5.8 shows the measured curve of temperature and power during an exemplary test day with a
longer stagnation period.
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Figure 5.8:  Measured temperature as well as electrical and thermal power of “PVT03-vented” during
stagnation.

On a hot and sunny day with nearly no clouds, the PVT collector was first operated in normal operation
mode with simultaneous thermal and electrical operation. At 10:40 am, the collector pump was turned
off and the collector began to stagnate. Owing to the almost complete cease of heat transfer to the flu-
id, the collector began to heat up rapidly. After 30 minutes, the absorber temperatures, which were
measured at 2/3 height of the collector, reached T,,, = 99.5 °C. At this point in time, the OHP was acti-
vated manually by opening the ventilation channel behind the PVT absorber. Immediately, an air stream
began to flow through the collector and thus cooled the PVT absorber. Within 30 minutes, the absorber
temperature stabilized around T,,, = 75 °C, with some minor temperature fluctuations.

Simulations of the same test day were conducted to analyze temperature and electrical power during
stagnation, assuming no activation of the overheating protection. These simulated absorber

145



Chapter 5 | PVT collectors with overheating protection

temperatures are shown in Figure 5.8 in light red. According to the simulations, the absorber would
have reached a daily maximum temperature of T,,, = 132.6 °C without OHP. Compared to the maximum
measured absorber temperature of T, = 77.8 °C, this equals a temperature reduction of AT,,, = 54.8 K.

The effect of the overheating protection on the specific electrical collector power p, is indicated by the
orange curves. Directly after stagnation sets in, the electrical efficiency drops from m., = 10.0 % to
Ne = 7.9 %. After opening the ventilation channels, the electrical yield increases again and stabiles
around ng = 9.3 % due to lower cell temperatures. Comparative simulations showed that without OHP,
the electrical efficiency drops to as low as n, = 5.6 % during the temperature peak at noon. The meas-
ured, daily electrical yield with OHP amounts to Ec, = 1.17 kWh/m2 compared to simulation results of
Ecor = 1.04 kWh/m?2 without OHP, which equals a difference of 11 %,

5.4.2 PVT collector with switchable film insulation

5.4.2.1 Description of collector concept

An innovative overheating protection concept based on an inflatable glass-film cushion was specifically
developed for PVT collectors. The PVT absorber itself is inherently rigid and protected against damage
from hail by the presence of the PV module glass. Therefore, a flexible film can substitute the glass cover
on the front. During regular operation, the film cover reduces heat losses by establishing an insulating air
layer above the PVT absorber. During stagnation, the film is brought in contact with the PVT absorber.
This increases both convective and radiative heat losses and lowers stagnation temperatures. Thus, the
switchable film insulation falls under OHP category 2.1 - switchable U,. by changing the properties of
existing heat loss paths. Selected results of the following section were also published in Lammle (2016b).

The switchable collector insulation is realized by an inflatable fluoropolymer film which is sealed at its
edges with the PVT absorber. A small air pressure stabilizes the cushion during regular operation. Re-
moving the air from the cushion, e.g. by a small negative pressure, deflates the cushion so that the pol-
ymer film directly contacts the low-e-coated PVT absorber.

Fluoropolymer films such as ETFE, FEP, or PTFE are mainly used in architectural applications for building
envelopes (Robinson-Gayle et al. 2001) and in greenhouses. Max et al. (2012) investigated various inflat-
able glass-film-combinations for a switchable greenhouse insulation. In solar thermal collectors, fluoro-
polymer films are used as additional convection barrier between absorber and glazing. Moore (1983)
used a switchable film insulation in a solar thermal collector for overheating protection, while Mueller
and Wemhoener (2013) aim at variable heat dissipation rates by adjusting convective heat losses with a
switchable film insulation.
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Figure 5.9:  Schematic cross section of the PVT collector with switchable film insulation (left); equiva-
lent thermal circuit of the PVT collector indicating the switchable convective and radiative
heat losses (right).

The PVT absorber has the same design as the glazed PVT collector with low-e (“PVTO1-low-e”). 32
mono-Si cells are laminated within a sandwich of EVA, low-e-coated module glass, and a sheet-and-tube
absorber with an aluminum sheet and copper tubes. This PVT collector also utilizes the silver-based low-e
coating with an emissivity of &;,5¢ = 0.14 produced at the laboratory of Fraunhofer ISE.

The only differences between this PVT collector and PVTO1 are the front glazing and the collector frame.
An ETFE film with a thickness of 100 um is used. At its edges, the film is hermetically sealed with butyl
rubber. To ensure air-tightness over longer periods, the film, butyl rubber, and PVT laminate are pressed
together during production. Moreover, the film is sealed under tension, so that it forms a naturally
curved form of a cushion with a maximum distance between absorber and film of dg,, = 35 mm. Howev-
er, the distance between absorber and film is not constant, so that convection losses are slightly higher
than in a collector with parallel glass panes.

A small internal pressure in the range of 20 mbar guarantees the mechanical stability of the cushion. For
this purpose, a small and cheap electrical air pump was used. This air pump, which can both suck and
blow, is typically used for inflating and deflating air mattresses. An automotive valve is inserted into the
ETFE film and is also sealed with butyl rubber.

The heat loss rate can be adjusted according to current heat demand by regulating the air pressure in
the cushion. In periods of low thermal demand and high storage temperatures, the cushion is actively
deflated and thus prevents overheating. In the case of a power failure, the air slowly evades from the
cushion. A valve that automatically opens during power failure can accelerate the process of deflating
the collector. Thus, a fail-safe overheating protection can be achieved.
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Figure 5.10: Photos of PVT collector with switchable film insulation “PVTO4-film” during indoor testing
in normal, inflated mode (left and center) and in protected, deflated mode (right).

5.4.2.2 Characterization of radiative heat losses grad

The radiative heat losses ¢,,4 during normal operation and in OHP mode are of great interest, as they
determine the applicability of polymer films as transparent cover in PVT collectors with switchable film
insulation. As thin polymer films are partly transparent for radiation in the near infrared spectrum, radia-
tive heat losses are expected to be slightly higher during regular operation, compared to a PVT collector
with transparent glass cover. Moreover, it is essential that the collector can switch between low §,,4 in
regular operation to high ¢.4 in OHP mode, when the film is brought in contact with the PVT absorber
with low-e coating.

For these reasons, the radiative heat losses of the glass-film combination were analyzed with an infrared
thermographic experimental set-up as shown in Figure 5.11 (left). The graphic output signal of the infra-
red camera was calibrated with several samples of known emissivity. Measurements were conducted at
different surface temperatures under consideration of background radiation. Thus, the temperature out-
put signal of the IR camera was calibrated and can be converted into the radiative heat flux ¢,q.

Float glass 4 mm
Infrared R §rag = 102 W/m?2
camera ETFE film 125 um
Qg = 114 W/m?2

Glass-film

ETFE film 50 um
Qrag = 116 W/m?2

—e[]
sample E ‘

Hot plate = ‘
with constant

temperature

ETFE film 25 pm
Qrag = 120 W/m2

Figure 5.11: Thermographic analysis of radiative heat losses of polymer films in combination with a
low-e coated glass: experimental set-up (left) and thermographic image of four film-glass
samples with low-e glass at T = 74 °C (right).
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Analysis of radiative heat losses of polymer films as front cover

HeB (2014) reports that the transmittance of polymer films in the infrared spectrum is relevant concern-
ing radiative heat losses. While glass can be considered opaque, the effect of infrared transmittance on
the overall heat losses is not negligible for polymer films.

In Fourier spectroscopy measurements, we characterized an ETFE film with a thickness of 100 pm in the
infrared spectrum up to A = 17 um. An infrared transmittance of 13,5 = 0.23 was obtained by weighting
the measured spectrum with the Planck spectrum of a black body at 373 K. This suggests that radiative
heat losses might increases significantly when using polymer films instead of glass as front cover. Com-
parison with previous measurements of He3 (2014) show that the variance between different types of
polymer films (FEP, PFA, PTFE) is small. Yet, thinner films also have a higher transmittance for infrared
radiation up to 5,5 = 0.49 at a film thickness of 25 um.

To study the influence of the infrared transmittance on the overall radiative heat losses in the PVT collec-
tor, ETFE films of various thicknesses were investigated with the hot plate thermography measurement
set-up. The glass-film-sample comprises three films and one glass substrate that are mounted on a wood
frame. This frame spaces the samples in distance of 20 mm to a low-e-coated glass pane which is heated
by a hot plate of constant temperature. The set-up corresponds to the typical construction of a PVT col-
lector with low-e on position 3. The resulting infrared thermographic image of the heat flux of three film
samples compared to glass is shown in Figure 5.11 (right).

12 % - 18 % higher radiative heat losses were observed for the ETFE films (¢, = 114 - 120 W/m?2) com-
pared to conventional float glass (§,.,q = 102 W/m?2). This is due to the mentioned infrared transmittance
T373¢ Of the polymer films. With a higher emissivity of the glass pane, e.g. in a PVT collector without low-e
coating, this effect becomes more important, as the radiative heat losses are responsible for a significant
share of the collector heat losses. If low-e coatings are applied, the share of radiative heat losses emitted
from the PVT absorber are relatively small compared to the convective heat losses.

Numerical collector simulations for the two PVT prototypes “PVTO1-low-e” and “PVT02-no-low-e” illus-
trate this relationship. Substituting the glass cover with an ETFE film would increase the overall collector
heat loss coefficient U, at AT =50 K by 6.9 % for the PVT collector without low-e, but only by 1.5 %
for the PVT collector with low-e. The slightly higher radiative heat losses during normal operation are
therefore not seen critically for PVT collectors with low-e coatings.

Analysis of the radiative heat losses of switchable glass-film insulation

A small-scale, inflatable glass-film cushion with the dimensions of 400 mm x 400 mm was built to
characterize the switching range of the radiative heat losses. The construction bases on a full-size,
inflatable PVT collector and comprises a low-e-coated glass with an emissivity of 5,5 = 0.05, a 100 pm
thick ETFE film, a butyl rubber edge compound, and a Schrader valve to inflate and deflate the cushion.
The heat loss rate ¢,,4 was studied at this small-scale sample for different filling states with the hot plate
thermography measurement set-up. Figure 5.12 shows the thermographic image of the cushion during a
deflation sequence at a hot plate temperature of Ty, .. = 74.5 °C.
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Figure 5.12: Thermographic images of a glass-film cushion in fully inflated and deflated state and dur-
ing deflation at a hot plate temperature of T, = 74.5 °C.

In the fully inflated state in image (1), the average radiative heat loss rate amounts to §,,q = 93 W/m2.
Only the top edge of the butyl sealing acts as a thermal bridge with consequently high heat losses. It is
interesting to observe the movement of the air inside the cushion through the thin film. Due to the small
thermal capacity of the film, dynamic changes of the air temperature are visible in the thermographic
image through changes of the surface temperature. Slow, billowing movements in the shape of organic
structures are observed during the experiment that are attributable to the movement of hot air and its
natural convection cells.

Shortly after the deflation process starts, the film begins to contact the glass directly (image (2)). With
less air volume in the cushion, more and more area of the low-e glass is in direct contact with the film.
The lighter yellow spots in image (3) are air bubbles, where only a thin air film separates the low-e glass
and the film. Image (4) shows the fully deflated state with a radiative heat loss rate of ¢,,4 = 339 W/m2. A
glass sheet with an emittance of 5,5 = 0.91 achieves similar heat dissipation rates. The air is now almost
entirely removed from the cushion, so that the contact between film and glass is smooth and only few
remaining wrinkles and air intake at the edges are visible.

From all this follows that a glass-film cushion can effectively switch between low radiative heat losses in
the inflated state to high radiative heat losses in the deflated state. In the inflated mode, the heat loss
rate lies in the range of a conventional PVT collector setup. In the deflated mode, the heat loss rate is
similar to an uncoated glass without additional front cover. This shows that the low-e coating is basically
deactivated when brought in contact with the film, because conductive heat transfer dominates the heat
loss mechanisms in this configuration.

5.4.2.3 Experimental characterization of U

Next to the radiative heat losses, convective heat losses are also triggered by deflating the glass-film
cushion. The overall collector heat losses were characterized at the full-size PVT prototype with switcha-
ble glass-film insulation using the “dark method” as described in section 5.3.1.2.

Figure 5.13 compares the resulting overall heat loss coefficient U, in three different modes:
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e In the air-inflated mode, the heat loss coefficient during normal operation amounts to
Uioss = 7.8 W/m2K, corresponding to a stagnation temperature of Ty, = 157 °C.

e Alternatively, the ETFE cushion can be filled with argon instead of air to suppress convective heat
losses. For the argon inflated mode, a heat loss coefficient of U, = 6.7 W/m2K was measured. Using
argon instead of air thus reduces U, by 16 %,. Noble gas fillings are therefore an interesting option
to increase the thermal performance during normal operation, with the advantage to not affect the
optical performance.

¢ In the deflated mode, the application of a negative pressure inside the cushion attracts the film and
deactivates the low-e coating. Furthermore, convective heat losses increase due to the attached film
cover. An artificial wind with a wind speed of u,,,qs = 1.2 m/s in the collector plane was applied during
the dark method measurements. The measured heat loss coefficient amounts to U, = 18.9 W/mZK,
corresponding to a stagnation temperature of T, = 94 °C.

To conclude, the inflatable film insulation achieves a large switching range of AU, = 11.1 W/m2K for air
filling and AU = 12.2 W/m2K for argon filling. This is an unprecedented switching range, which ena-

bles a good performance during normal, inflated operation and an effective overheating protection with
a deflated cushion.
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Figure 5.13:  Measured heat loss coefficient U, at AT = 50 K and calculated stagnation temperature T,
of the film PVT collector in inflated and deflated mode.

5.4.2.4 Characterization of collector performance

The thermal performance of the PVT collector with switchable film insulation was characterized based on
ISO 9806 in the indoor solar simulator of Fraunhofer ISE. Throughout the performance measurements,
the PVT collector was operated in the simultaneous MPP mode and an artificial wind with u,,,q = 3 m/s
was applied in the collector plane. The thermal efficiency was characterized in both the air-inflated and
deflated operation mode.
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Figure 5.14 shows the resulting efficiency curves and corresponding standard performance coefficients.
The results of the performance characterization of the full-size PVT collector confirm the previous, non-
standard measurements of q,,q and U, .
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Figure 5.14: Thermal and electrical efficiency curves with steady-state test points of “PVTO4-film” meas-
ured in the solar simulator.

The PVT collector reaches a high thermal performance with low heat losses in the inflated mode. The
thermal efficiency is comparable to “PVTO1-low-e”, given the similar characteristics of the low-e coating.
However, the conversion factor of the film collector is 4 %, lower (ny,, = 0.63 compared to 1y, = 0.67)
because of a reduced transmittance of the ETFE film (tay; 5 = 0.92) compared to double sided AR glass
(Tamis = 0.97).

In the deflated mode, the PVT collector achieves low stagnation temperatures with high heat losses. The
characteristics of the PVT collector with activated overheating protection are similar to those of an un-
glazed PVT collector with insulated backside.

To compare stagnation temperatures and heat loss rates, the standard stagnation temperature Ty, is
evaluated with Eq. (5.1) and the overall collector heat loss coefficient during stagnation U, « is evaluat-
ed with Eq. (5.7). Accordingly, the overheating protection reduces the standard stagnation temperature
from 154 °C to 94.5 °C. This corresponds to an increase of U, from 6.8 W/m2K to 22.8 W/m2K.
Thus, the switching range of U, in the solar simulator is even higher than indicated by the tests with
the dark method which can be attributed to the lower wind speeds in the latter method.

The electrical efficiency curve is not affected by switching from inflated to deflated mode. Figure 5.14
indicates the steady-state test points of the electrical efficiency of both operation modes and a single,
linear efficiency curve is observed. At AT=0K, ie. T,=T,=29°C, an electrical efficiency of
Neo=11.5% was registered. By contrast, an electrical efficiency under standard test conditions
Nesc = 13.9 % was measured in the flasher. The operation mode, however, strongly affects cell temper-
atures and hence the electrical efficiency during stagnation. The electrical efficiency during stagnation
amounts to Ny = 5.9 % in the inflated mode, but to N4, = 9.6 % in the deflated mode on account of
reducing stagnation temperatures from 154.0 °C to 94.5 °C. An intelligent control of the ETFE cushion
can therefore lead to a gain of electrical yields by managing the collector temperatures.
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5.4.2.5 Dynamic operation of the overheating protection

Two test sequences were conducted on the full-size PVT collector in the indoor solar simulator with the
objective to analyze the dynamic operation of the OHP and its effect on absorber temperatures and the
thermal efficiency.

Maximum absorber temperatures were measured during stagnation at no-flow conditions while the col-
lector was deflated to avoid destruction. PT100 sensors measured the temperatures on the back side of
the PVT absorber at two thirds height.

The dynamic sequence for three different operating conditions revealed the following maximum absorb-
er temperatures (Figure 5.15, left):
e OC Mode, no wind: T, max = 94.3 °C

e MPP-Mode, no wind: T, max = 90.1 °C
e MPP-Mode, Uying = 3 M/s: Tpgmax = 68.0 °C

Accordingly, the maximum absorber temperatures during worst-case stagnation conditions amount to
Taps,max = 94.3 °C, which is uncritical for all employed materials. The measured temperature on the ab-
sorber in MPP mode T, = 90.1°C is slightly lower than the standard stagnation temperature
(T = 94.5 °C) where a security margin of 20 K is assumed.
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Figure 5.15: Dynamic operation of the overheating protection. Left: maximum absorber temperature
during stagnation in deflated mode with varying boundary conditions. Right: Sequence of
inflating and deflating at T;;, = 45 °Cand T, = 28 °C.

In a second test sequence (Figure 5.15, right), the dynamic behavior and reaction time of the switchable
film insulation was analyzed. For this purpose, the cushion was inflated and deflated in the solar simula-
tor while the thermal efficiency was monitored. The operating conditions were kept at a constant level of
G =992.5W/m?, Ty, =45 °C, and uy,g =3 m/s. A small air blower with a rated power of 20 W and
maximum pressure of p = 0.05 bar was used for inflating and deflating the cushion, which took 16
minutes each.

153



Chapter 5 | PVT collectors with overheating protection

The thermal efficiency directly reacts on changes of the filling level of the cushion. Only during deflation,
it requires a short starting time until a minimum air volume is evacuated and an effect on the thermal
efficiency is registered. Moreover, it is an important observation that the initial efficiency of ng, =55 % is
reached again after a full deflation and inflation cycle.

5.4.2.6 Discussion and outlook

The first PVT collector prototype with switchable film insulation achieved remarkable experimental results
with a good overall performance during normal operation and a high switching range of the heat losses
by deflating the cushion.

Despite the already good results, there is still potential for optimization. Due to the curvature shape of
the cushion, partial shading from the collector frame is no issue in this collector concept. This allows
higher packing factors of the PV cells and thus higher electrical yields. The optical efficiency of the PVT
collector can be improved by using FEP instead of ETFE films and by an optimized production process of
the low-e coating with less reflection losses. As shown in section 5.4.2.3, an Argon filling is capable to
further reduce convective heat losses by 16 %,. Finally, a full-size PVT collector of larger dimensions
might achieve lower heat losses, especially at the edges of the cushion.

Further research is required to bring the collector concept from the current prototype stage to a com-
mercial product. The durability of the ETFE film needs to be tested at combined temperature and UV
radiation ageing and outdoor exposure. Passive and fail-safe methods have to be tested to deflate the
collector reliably during system failures. Possible approaches are valves that open passively at high tem-
peratures or during power failure. Additionally, the parasitic electricity consumption for running the air
blower needs to be weighed against potential electrical yield gains through a cooling of the collector.
The low-e coating can be also applied on the interior surface of the ETFE film (Siefert et al. 2016; Georg
et al. 2017). With such a low-e-coated ETFE film, an unglazed PVT collector can be retrofitted to boost
the thermal performance and achieve the characteristics of a glazed PVT collector with low-e coating.

Finally, the switchable insulation enables novel applications such as night cooling (Eicker and Dalibard
2011) or the application in a heat pump system with excellent performance in a parallel integration
mode with inflated collectors and in a serial integration mode with deflated collectors. Beyond the appli-
cation in PVT collectors, the switchable film insulation is also a promising overheating protection for flat
plate collectors or other applications, where a large switching range of the heat loss coefficient is re-
quired.

5.4.3 PVT collector with sorption-based switchable insulation

5.4.3.1 Description of collector concept

The sorption-based overheating protection utilizes the principle of adsorption in vacuum to switch its U-
value: at low temperatures, the working medium is adsorbed at an adsorbent material located inside a
vacuum flat-plate collector. With increasing absorber temperatures, the adsorbed medium evaporates
and thus increases the gas pressure. The increasing gas pressure switches the heat losses from an un-
conducting to a conducting state. Different combinations of working media (e.g. water, ethanol) and
adsorbent materials (e.qg. silica gel, zeolite, SAPO) can be used for this application.
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The switchable insulation requires neither mechanical, movable actuators, nor external energy for the
operation of the OHP, but is entirely passive. Furthermore, the switchable insulation is also applicable for
conventional solar thermal collectors, windows, or building elements.

The collector design is mainly inspired by the principle of vacuum flat plate collectors. There are some
commercial products for vacuum flat plate collectors available, e.g. by SRB Energy (CH), Thermosolar
(DE), and TVP Solar (CH). The air tightness was tested for one commercial vacuum flat plate collector
product and a high leakage rate of 1.2 mbar/Is was detected. This is most probably due to the intrusion
of air into the evacuated vacuum chamber, necessitating a frequent reevacuation of the collector.

The development of a permanent vacuum-tight edge compound is also a challenge for the research of
vacuum insulation glass VIG. VIG is a double-pane isolation glass separated by a vacuum gap. Small
spacers inside the vacuum gap deliver the required mechanical stability and prevent a collapse of the
glass panes. Soldered glass-metal-glass compounds are a promising approach for the hermetical edge
sealing which is currently under research (Glaser et al. 2016).

The feasibility of an active, switchable vacuum insulation for PVT collectors was jointly demonstrated by
Fraunhofer ISE and Solvis in the project PVTmax (Wendker et al. 2012). An external vacuum pump active-
ly regulates the vacuum pressure inside this PVT collector. A pressure below p < 0.01 mbar gave a good
thermal insulation during regular operation, while a pressure above p > 1 mbar resulted in a significant
reduction of thermal losses.

Pailthorpe et al. (1987) report on a passive sorption based overheating protection for vacuum tube col-
lectors. The vacuum tube is filled with a desorbable gas, which specifically adsorbs on the absorber sur-
face. With increasing temperature of the absorber, the pressure inside the vacuum tube increases, result-
ing in a higher heat transfer coefficient.

Henning et al. (2011) filed a patent for a sorption-based overheating protection. The working medium
and the sorbents have to be matched to achieve a relevant increase of gas pressure to switch the heat
losses from unconducting to a highly conducting state. The principle functionality of this patent will be
investigated in the following section by experimental and numerical analysis.

However, the available VIG and vacuum flat plate collector technology are unable to permanently main-
tain the low gas pressure inside the vacuum chamber. The development and construction of a fully func-
tional, full-sized, vacuum-tight PVT collector with sorption-based switchable insulation is therefore out of
the scope for this thesis. Instead, a feasibility study based on experimental results combined with the
numerical PVT collector model will be presented in the following section.

Figure 5.16 depicts a possible construction design of a PVT collector with sorption-based switchable vac-
uum insulation. The low-e-coated PVT absorber is located inside an evacuated vacuum chamber with a
transparent front glazing. The rear side of the vacuum chamber can be carried out as either a deep-
drawn steel casing or also made of glass. In both cases, a vacuum-tight edge compound is required,
which must be flexible enough to withstand the different thermal elongation of the front glazing and
steel casing. Moreover, spacers inside the vacuum gap are required to absorb and distribute the mechan-
ical load of the atmospheric pressure.

The adsorbent is thermally coupled to the rear side of the PVT absorber, so that adsorbent and absorber
are at similar temperatures. For the suggested collector design, an adsorbent coating is applied at the
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back of the PVT absorber so that the vapor pressure has to propagate to the front gap to switch thermal
losses at both the front and back side.
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Figure 5.16: Schematic collector construction of the PVT collector with sorption-based switchable vacu-
um insulation.

5.4.3.2 Gas pressure dependence of heat losses

The heat losses by gas conduction in a vacuum regime are a function of the gas pressure. Natural con-
vection occurs at gas pressures between p = 0.1 - 1 bar, resulting in relatively high thermal losses. Lower-
ing the gas pressure to p = 1- 100 mbar suppresses natural convection, but gas heat conduction still
takes place. A further reduction of the gas pressure below p = 0.1 mbar finally suppresses also gas heat
conduction losses, rendering the lowest heat loss rates (Benz and Beikircher 1999).

Beikircher et al. (1996) derived empirical correlations for the dependency of gas heat conduction losses
from the gas pressure. The Knudsen number as quotient of mean free length l;.., and the distance in the
vacuum gap dg,, is given by:

i = e 1 0.008313m (5.8)
n= = .
dgap  dgapP 1 4 #

Then, the heat loss coefficient for gas heat conduction in vacuum is expressed as:

LA 1 (5.9
o dgap 1 1+ L2 kn

Figure 5.17 shows the dependence of the heat loss coefficient h,,. from pressure and gap distance, eval-
uated with Eqg. (5.8) and Eg. (5.9). Accordingly, the gas pressure has to be maintained below
p = 0.1 mbar to achieve low heat losses. Above p = 0.1 mbar the heat loss coefficient increases continu-
ously until reaching a plateau around p = 5 mbar. Thereby, the gap distance functions as a lever. With a

smaller gap distance dg,,, the heat losses h,,. increase almost proportionally.

To achieve a high switching range for the heat losses, the pressure should be varied between 0.1 and
1 mbar. In this pressure range, the heat losses can be increased by a factor of 3 from
Nyaco.1mbar = 6.5 W/M2K 10 hoc 1mpar = 20.0 W/m?2K, at a gap distance of 1 mm.
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Figure 5.17: Theoretical dependence of the convective heat transfer coefficient h,,. from the gas pres-
sure.

To confirm this theoretical model with experimental results, performance measurements on the vacuum
PVT collector, which was developed and tested within the project PVTmax (Wendker et al. 2012), were
reevaluated.

This PVT collector features a vacuum insulation glass (VIG) on the front side that is made up by the PV
module glass and the front glazing, with a viton and rubber sealing edge compound. The gap distance
amounts to dg,, = 3 mm and round stainless steel pins with a diameter of 4 mm are equally spaced in a
distance of 80 mm between the front glazing and the PVT absorber. As this VIG edge compound is not
entirely vacuum-tight, the vacuum PVT collector is connected to a vacuum pump stand and the VIG has
to be evacuated at regular intervals.

The thermal performance n,, was measured at different gas pressures in the solar simulator at otherwise
constant operating conditions (fluid inlet temperature Ty, = 76 °C, irradiance G = 991 W/m?2, and ambi-
ent temperature T, =33 °C). To mathematically derive the overall heat loss coefficient U, from the
thermal efficiency my,, the definition of F' as a function of Uyeuig in EQ. (3.19) is employed into the fol-
lowing notation of ny,:

, AT (5.10)
Nep = F [(Ta)eff —Net — Uposs ?]

Solving Eq. (5.10) and Eq. (3.19) for U, leads to:

(T efr — Nen — Net (5.11)
ULoss = n T —T
th + m amb
UAbsFluid G

where the collector parameters (ta). = 0.832 and Upperiig = 61.2 W/m2K are assumed constant.

The blue markers in Figure 5.18 show resulting steady-state heat loss coefficient U, for varying gas
pressures. Switching the gas pressure from p = 0.004 mbar to p = 1 mbar effectuates an increase of U,
from 6.4 W/m2K to 11.5 W/m2K. These two values of U, correspond to stagnation temperatures of
Ty = 125°C, and T, = 180 °C according to Eq. (5.6).

Numerical simulations of the collector heat losses were carried out with the PVT collector model. The
thermal circuit for U in the vacuum gap is solved using a parallel connection of the three thermal re-

157



Chapter 5 | PVT collectors with overheating protection

sistances for gas heat conduction in vacuum regime 1/h,,., radiative heat losses 1/h,,4, and heat conduc-
tion through the pins he,cap- The resulting overall heat loss coefficient U, and its breakdown into the
individual heat transfer mechanisms is also plotted in Figure 5.18.

Good agreement between the experiment and numerical model can be stated. Only above p = 0.5 mbar,
the numerical models underestimate the experimental results of U,.... Nonetheless, the numerical model
for the pressure dependence of heat losses in a vacuum regime can be used for further analysis.
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Figure 5.18: Experimental (blue markers) and numerical analysis (lines) of the gas pressure dependence
of thermal losses. Measurements were conducted at G = 991 W/m? T,,, = 76 °C, and
T,=33°C

5.4.3.3 Temperature dependence of gas pressure

The next relevant relationship concerns the dependence of the gas pressure on the temperature. This
relationship is described numerically with the established thermodynamic theory of absorption and ad-
sorption processes. For the present analysis, we focus on adsorption processes with water as working
medium. Utilizing other working media or applying absorption processes to switch the gas pressure
might also be feasible and yield similar results.

The water uptake X describes the state of the adsorbate and is defined as the ratio of the dry mass of
the adsorbed medium to the mass of the adsorbate. The equilibrium conditions depend on material
properties, temperature and pressure and follow a characteristic curve with X(p,T). Different models are
available to describe the dynamic equilibrium of adsorption processes, e.g. empirically-determined char-
acteristic curves based on the Dubinin potential theory, which can be parametrized for different materials
by measurement of the thermodynamic properties (Nunez 2001).

The closed adsorption process in the PVT collector is characterized by a constant mass content of ad-
sorbate and water which is either in the adsorbed or gaseous state. An increase of the temperature T
leads to desorption of water and thus a reduction of water uptake X and an increase of pressure p.

Assuming a sufficiently high adsorbate mass in relation to the vacuum volume, the water uptake X is
reduced only insignificantly by the desorption of water. Only a small number of desorbed water mole-
cules are needed to achieve the desired changes in the relevant pressure ranges. The small quantities of
desorbed water do not significantly alter the adsorbents water uptake X, as sufficient adsorbent is pre-

158



Chapter 5 | PVT collectors with overheating protection

sent and the vacuum volume is comparably small. With the simplification of a constant X, the equilibrium
can be described by an isosteric change of state. The pressure p is then given by (Nunez 2001):
hq
p :poe_R_;"i*—C (5.12)
with the initial pressure p,, the adsorbent temperature T, the adsorbent enthalpy h,y, the gas constant R,
and a characteristic offset C.

Experiments which reproduce the situation inside the vacuum gap of the PVT collector were conducted
to verify the described numerical correlations and the assumptions of isosteric change of state. For this
purpose, a saturated adsorbent was placed inside a vacuum chamber, which was then evacuated until a
specified initial pressure p, was reached. Afterwards, the temperature in the insulated vacuum chamber
was increased by an external heat supply. During the cool-down phase, a Pirani pressure sensor meas-
ured the distribution of the internal gas pressure.

Figure 5.19 shows the measured pressure curves of silica gel and zeolite at two different initial pressures
Po = 0.01 mbar and p, = 0.1 mbar. These experimental pressure curves are compared with numerical
results for the isosteric pressure curve according to Eq. (5.12). The exponents for this equation are ob-
tained with empirical characteristic curve fits on basis of the Dubinin potential theory for the silica gel
and zeolite adsorbents (Nunez 2001).
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Figure 5.19: Experimental and numerical pressure curve of silica gel and zeolite in a vacuum chamber as
function of the adsorbent temperature.

A relatively good agreement over a wide temperature range can be observed. Yet, the numerical model
overestimates the gas pressure at temperatures above T = 70 °C. This might be related to the fact that at
higher temperatures the change of the water uptake X begins to influence the equilibrium state with the
consequence of lower gas pressures. Another possibility for the differences might be experimental uncer-
tainty for the temperature and gas measurement. Nonetheless, the assumption of an isosteric change of
state seems reasonable and consequently pressure curves according to Eq. (5.12) describe the tempera-
ture-dependent pressure variance with sufficient accuracy.
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5.4.3.4 Numerical simulation of the efficiency curve

The two experimentally confirmed correlations for the gas pressure dependence of heat losses in
Eq. (5.9) and for the temperature-dependence of the gas pressure in Eq. (5.12) are implemented in the
numerical PVT collector model. Using these validated correlations, the efficiency curves and collector
temperatures for the PVT collector with sorption-based switchable insulation are obtained numerically.

The design of the vacuum flat plate PVT collectors leaves open several free parameters for optimizing the
performance and the switching range for the overheating protection open.

Firstly, the gap distance d,,, between the front glazing and the PVT absorber is an important lever for
high heat losses during stagnation. According to Figure 5.17, a gap distance of dg,, = 1 mm is selected
for the simulations to achieve sufficiently high gas heat conduction losses. The conductive heat losses
through the spacer pins increase proportionally to the smaller gap distance. To reduce these heat losses
to an acceptable level, the simulation assumes a reduction of the pins’ thermal conductivity A, by a fac-
tor of five compared to the PVT collector in PVTmax.

Secondly, the adsorbent material only has a minor influence on the desorption characteristics. The offset
between the two pressure curves in Figure 5.19 originates from different initial pressures p,. As indicated
by numerical simulations and experimental measurements, the choice of the adsorbent material has only
a minor influence on the characteristics of the curves. A commercial silica gel product with well-known
parametrization for the equilibrium is used for the simulations. Thereby, the adsorbent mass relative to
the vacuum volume is sufficiently large to allow the assumption of isosteric change of state.

Thirdly, the initial pressure p, at T.,, = 25 °C has to be adjusted to fine-tune the switching temperature
of heat losses. With a too low initial pressure, the heat losses are triggered at too high absorber temper-
atures. With a too high initial gas pressure, high heat losses already occur at low absorber temperatures
and thus reduce the thermal efficiency during regular operation. Therefore, the initial pressure p, has an
important influence on the functionality of the overheating protection. Figure 5.20 (left) shows the effi-
ciency curve obtained from the numerical PVT collector model with three values of the initial pressure po.
For a well-balanced operation, p, = 0.01 mbar is too high and achieves high heat losses during normal
operation, and p, = 0.0001 mbar is too low resulting in critical stagnation temperatures.

The overheating protection in the PVT collector should preferably feature low heat losses below
T.s = 60 °C, and a sharp increase of heat losses above that temperature. Heat losses increase strongly
above p =0.01 mbar as shown in Figure 5.18. Hence, setting the pressure to p=0.01 mbar at
T.s = 60 °C triggers heat losses above this temperature. According to Eq. (5.12), an initial pressure of
Po = 0.0005 mbar at T,,, = 25 °C is required to set the trigger point described above.

This initial pressure is very low and difficult to maintain in practice. The initial pressure can be set via an
initial evacuation of the vacuum chamber combined with heating up the PVT absorber. During opera-
tion, outgazing of components inside the vacuum chamber might alter the pressure conditions and thus
shift the trigger temperature. Nonetheless, the low operating pressures impose a high challenge for the
vacuum tightness of the edge compound, allowing only a minimal leakage rate.

Finally, the construction of the vacuum chamber also influences performance and stagnation tempera-
tures. The vacuum gap can be situated at the front between PVT absorber and front glazing, at the back,
between PVT absorber and collector casing, or both back and front, as illustrated in Figure 5.16. Numeri-
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cal simulations for these three cases were conducted with the PVT collector model and the resulting effi-
ciency curves are plotted in Figure 5.20 (right).

Vacuum at both back and front achieves the lowest stagnation temperatures of T, .= 113 °C fol-
lowed by vacuum at the front with T, ..x = 118 °C. Vacuum insulation at the back yields a stagnation
temperature of T, = 147 °C, which is an insufficient temperature reduction for the materials em-
ployed in PVT collectors. The limited potential of switchable insulation at the collector back can be at-
tributed to the relatively large vacuum gap distance d,,, and the difficulty to activate the heat loss path
on the backside of the collector with its specific on-roof or in-roof mounting situation. Therefore, the
switchable vacuum insulation has to be located at the front side in any case, and optionally at the back-
side, too.
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Figure 5.20: Thermal efficiency curves of the PVT collectors with sorption-based OHP with variation of
initial pressure (left) and collector design (right). Results obtained from numerical PVT col-
lector model at G = 1000 W/m?2 T, =25 °C, and u,,,; = 3 m/s, MPP mode.

Simulations for a proposed PVT collector design with an initial gas pressure of p, = 0.0005 mbar were
carried out on the basis of these considerations. The collector features vacuum at the front and back of
the absorber with a gap spacing of dg,, = 1 mm at the front and d,,, = 15 mm at the back. For compari-
son purposes, a PVT collector with identical design parameters, yet without collector-integrated adsor-
bents, was also assessed numerically. Both resulting thermal efficiency curves ny, with the corresponding
collector heat losses U, are plotted in Figure 5.21.
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Figure 5.21: Thermal efficiency curves of a PVT collector with sorption-based overheating protection

compared to a vacuum PVT collector without sorption. Results obtained from numerical
PVT collector model at G = 1000 W/m2 T, =25 °C, and u,,,; = 3 m/s, MPP mode.

Numerical simulations were also carried out for the stagnation case to determine the maximum absorber
temperatures, applying boundary conditions of u,,q = 0 m/s, G = 1000 W/m2, T, = 30 °C, OC mode. The
resulting maximum absorber temperature of the PVT collector with sorption OHP amounts to
Tabsmax = 112.7 °C, which corresponds t0 Uy = 11.3 W/m2K. Thus, the sorption-based OHP achieves a
total switching range of AU, = 6.0 W/m2K compared to the initial U oo = 4.3 W/m2K.

Without adsorbent, the vacuum PVT collector would achieve a maximum absorber temperature of
Tabsmax = 186.2 °C, which corresponds to U, «q = 5.5 W/m2K. Hence, the sorption based overheating
protection increases the collector heat loss coefficient by AU o, = 5.8 W/m2K and thus reduces the
stagnation temperature by 73 K.

The maijor difference to the previously discussed OHP is the absence of a discrete switching point with an
unsteady jump of U,. Instead, U . experiences a continuous transition from low to high thermal losses
as a function of the absorber temperature. Unfortunately, this also affects the thermal efficiency in the
operating range. At an absorber temperature of T, = 60 °C, which corresponds to a typical operating
temperature of glazed PVT collectors, U, is already slightly elevated at 5.6 W/m2K. Afterwards, the heat
loss coefficient increases on average by 0.17 W/m2K per Kelvin of increased absorber temperature. This
affects the operation of the PVT collector during normal operation, when technically no OHP would be
required.

Consequently, the parametrization of the efficiency curve is not as straight-forward as for the previous
PVT collectors, where two separate efficiency curves describe the two different OHP states. For the sorp-
tion-based PVT collector, the heat losses U, and thus the thermal efficiency ny, are a function of the
absolute value of the absorber temperature. This contrasts to conventional collector theory, where the
efficiency curve is described as a function of the relative temperature difference AT and the irradiance G.

However, a parametrization of the efficiency curve with the additional parameter T,,, is complex and
difficult to integrate into standardized performance models in system simulation software. Instead, the
efficiency curve is separated into one segment below T,,, = 60 °C and one segment above T,,, = 60 °C
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and parameterized for the respective segments, despite the continuous transition of heat losses. This
method was also applied by Foste et al. (2016) for collectors with thermochromic absorber coatings and
allows a sufficient modelling accuracy. Table 5.4 shows the parametrized efficiency curve parameters of
the two segments.

Table 5.4:  Parametrization of the PVT collector with sorption-based OHP in two segments.

Parameter Segment T, < 60°C Segment T, > 60 °C

Mo 0.663 0.674
¢ 3.61 W/m2K 2.27 W/m2K
G 0.05 W/m2K2 0.11 W/m2K2

5.4.3.5 Discussion and outlook

A feasibility study on a sorption-based overheating protection was presented which utilizes the tempera-
ture-dependent desorption properties of adsorbents to increase the gas pressure and thus increase heat
losses at high absorber temperatures. The overheating protection is entirely passive and free of movable
parts enabling a fail-safe operation and potentially high customer acceptance. Owing to the vacuum
insulation, the PVT collector concept achieves a high thermal efficiency in the operating range at low
absorber temperatures.

Low initial pressures below p, = 0.001 mbar are required to adjust the trigger temperature for the OHP
to T, = 60 °C. These low pressures impose a high constructive challenge for the design of the vacuum
chamber and its hermetical edge sealant. Currently, the technology for these edge sealants is still under
research and not commercially available for the application in PVT collectors. An alternative application
are vacuum tubes, where the sealing technology is further evolved. Moreover, vacuum insulation panels
can be transformed into a switchable insulation in the same manner. However, a switchable vacuum
insulation at the rear side of the collector alone is insufficient to avoid critical temperatures.

Within this thesis, the theory for heat transfer and desorption characteristics was derived from small-
scale experimental measurements. The next step for further development is an experimental proof-of-
concept at a full-sized collector. Once hermetical VIG edge sealants are commercially available, the sorp-
tion-based OHP concept can be implemented into a vacuum insulation glass or a PVT collector of similar
construction.

5.4.4 Comparison and evaluation of novel PVT collectors with overheating
protection

The novel, experimentally investigated PVT collectors are now compared with regards to their accom-

plished efficiency, and each OHP approach is evaluated with the previously defined evaluation criteria.

The electrical efficiency of all three PVT collectors is very similar with an efficiency at standard test condi-

tions of Mgsc = 13.9 %. Only the vented PVT collector achieves a slightly lower electrical efficiency

(Meistc = 13.7 %), as a front glazing without anti-reflective coating was used.

Figure 5.22 compares the thermal efficiency curves of the three PVT collectors. The OHP concepts with

ventilation and film insulation are characterized by two efficiency curves, one for the normal operation
mode and one with activated OHP. These PVT collectors can dynamically switch between the two states.
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In contrast to this, the sorption-based OHP approach has a continuous efficiency curve with a high quad-
ratic heat loss coefficient c, which indicates the increase of thermal losses at high absorber temperatures.
As the heat losses in this OHP approach are a function of the absolute absorber temperature, the effi-
ciency curve is only valid for the specific boundary test conditions.
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Figure 5.22: Efficiency curves of novel PVT collectors with overheating protection.

Comparing the efficiency curve of the three PVT collectors during regular operation, the sorption-based
PVT collector achieves the highest thermal efficiency up to absorber temperatures of T,,, = 50 °C. Above
these temperatures, the thermal efficiency decreases continuously. The PVT collector with ventilation has
slightly higher heat losses than the collector with film insulation, owing to the emissivity of the low-e

coating of &573¢,ent = 0.30 compared to €375 i = 0.14.

The intersection of the OHP efficiency curves with the x-axis indicates the stagnation temperature. Ac-
cordingly, the switchable film insulation achieves the lowest stagnation temperature, followed by the
ventilation and the sorption-based OHP.

A consistent comparison of the suitability of the overheating protection can be carried out with the pre-
viously defined evaluation criteria. The novel OHP concepts are assessed in Table 5.5 on a scale from 1 to
3 with respect to the five evaluation criteria of temperature reduction, intrinsic safety, efficiency reduc-
tion, production and operational costs and potential synergies. The effect of efficiency reduction on an-
nual yields is analyzed in more detail in chapter 5.5.2, and the results are already included in the evalua-
tion.
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Table 5.5:  Evaluation of novel PVT collectors concepts with overheating protection on a scale from
one to three.

Evaluation Criteria Ventilation Switchable film insula- Sorption-based OHP
tion
1. Temperature 3 T, =101.8°C 3 T, =945°C 2 T,=1127°C
reduction AU s = 6.5 W/m2K AU, = 16.0 W/m2K AU, = 5.8 W/m2K
2. Intrinsic safety 2 Possible, with 2 Possible, with ther- 3 Intrinsically fail-safe
thermal actuators mally controlled valve
3. Efficiency 3 None 3 None 2 higher n at T,,,< 50 °C
reduction lower n at T,,,> 50 °C
4. Additional costs 1 High production 2 Medium production 1 High production costs
costs for fins and costs as glazing is for vacuum insulation
flaps substituted by film glazing and edge seal-
ant
5. Potential 2 - Suitable assource 2 - Flexible operation 2 - Slim and light collector
synergies for heat pump with modes, e.g. very ef- construction
opened ﬂaps with fective for night cool- - Concept usable for
enhanced air-to- ing or as source for switchable VIG win-
water heat ex- heat pump dows
change - No edge shading

- Lower temperature load reduces degradation and ageing
- Lower material requirements in collector and system
- Higher electrical yields through flexible, demand-oriented operation

Each OHP concept has its specific strengths and weaknesses, which are summarized by the radar chart in
Figure 5.23. All three OHP concepts have a high temperature reduction potential and a low efficiency
reduction in common. However, the additional production and operation costs have to be considered a
major limitation for a wider market success of PVT collectors with overheating protection.

Regarding the evaluation criteria of costs, the additional material costs of the ventilated PVT collector
amount to approximately 10 €/m2 for glue and the fins, and 7 €/m2 for the thermal actuators. The PVT
collector with switchable film insulation employs an ETFE film of 100 um thickness at costs of 10 €/m2,
but costs of a double-sided AR front cover in the range of 25 €/m2 can be saved. Additionally, the pres-
sure supply requires 20 € for the pump, which is sufficient for ca. 10 m2 of collectors, plus additional
materials for the hydraulics and valves. The operational energy amounts to ca. 10 Wh/m2 per sequence
of inflating and deflating. For the sorption-based OHP, high development, material, and production costs
are required for the vacuum insulation and especially the hermetical edge sealant. These additional costs
have to be weighed against the cost reduction potential of collector and system due to lower material
requirements and the possibility to use standard PV components.

To conclude, three novel OHP concepts were investigated and compared. The OHP by ventilation is a
state-of-the-art approach, which is already widely discussed in the scientific literature for solar thermal
collectors, and now applied for PVT collectors. The switchable film insulation is a novel OHP which was
specifically designed and developed for PVT collectors. It features the highest switching range of thermal
losses as the film triggers both convective and radiative heat losses. The passive sorption based overheat-
ing protection is intrinsically fail-safe and especially interesting for this reason.
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Figure 5.23: Radar chart for the novel OHP concepts evaluated with the five OHP criteria on a scale
from 1 to 3.

5.5 Yield assessment for PVT collectors with overheating protection

The operation of a PVT collector with overheating protection differs from a collector with inflexible, fixed
efficiency curve. Activating the overheating protection reduces the collector temperatures and thus in-
creases the instantaneous electrical efficiency but also reduces the instantaneous thermal efficiency.
Therefore, an adequate control of the overheating protection, either active or passive, is required. In the
following section we investigate how an overheating protection affects temperatures and yields by
means of annual system simulations. Firstly, control strategies, which avoid excessive collector tempera-
tures and allow for a flexible, demand-driven operation, are presented and analyzed. Then, the useful
electrical and thermal yields of the novel PVT demonstrators with overheating protection are assessed
applying suitable control strategies.

5.5.1 Development and optimization of control strategies for PVT collec-
tors with overheating protection

5.5.1.1 Concept of flexible, demand-driven operation of PVT collectors with
OHP

The main objective of the overheating protection concerns the limitation of the maximum collector tem-
peratures. The OHP can be controlled either passively or actively. Passive control includes, for example,
temperature controlled valves or actuators that activate the OHP in case of power outage or fluid stand-
still. An active OHP control requires an active controller with input parameters and control settings. Alt-
hough active control strategies typically require electricity, the OHP concept can still be carried out in a
fail-safe manner if the OHP is activated passively in case of power outage or control failure.
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Reducing the collector temperature by an overheating protection does not necessarily imply a reduction
of yields, as observed for conventional solar thermal collectors (Reiter 2014; Foste et al. 2016). On the
contrary, if intelligently controlled, the overheating protection can be used to achieve a flexible, demand-
driven operation. Controlling the collector temperature is the key to a flexible operation: as is known,
the cell and fluid temperatures in PVT collectors are thermally coupled. PV cells prefer low cell tempera-
tures, but the fluid temperatures are dictated by the temperature level in the storage. High fluid temper-
atures are not required by solar thermal systems, and thermal yields are generated below T,, = 90 °C, as
was shown in section 4.6.

The novel approach for a flexible, demand-driven operation for PVT collectors with OHP is illustrated in
Figure 5.24. By controlling the OHP, the PVT collector is able to switch between the heat-driven or elec-
tricity-driven operation. The terminology is obviously inspired by combined heat and power plants, where
also a distinction is made between heat-driven and electricity-driven operation.

Flexible, demand-driven operation

- control of overheating protection

- switch between heat-driven and electricity-driven operation
- demand-driven operation strategy

- purposely lower cell temperatures

Heat-driven operation Electricity-driven operation

overheating protection off overheating protection on

- high overall efficiency - high ng through low T
- high ny, through low U, demand-driven | - |ow ny, and low Ty, through high
= Me depends on Tcell control ULoss

Figure 5.24: Flexible operation of PVT collectors through a demand-driven switch of the overheating
protection.

A demand-oriented control strategy of the OHP achieves a flexible generation of heat and electricity.
Depending on the current demand for either electricity or heat, the PVT collector can turn the overheat-
ing protection on and off. For instance, at periods of a low heat demand during summer or holidays, the
PVT collector is switched to electricity-driven mode to lower the cell temperatures and thus increase elec-
trical efficiency. This measure is most effective during stagnation, when the highest reduction of cell
temperatures is achieved. However, also during regular operation a purposeful reduction of the thermal
efficiency reduces storage temperatures on the long run and thus reduces the fluid temperatures in the
collector. Nonetheless, the heat-driven operation mode with deactivated OHP has the highest overall
efficiency and is therefore the standard operation mode.

5.5.1.2 Simulation methodology

Annual system simulations based on the simulation framework defined in section 4.2 are used to analyze
control strategies and their effect on collector temperatures, yields, and primary energy savings on a sys-
tem level.

The glazed PVT collector with switchable film insulation is used as a reference collector with its corre-
sponding efficiency parameters in Figure 5.14. This collector is selected because of its high switching
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range of the overheating protection, allowing an analysis of the potential of the demand-driven opera-
tion. The effect of different OHP concepts on yields and primary energy savings, however, might differ
from the results obtained with this collector.

The TRNSYS collector model was modified to allow a flexible switch between two sets of efficiency curve
parameters. In the original version of the collector model, the efficiency parameters have to be provided
as fixed parameters that cannot be changed during a simulation run. Therefore, we modified the collec-
tor model, so that the efficiency parameters are provided as input variables that can be changed during
any simulation time step. The functionality of the implementation was verified by comparing the meas-
ured test sequence in Figure 5.8 with corresponding simulations.

The combi system (d) with a PVT collector array of A,, = 20.4 m2 is used as a reference system (compare
Figure 4.22). Combi systems typically achieve considerable heat surpluses in summer when the heat de-
mand is low and solar heat gains are high. Therefore, it is expected that the flexible control strategies
achieve the highest benefit in these system types. Similar results can be expected in the domestic hot
water system (c), although the mismatch between supply and demand is smaller there. The heat demand
in the solar heat pump system (a) and domestic hot water system (b) in multi-family homes is relatively
constant. In systems (a) and (b), a demand-oriented control of the OHP will most likely not increase pri-
mary energy yields, but the function of the OHP concerns the limitation of collector temperatures for the
event of system failures.

5.5.1.3 Definition of an optimization function

For the comparison and optimization of control strategies, an optimization function was defined. The
primary objective of the optimization is to avoid excessive absorber temperatures above 120 °C. If the
absorber temperature during any simulation time step of the annual simulation exceeds this defined
maximum temperature, the simulation is deemed invalid. For this case, a penalty function is added to the
optimization function to numerically express the invalidity of the simulation run.

The secondary objective concerns the optimization of useful solar energy gains. The collector yields Ep,
and Q. are unsuitable indicators as they do not differentiate between useful and excess yields. Excess
electricity feeds into the grid and excess heat dissipates as heat losses from storage and pipes. Thus, both
excess electricity and heat are not used to cover the local electricity and heat demand.

For demand-driven control strategies it is however essential that the supply matches the demand, i.e.
yields are harvested to locally cover the electricity and heat demand, either directly or via the storage.
Therefore, primary energy savings from electricity and heat savings on the system level are used as opti-
mization variable.

The electricity savings E.,, are defined analogously to electrical coverage rate f, in Eq. (4.25) as:

Esay = feov " Edemana = Eselfcon (5.13)

The thermal savings Q.,, are defined analogously to the fractional energy savings f.,, in Eq. (4.28) as:

Qsav = fsav * Qconv = Qconv — Qaux (5.14)
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The complete optimization function is given by:
cf = fp'elEsav+fp,gastav —IF (TAbsorber,t > 120 °C) THEN 9999,ELSE 0,END IF (5.15)

with the primary energy factors for electricity and gas f,, = 2.0 and f, 4, = 1.1. The implemented penalty
function, here in pseudo code notation, adds the arbitrary high value of 9999 in case of a violation of
the temperature limit.

5.5.1.4 Description of the analyzed control strategies

An apt control strategy for the overheating protection avoids excessive temperatures, can be carried out
both passively or actively, preferably requires a limited amount of additional sensors, and also considers
the demand side in a certain way. From these requirements, the following basic control strategies were
elaborated:

e Absorber temperature control: The absorber temperature is the most obvious control parameter
concerning the avoidance of excessive temperatures in the absorber and PV cells. The OHP is acti-
vated when the absorber temperature exceeds a specified threshold temperature T,y esn- VWhile
active OHP approaches require an additional temperature sensor at the absorber, passive OHP ap-
proaches activate the OHP autonomously depending on the absorber temperature. The absorber
threshold temperature T, iesn, @D0OVe which the OHP is activated and below which the OHP is de-
activated, is subject to optimization in the following section.

¢ Fluid temperature control: The OHP is activated when the fluid temperature at the collector ar-
ray outlet exceeds a specified temperature threshold T y.esn. Most actively pumped solar thermal
systems already use a temperature sensor at the collector outlet for the differential control of the
collector circuit. Hence, this sensor can be used for an active OHP control strategy. Also passive
OHP concepts with temperature-controlled valves use the fluid outlet temperature as control pa-
rameter for the activation of the OHP (e.g. Konetsu and Torrens (2004) and Thir and Hintringer
(2013)).

e Storage temperature control: The OHP is activated when the temperature in the upper segment
of the water storage exceeds a specified threshold temperature T iesn- AS the water in the stor-
age heats up during periods of low heat demand, the storage temperature is a suitable parameter
for the charging state, and thus also for the heat demand. The storage temperature sensor is also
already present in solar thermal systems for the differential control.

e Seasonal operation: As overheating occurs in summer when the heat demand is low, one possi-
ble approach is the seasonal operation. The OHP is switched on at the end of the heating period
and switched off again at the beginning of the heating period. Therefore, only one switch per year
is required, which opens the possibility for manual or energy-intensive OHP concepts. The optimi-
zation parameter in this control strategy is the period during which the OHP is active. The seasonal
operation strategy has to be viewed critically concerning the real implementation, as the optimiza-
tion is highly dependent on the weather and climate data, and therefore only valid for the ana-
lyzed weather data set.
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e Pump control: The overheating protection is activated when the pump fails or is turned off, i.e.
the flow rate in the collector comes to a halt. For safety reasons, most collector controllers switch
off the pump if the storage temperature exceeds 90 °C (Scheuren 2008), which is one reason for
stagnation and collector overheating. Although the pump control of the OHP is capable of avoid-
ing excessive collector temperatures, it also negatively affects the collector control. When the
pump is off, the OHP is always active and thus fluid outlet temperatures are naturally lower. Con-
sequently, the collector control does not reactivate the collector circuit even when the tempera-
tures might be sufficient for a regular operation with deactivated OHP, as the collector control only
registers the lower fluid outlet temperatures in OHP mode. Ultimately, this results in a significant
reduction of operation hours.

e OHP always off (heat-driven operation) and

e OHP always on (electricity-driven operation) are also assessed to analyze the general potential for
a flexible operation and represent the benchmark for maximum heat and maximum electricity gen-
eration.

These control strategies were implemented in TRNSYS to assess passive and active control strategies.
Other control strategies have also been tested but did not yield better results. For instance, the state of
charge of the battery storage is a good indicator for the electricity demand, but is not suitable to avoid
overheating. More complex control algorithms such as a model-predictive control on basis of weather
forecasts (Oldewurtel et al. 2012) or artificial neural networks (Kramer et al. 2017) might realize higher
primary energy savings, but also require more research and development efforts.

5.5.1.5 Optimization results

The optimization was carried out by coupling TRNSYS with the generic optimizer GenOpt (Wetter 2011)
using the Hooke Jeeves algorithm for maximizing the optimization function in Eq. (5.15). The optimum
control parameters T, imesh: Trithreshs Tstorthresh WETe €ach identified by the optimization procedure. For the
seasonal control strategy, the optimum period with active OHP was identified in the same manner. Table
5.6 summarizes the resulting temperatures and energy savings of the optimized control strategies.

All control strategies, except the reference case “OHP always off”, achieve the primary objective of limit-
ing the absorber temperatures to T,,, = 120 °C. This demonstrates the general capability of the OHP con-
trol strategies to reduce stagnation temperatures effectively. However, the optimized control strategies
achieve only an insignificant increase of primary energy savings in the range of 0.1 - 0.5 %. This con-
trasts to the expectations of the demand-driven operation described in chapter 5.5.1.1.

Nonetheless, as indicated by the characteristic temperature T, the energy yields are shifted towards a
lower temperature level. Hence, the PVT collector operates with lower fluid temperatures but still gener-
ates the same or higher primary energy savings. A detailed analysis of the effect of the OHP control
strategy on collector temperatures and yields will be given in the two following sections.
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Table 5.6:  Controller parameters, temperatures and energy savings of the optimized control strate-
gies. Simulation results for combi system (d), PVT collector with switchable film insulation,
location of Wiirzburg.

Description Optimized Duration Tabsmax  Esav Q..v Qpes Tehar
control of [°C] [kWh/m?2 [kWh/m2a [kWh/m?  [°C]
T.p> al 1 a]
parameter abs
120°C
[h]
OHP always off 17 140 99 171 287 53
Absorber temper- Tovsimen = 77.5 °C 0 84 100 170 287 50

ature control

Fluid temperature

Control Thtvesn = 75.5 °C 0 82 100 170 287 49

Storage tempera-

ture Contro| Tstor,thresh = 722 OC O 82 101 170 288 44

period with active

Seasonal control OHP- 20.05-07.09 0 118 102 162 280 41
Pump Control 0 98 103 148 266 39
OHP always on 0 64 105 81 194 30

As the load and generation profile of the domestic hot water system (c) differs from the previously inves-
tigated combi system (d), also the primary energy gains and the optimum parameter settings differ from
the values presented in Table 5.6. To study the effect of optimized OHP control strategies in a domestic
hot water system, simulations were conducted analogously for system (c). The optimized control parame-
ter settings lie slightly above the parameters for the combi system and amount to T, men = 85° C,
Ttithresh = 80 °C, and Ty e = 75 °C. With these specifically optimized control parameters, the PVT col-
lectors achieve a small increase of the primary energy savings of 0.1 % for both the fluid and absorber
temperature control strategy and 0.6 % for the storage temperature control strategy. These results are in
line with the results obtained for combi system (d).

5.5.1.6 Effect of the OHP control strategy on collector temperatures

Figure 5.25 compares the annual distribution of absorber temperatures for different OHP control strate-
gies in combi system (d). The benchmark cases “OHP always off” and “OHP always on” represent the
maximum and minimum temperature load scenarios.

All analyzed control strategies reduce the temperature load of the absorber. The storage temperature
control strategy achieves the most effective temperature reduction, followed by the fluid and absorber
temperature control. It is interesting to observe that the maximum absorber temperatures in these three
temperature-controlled strategies remain below 85 °C and thus below the certification temperature of
PV modules. Also the seasonal and the pump control avoid critical temperatures. However, singular tem-
perature peaks between T,,, = 100 — 120 °C occur, as no explicit temperature signal is used for these
control strategies.
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In general, the OHP control strategies shift the absorber temperatures to a lower level and thus also re-
duce T, Next to the increased electrical performance, this leads to a reduction of temperature-induced
ageing effects. According to the Arrhenius kinetics theory, it is not only important to avoid temperature
peaks, but the durability benefits in any case from a reduced temperature load, enabling a more reliable
operation of the PVT collector over the entire expected lifetime.

350

—e— OHP always off

Absorber temperature control
—e— Fluid temperature control

Storage temperature control
—&— Seasonal control

_A_
150 Pump Control

OHP always on
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o
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o

Absorber temperature T, [°C]

Figure 5.25:  Annual distribution frequency of the absorber temperatures for the glazed PVT collector
with switchable film insulation with different control strategies in system (d), W(rzburg.

5.5.1.7 Effect of the OHP control strategy on primary energy savings

Figure 5.26 shows the electrical and thermal collector yields E,, and Q., each divided into useful energy
savings E.,, and Q.,, and unused energy. The unused energy yields do not contribute to the electrical or
thermal energy savings of the decentral PV battery and heating system. On the electrical side, the unused
collector yield consists of feed-in electricity to the grid as well as inverter and cable losses. On the ther-
mal side, the unused collector yield comprises heat losses of storage and piping.

It has to be noted that the electrical and thermal yields also depend on simulation assumptions and
boundary conditions. Particularly the system type, dimensions of the collector array and the storage vol-
ume have a strong influence on the simulated yields and primary energy savings. The presented results
are therefore only representative for the investigated system (d), with an aperture area of A,, = 20.4 m?
of glazed PVT collectors with low-e, and a storage volume of Vg, = 0.9 m3.

With smart control strategies of the overheating protection, the thermal yields Q.. decrease due to the
temporary reduction of the thermal efficiency. At the same time, the electrical yields Ej, increase due to
lower characteristic temperatures T,.,.. However, the benefit on the system level with respect to useful
energy savings is considerably smaller in relation to the additional collector yields. Although the reduced
thermal yield affects the useful heat savings only minimally, the gain of electricity savings due to the in-
creased electrical yield is also only small.
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Figure 5.26: Electrical and thermal yields E,, and Q..; of optimized OHP control strategies divided into
useful system savings E.,, and Q.,, and unused yields in system (d), Wirzburg.

Comparing the reference case “OHP always off” with the “storage temperature control” operation
strategy, the thermal collector yield Q. decreases by 6.6 %, while the useful heat savings Q.,, decrease
by only 0.2 %. This is due to the fact that the thermal yields are reduced in periods of low thermal de-
mand, i.e. high storage temperatures, and therefore the thermal energy savings are only minimally af-
fected. The objective of the demand-driven reduction of thermal efficiency, and thus absorber tempera-
tures, is therefore fulfilled.

Comparing the electrical yields of the two aforementioned simulation cases, the increase of the electrical
collector yield E, by 5.2 % only leads to a 1.3 % increase of useful electricity savings E.,,. Thus, only a
small fraction of the additional electrical yield also contributes to the overall performance of the electrical
home battery system. The larger fraction of the additional electrical yield feeds into the grid and is not
used locally.

The comparison of the cases “OHP always off” and “OHP always on” demonstrates the overall potential
for a flexible operation of PVT collectors with OHP control. The yields of any operational strategy lie be-
tween these two benchmark cases. Accordingly, it is indeed possible to trade thermal yields for electrical
yields by activating the OHP. Yet, the overall effect on the useful electricity savings E.,, is relatively small.
Therefore, the OHP is only capable to a limited extent to match the supply of PVT generated heat and
electricity to the current heat and electricity demand.

Figure 5.27 shows the sensitivity of control parameters on primary energy savings. The threshold control
parameters for the different control strategies are varied and shown on the x-axis. The OHP is activated
when the absorber, fluid, or storage temperature exceed the specified threshold value. The grey-dotted
lines refer to the benchmark cases “OHP always on” and “OHP always of”. For none of the control
strategies, a distinct optimum can be found, but rather a flat optimum plateau. From this follows that
there is no strong dependency of the primary energy savings on the control parameters.
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Figure 5.27: Sensitivity analysis of threshold control parameter settings of the OHP on primary energy
savings in system (d), Wiirzburg.

If the threshold temperature is set too low, the OHP is frequently active and thermal yields decrease. If

the threshold temperature is set too high, high collector temperatures are more frequent, resulting in
lower electrical yields. Moreover, the risk of overheating increases.

5.5.1.8 Discussion of results

Different control strategies were analyzed regarding to their capability to resolve the basic conflict of PVT
collectors “low vs. high temperatures requirements” or “electricity vs. heat priority”. All three tempera-
ture-controlled OHP strategies effectively reduce collector temperatures without significantly reducing
the heat savings. These control strategies with the optimized parameter settings are therefore recom-
mended for future application. The “pump control” strategy, although avoiding high temperatures, re-
quires a modification of the collector control to avoid a reduction of operating hours. The seasonal con-
trol strategy neither reliably avoids critical temperatures, nor achieves high primary energy yields.

The potential for a flexible, demand-driven operation is relatively small and the increase of primary ener-
gy savings is lower than originally expected. First simulations results, which are published by Lammle and
Hermann (2015), suggested an increase of the electrical yield E,, by 8 %. However, these simulations
only regard overall electrical yields and disregard E.,, in a decentral battery home PVT system. Moreover,
the simulations were conducted with an older, unvalidated version of the PVT collector model. For these
reasons, primary energy savings are lower than originally expected and the hypothesis of increasing pri-
mary energy savings through a demand-driven control of the OHP as postulated in section 5.4.1.1 could
only be partially confirmed.

Alternatively, control-based possibilities to reduce the fluid and absorber temperatures are also applicable
for PVT collectors without OHP. The night cooling strategy circulates hot water from the storage through
the collector during night when the storage temperature is too high. Thus, the storage gets rid of excess
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heat and increases its heat capacity for the following day. This effect can be enhanced when combined
with mixing the stratified water in the storage (Lustig 2002; Scheuren 2008; Frank et al. 2014).

System simulations with an implemented night cooling strategy combined with mixing of the storage for
reference system (d) show similar results in the range of the storage-temperature-controlled OHP strate-
gy. Both simulation cases avoid absorber temperatures above 120 °C and achieve identical heat savings
of Q,, =170 kWh/m2a. The OHP strategy achieves slightly higher electricity savings of E., =101
kWh/m2a compared to E.,, = 100 kWh/m2a of the night cooling strategy. Therefore, the night cooling
combined with storage mixing is an alternative strategy which is also capable of reducing collector tem-
peratures. However, night cooling alone is insufficient to guarantee a fail-safe operation during power
outage and system failures.

5.5.2 Yield assessment of novel PVT collectors with overheating protection

The objective of the final section concerns the assessment of PVT systems with the novel PVT collectors
with overheating protection. For this purpose, we analyze the annual yields in the reference systems and
compare the collector yields with the glazed PVT collector “PVTO1-low-e” without overheating protec-
tion.

The performance coefficients for the PVT collectors are taken from experimental data, except for the
sorption-based OHP, where numerical simulation results are used. The performance parameters for both
regular operation mode and overheating protection mode are given in Table 5.7.

Table 5.7:  Performance coefficients and OHP control strateqy for the assessment of yields of over-
heating-protected PVT collectors.

PVT glazed PVT OHP vented PVT OHP film  PVT OHP sorption
low-e
Regular operation
Ntn,0 0.67 0.67 0.63 0.66
G W/mz2K 3.98 4.973 3.92 3.61
G W/m2K?2 0.025 0.019 0.021 0.048
Nel,sTC 0.139 0.137 0.139 0.139
Overheating protection
OHP control No OHP Absorber tempera-  Storage temperature  Absorber tempera-
strategy ture Tstor thresh = 72.3 °C ture Taps thresh = 60 °C
Taosthresh = 77.5 °C

Nino - 0.63 0.56 0.67
¢ W/m2K - 12.09 13.5 2.3
G W/m2K?2 - 0 0.056 0.108

System simulations were carried out for the four reference systems with system dimensions according to
Table 4.7. For each PVT collector, a suitable OHP control strategy is implemented. The vented PVT collec-
tor uses a passive absorber temperature control which opens the collector flaps at T,us resh = 77.5 °C. The
switchable film is controlled actively and deflates the cushion when the storage temperature exceeds
Tstortresh = 72.3 °C. The passive, sorption-based OHP control changes the efficiency curve parameters ac-
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cording to the absorber temperature based on the parametrization of the efficiency curve for the two
segments above and below T,,,= 60 °C.

Figure 5.28 shows the resulting electrical and thermal collector yields separated into useful and unused
system yields. Comparing the four system types, the application of an overheating protection is most
effective for high operating temperatures, where the OHP reduces the characteristic temperature by up
to AT, = 10 K. The main objective of limiting absorber temperatures is achieved by all assessed collec-
tors with overheating-protected collectors.

PVT glazed low-e | 18 299
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Figure 5.28: Assessment of electrical and thermal yields for systems (a) — (d) with PVT collectors with
OHP.

The effect of the OHP on the electrical yields are marginal and hardly any differences between the four
PVT collectors can be found. A slightly lower electrical yield is registered in system (a), which is most like-
ly due to the complex system control with two heat sinks. Almost no effect of the OHP can be found in
system (b), while a positive effect is found in system (c) and (d) where the useful electrical yield increases
between 0.3 % up t0 2.5 %.

All PVT collectors with OHP have a small reduction of the useful thermal yields. In total, the reduction of
useful thermal yield amounts to 2 % - 8 % in systems (b), (c) and (d). As shown in the previous section,
the control of the OHP is only partly responsible for this effect. The major share of the useful thermal
yield reduction is attributable to the slightly reduced thermal efficiency of the PVT collectors with OHP.

Hereby it is important to differentiate between two reasons for the reduction of thermal yields: either
due to a technologically immanent lower thermal efficiency in normal operation, or due to the reduced
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thermal efficiency of the specific prototype with non-ideal design. For the vented OHP, the reduction of
the thermal yields compared to the PVT collector without OHP is attributable to the specific, non-ideal
design with a front glazing without AR coating and the slightly higher emissivity of the applied low-e
coating. The integrated ventilation channels have no observable effect on the thermal efficiency.

For the film and sorption OHP, on the contrary, the reduction of thermal yields is directly attributable to
the application of the OHP. The PVT collector with switchable film has a slightly reduced optical efficien-
cy due to the technologically immanent lower transmittance of the ETFE film compared to AR glass. In a
similar way, the sorption-based OHP has a reduced thermal efficiency above absorber temperatures of
T.os = 50 °C due higher heat loss rates at medium absorber temperatures. These considerations are re-
sponsible for the differences between the evaluation of the three OHP concepts in Figure 5.23 and the
assessment of yields in Figure 6.28.

In summary, the overheating protection causes only a minor increase of the useful electrical yields of
0.3 % - 2.5 % and a minor decrease of the useful thermal yields of 2 % - 8 %. Consequently, the simu-
lation results from chapter 4 can be transferred in good approximation also to the PVT collectors with
low-e and overheating protection and the major findings from chapter 4 are also valid for PVT collectors
with overheating protection.

177



CONCLUSION AND OUTLOOK

6.1 Conclusion on highly efficient PVT collectors with low-e coatings

Highly efficient PVT collectors with low-e coatings were analyzed in chapter 3 by means of experimental
and numerical methods. The major findings concerning the initially stated research questions are sum-
marized as follows:

e What is the effect of low-e coatings on the thermal and electrical efficiency?

Two PVT collectors of identical design, one with and one without low-e coating, were tested and
their efficiency was compared. At AT/G = 0.05 Km%\W, the silver-based low-e coating improves the
thermal efficiency by 57 %,,, while the electrical efficiency drops by 4 %,,. The numerical PVT collec-
tor model allows an in-depth analysis of the effect of low-e coatings on thermal and electrical per-
formance. Accordingly, low-e coatings suppress radiative heat losses and thus reduce U, by 38 %.
However, a small drop of the optical efficiency has to be accepted due to a small reduction of the
glass transmittance of 4.4 %.

e Which low-e coatings are suitable for application in PVT collectors?

Suitable low-e coatings for the application in PVT collectors require a proper balance between a high
transmittance and a low emissivity. A specifically developed rating figure can be used to evaluate op-
tical parameters. Few suitable highly transparent low-e coatings are available commercially, which
might limit a wider deployment of low-e coatings in PVT collectors. The application of low-e directly
on the PVT absorber is favorable under energetic considerations, but the application is also possible
on the internal side of the front cover.

e How can low-e coatings realize an optimum overall efficiency?

The objective of applying low-e coatings in PVT collectors is to optimize the overall efficiency for
highest overall energy yields. To achieve this, a high thermal efficiency of the PVT collector is required
for operating in challenging weather conditions with low levels of irradiance and low ambient tem-
peratures. Due to their reduced heat losses, low-e coatings enable a good overall performance in
Central European climate at medium temperatures.

Evaluating the gross energy yields on an annual basis, the thermal yield in Wirzburg increases by
68 %, while the electrical yield drops by 4 % at a mean fluid temperature of T,, = 50 °C, compared to
a PVT prototype without low-e coating. At medium temperature levels, PVT collectors with low-e
achieve highest primary energy yields of available PVT collector technologies.

The presented collector development focused primarily on the improvement of the thermal characteris-
tics, while the electrical efficiency was not subject of the research. To demonstrate the full potential of
PVT collectors, future work should therefore also address optimization of the electrical efficiency.
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Firstly, an optimized coating layout and modified production processes can reduce reflectance and ab-
sorptance losses in the coating and thus increase the optical efficiency. Secondly, the employed PV cells
of the PVT prototype, which were produced in 2012, are slightly outdated and the cell efficiency has
increased significantly since then. Using current PV technologies with a higher rated power and a lower
temperature coefficient might increase the electrical performance significantly. Suitable candidates are
heterojunction PV cells, e.g. TopCon from Fraunhofer ISE or HIT from Panasonic. Thirdly, a simple but
effective measure concerns the reduction of the electrical efficiency due to inactive area without PV cells.
New PVT designs should include this aspect to achieve a high electrical output per collector area.

Noble gas fillings can further improve the thermal efficiency. This effective measure reduces convective
heat losses without affecting the optical and electrical efficiency and is therefore ideal for the combina-
tion with low-e coatings.

Overheating is an issue aggravated by low-e coatings. Stagnation temperatures of the presented proto-
type exceed Ty, = 150 °C. Standard materials of PV modules are not designed for these temperatures,
which is why PVT collectors with temperature-resistant materials need to be developed or overheating
protection has to be applied.

6.2 Conclusion on the assessment of PVT Systems

Collector yields and system performance were assessed in chapter 4 with the novel characteristic tem-
perature approach. The systematic assessment of different collector technologies, system configurations,
and locations gives a good overview of the capability of available PVT technologies and their suitability in
PVT systems with varying operating temperatures. The key findings are summarized as follows:

e Which factors influence the electrical and thermal yields?

The PVT collector technology, whether unglazed, glazed, or glazed with low-e, determines pivotally if
the focus lies on electricity or heat generation. Originating from the trade-off between a high optical
efficiency versus low thermal losses, PVT collectors either achieve high electrical or high thermal
yields.

Electrical and thermal yields per collector technology show a strong correlation with the mean operat-
ing temperature which is quantified by the newly defined characteristic temperature T, This indica-
tor reduces the multiple factors that influence the energy yields to a single value. In general, high op-
erating temperatures are unfavorable for PVT systems, as they reduce both electrical and thermal
yields.

e Which PVT technology is suitable for which application, especially concerning PVT collectors with
low-e?

Given the central importance of T, suitable PVT collector technologies should be selected according
to the mean operating temperature level of the system. Lowering T, particularly through an ade-
quate sizing of PVT collector array and components, achieves a significant optimization of the system
performance.

PVT collectors with low-e coatings are suitable for a wide temperature range. In all analyzed systems,
they achieve the highest primary energy yields. On the other hand, PVT collectors with a low thermal
efficiency suffer from a low utilization factor and low thermal yields. Consequently, larger collector ar-
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rays cannot compensate a lower thermal efficiency, in contrast to PV modules. An improved thermal
efficiency is therefore essential for medium temperature levels.

e What are the energetic benefits and the economic expenses of PVT systems?

A comparison with a side-by-side installation of conventional flat plate collectors and PV modules
shows the central energetic benefit of PVT collectors. By co-generating electricity and heat in the
same component, PVT collectors enable an increase of the electricity generation of up to 250 % with
an equal collector area and equal overall heat output.

However, the higher energy output is connected with 21 % higher levelized costs of energy, which is
primarily caused by the high costs of the PVT collectors. Yet, the potential to reduce costs through
large-scale collector manufacturing or through lower system costs by lower temperature requirements
has not yet been included in the economic assessment.

Field installations of systems with glazed PVT collectors with low-e coatings are the next stage in the
development process. The simulation results for this PVT technology were particularly promising, but
experimental confirmation from in-situ measurements is pending. In the best case, PVT collectors are
monitored in parallel to a side-by-side installation, allowing robust experimental results and a transparent
comparison of yields. Thus, the energetic benefit of the PVT technology can be confirmed experimental-
ly. Moreover, the evaluation of monitoring data from a PVT system can underpin the currently simula-
tion-based characteristic temperature approach by an experimental validation.

Future research on the system integration of PVT collectors should concern the design of integral PVT
systems that are specifically developed to fully exploit the benefits of PVT collectors. These systems have
low to medium temperature levels facilitating high electrical and thermal yields. Moreover, the new sys-
tems should have an integral energy concept, where the coupling of heat and electricity does not only
concern the generation of energy in the PVT collectors, but is also implemented on the demand side, for
example by heat pumps. Under these circumstances, PVT collectors are a competitive technological op-
tion, whenever high primary energy yields on limited areas are desired.

6.3 Conclusion on PVT collectors with overheating protection

The application of overheating protection for PVT collectors with low-e coatings was demonstrated in
chapter 5. Two innovative PVT prototypes were built and tested: venting as a state-of-the-art OHP ap-
proach, and an innovative switchable film insulation, where a polymer film regulates convective and ra-
diative heat losses. These prototypes prove that a targeted switch of the thermal losses avoids excessive
temperatures, while maintaining a high efficiency during regular operation. The key findings are summa-
rized as follows:

e What are the thermal requirements of the materials employed in PVT collectors?

Based on material tests, no explicit temperature limit can be identified for the materials. However,
high temperatures are seen particularly critical for the polymer encapsulant EVA where yellowing,
browning or delamination might occur. In addition, thermo-mechanic stress resulting from the ther-
mal expansion of different materials, can lead to breakage of cell connectors or damage to the PVT
absorber.

180



Chapter 6 | Conclusion and outlook

As a general rule, elevated temperatures accelerate ageing and degradation. Therefore, low material
temperatures are favorable in any case. A maximum temperature of 120 °C can nonetheless serve as
an indicative guideline which the absorber should not exceed permanently.

e How does the overheating protection influence temperatures and yields?

The effect of the overheating protection on performance and stagnation temperatures was studied at
the two PVT prototypes. Venting reduces stagnation temperatures from T, = 149 °C to T, = 102 °C
and the switchable film insulation limits absorber temperature to T, .« = 95 °C. Thus, the overheat-
ing protection effectively avoids critical temperatures and reduces ageing and degradation effects.

The targeted reduction of the collector temperatures by the OHP also affects the electrical efficiency
through lower cell temperatures and thus higher electrical yields. Annual system simulations for the
PVT collector with switchable film insulation show that the application of the OHP increases electrical
collector yields by Ep, = 3 - 7 %, depending on the control strategy of the OHP. However, the thermal
collector yields decrease by Qc, = 3 - 14 %, on account of temporarily increased thermal losses.

Hence, the overheating protection enables a small range of flexibility for the operation with a priority
on either electricity or heat generation. In this regard, a differentiation between useful and unused
energy yields has to be made, as the OHP mainly reduces unusable heat yields during periods with a
low heat demand. Nonetheless, the potential for a flexible, demand-oriented operation of the PVT
collector by an overheating protection is smaller than originally expected.

e Which overheating protection concepts are suitable for the application in PVT collectors?

After an extensive screening, classification, and evaluation of available OHP concepts, the conclusion
is reached that there is no perfect overheating protection approach, but each concept has its
strengths and weaknesses. A closer look at the specific characteristics of each individual OHP ap-
proach is therefore essential. However, all concepts have in common that additional costs for the OHP
arise, which need to be weighted against the potentially lower costs in collector and system, due to
less demanding material requirements and the possibility to use standard PV components.

The investigated OHP concepts are very promising and achieve good overall results. Venting is a state-
of-the-art OHP for flat plate collectors and was now successfully applied to PVT collectors for the first
time. The novel switchable film insulation rendered an unprecedented switching range for U, with
uncritical temperatures in the deflated mode similar to an unglazed PVT collector. The innovative
sorption-based OHP concept functions without movable parts and is entirely passive and fail-safe.
However, heat losses increase continuously without a discrete switching point affecting the thermal
performance already at uncritical absorber temperatures.

Further research is still required prior to a commercialization of the novel PVT collectors with OHP. Solu-
tions for a fail-safe activation of the overheating protection need to be developed. Moreover, reliability
issues have to be analyzed and solved, for instance concerning the weathering stability of the polymer
film at elevated temperatures.

The alternative approach of intrinsically temperature-resistant PVT collectors does not require an OHP
mechanism. Consequently, there are no costs for the OHP and no movable parts prone to failure, which
may lead to a higher user acceptance. Such PVT collectors only employ materials that are suitable for
temperatures up to 160 °C, for example encapsulants and glues made of silicone, which also might in-
volve elevated component costs. Additionally, an absorber design with reduced thermo-mechanic stress
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has to be developed. Absorber elements made of steel (e.g. Koch et al. (2015)) are particularly interest-
ing, given the similar temperature expansion coefficient of steel and glass. These collectors can also
achieve an increase of electrical yields by the application of suitable system control approaches, e.g.
night cooling and storage mixing.

6.4 General conclusions

The framework of thermal management was applied on three levels with varying degrees of success. On
the collector level, the low-e coatings are a door opener to reduce heat losses and thus enable an opti-
mized overall performance. Also, the approach on system level to consider the mean operating tempera-
tures as central parameter to evaluate and optimize yields is expedient. During operation, overheating
protection is able to avoid excessive temperatures. However, the objective of a flexible operation with
optimized primary energy yields by lowering the collector temperature was only achieved to a limited
extent. Overall, it can be stated that the collector temperatures are indeed the key to a better overall
collector performance, but it is difficult to uncouple the electrical and thermal operation.

These three large thematic complexes were discussed extensively by simulation and experiment, allowing
a multifaceted consideration of the PVT technology on multiple levels. The system-oriented development
approach is especially important for PVT collectors due to the diverging temperature requirements of PV
and solar thermal. Unfortunately, the wide scope did not always allow an analysis of specific aspects in
the desired depth. Consequently, some topics were only touched upon and must be considered in future
research work.

Nonetheless, this thesis has demonstrated that PVT collectors are an interesting and promising techno-
logical option: they are almost free from carbon emissions during operation and offer a high energy effi-
ciency and maximum overall solar yields on a given area. On the basis of glazed PVT collectors with low-e
coatings, the potential of PVT technology was illustrated and hopefully a valuable contribution was made
to its technological development.

The success of PVT collectors — and glazed PVT collectors with low-e coatings in particular — will ultimate-
ly depend on various factors. Next to energy efficiency, the durability and reliability are important aspects
for the collector development. Furthermore, the economic attractiveness concerning manufacturing and
indirect costs has to be improved to be competitive with alternative technologies. Complete PVT solu-
tions with pre-configured packages of PVT collectors and heating systems facilitate the decision-making
for end customers. Finally, the soft aspects of architectonic integration of the PVT collectors into the
building envelope in an aesthetic way should not be underestimated, as PVT collectors offer a two-in-
one solution with a homogeneous appearance.

In the future, PVT collectors will have to prove themselves in comparison with competing technologies
such as conventional PV and solar thermal, heat pumps, PV in combination with heating rods, and
emerging heating technologies. In this context, the advantage of PVT collectors lies in its high overall
efficiency and thus high primary energy yields. PVT collectors can exploit this technological advantage
especially in urban areas where the conflict of utilizing suitable areas is expected to increase.

Finally, the success of PVT collectors will also depend on the further development of the solar thermal
industry. Particularly glazed PVT collectors can be regarded as an extension to the conventional collector
technology aiming at classical solar thermal applications. However, the current political focus of the
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global transformation of the energy system from fossil fuels to renewable energy lies primarily on power
generation. Nonetheless, the heat sector with its high share of greenhouse gas emissions is just as im-
portant and a decarbonization of this sector by a balanced technology mix is essential to achieve the
goals of the Paris Agreement.
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PVTO5 - glued1 PVTO6 - glued2

Figure A.1:  Photos of PVT collectors PVTO1 — PVTO6 during testing.
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Table A.1:  Characteristics of PVT collector prototypes (part 1).
PVTO1 PVT02 PVTO3 PVTO04 PVTO5 PVT06
low-e no low-e  vented film glued1 glued2
Collector design
Front cover 2 AR, 2 AR, low iron glass,  ETFE 100 pm, 2 AR, 2 AR,
t=0.97 t=0.97 t=0.92 1=0.92 t=0.97 t=0.97
low-e ISE low-e, none, Euroglas, ISE low-e none, none,
coating c=0.14 e=0.091 e=0.30 e=0.14 e=0.91 e=0.91
PVT absorb-  Direct lam-  Direct lam-  Direct lamina-  Direct lamina-  Glued, Glued,
er ination, ination, tion, tion, sheet-tube-  sheet-tube-
sheet-tube  sheet-tube  sheet-tube sheet-tube absorber absorber
absorber absorber absorber absorber
PV cell / Bosch 3BB  Bosch 3BB Bosch 3BB Bosch 3BB Almaden Almaden
module 32 cells, 32 cells, 32 cells, 32 cells, SEAM72- SEAM72-
technology s cells m-Si cells m-Si cells m-Si cells 300, 300,
p-Si cells p-Si cells
Tube spac- 77 mm 77 mm 77 mm 77 mm 100 mm 100 mm
ing
Overheating none none yes yes none none
protection
Solar thermal tests
Test in MPP/OC VIV v /% VIV v/ x v /x v Iv
Steady-State (SS)  SS SS QDM SS SS QDM
/ Quasi-dynamic
Method (QDM)
Indoor/ Indoor  Indoor Outdoor Indoor Indoor Outdoor
Outdoor
Nor- OHP Nor- OHP
mal mal
Nino 0.669 0.63 0.67 0.63 0.63 0.56 047° 062°
G 3.979 6.37 4973 12.09 3.92 13.5 3.61 5.54
G 0.025 0.023 0.019 0.00 0.021 0.056 0.0226 0.012
bo 0.167 0.15
Ko 0.944 0.98
Moo 0.112  0.115 0.115
b, 0.52 0.54 0.54
date of tests 11.09. 27.11.2014 01.09.2016 30.10.2015 24.08.2015 01.09.2016
2011

6
Relative to absorber area A

7
Relative to the aperture area A

absorber

aperture
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Table A.2:  Characteristics of PVT collector prototypes (part 2).

PVTO1 PVTO02 PVTO3 PVTO04 PVTO5 PVTO6
low-e no vented film glued1 glued2
low-e
PV module test
ne‘,STCS 13.7% 13.9% 14.6% 14.3%
Puee 1M1.2W 112.7 W 286.6 W 280.1TW
FF 75.4 % 75.6 % 76.0 % 75.9 %
Uoc 19.47 V 19.78 V 4523V 4533V
lsc 7.58 A 7.54 A 829 A 8.15A
date of tests 08.11.2016 02.12.2015 19.08.2016 08.11.2016
Geometric parameters
Gross area A, 1.04 m? 1.04m2 1.08 m?2 1.04 m? 2.56 m? 2.56 m?
Aperture area A,, 092m2 092m2 0.9/ m? 0.92 m? 2.34 m? 2.34m?
Absorber area A,,, 0.92m2 092m2 0.97m? 0.92 m2 1.96 m2 1.96 m?
PV Module area 0.81m2 0.81m2 0.81 m2 0.81 m?2 1.96 m?2 1.96 m?2
Ay
Derived parame- Nor- OHP  Nor- OH
ters mal mal P
(T [-] 0.832 0.87 0.83 0.83 0.82 0.82 0.88 0.88
F [-] 0.93 0.88 0.94 0.87 0.92 0.87 0.64 0.83
ULoss ar—o k W/m2K] 5.0 7.9 5.8 13.9 438 17.1 6.5 7.0
U aberiuia [VW/m2K] 61.2 62.1 61.2 61.2 612 61.2 99 34.6
Ty [°C] 152.3 127.3 148.0 102.1 1489 86.1 135.0 143.1
Uvossstg [W/M2K] 7.0 9.8 8.5 159 6.8 22.7 10.4 9.4

8
Relative to PV module area A,
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Appendix B COLLECTOR SIMULATIONS

B.1 Numerical calculation of the Nusselt number Nu

The approach for the calculation of the Nusselt number and thus the heat transfer coefficient between
pipe and fluid is based on the empirical correlations for fluid flow in the VDI Heat Atlas (2010). Hydrody-
namically developed flow and a constant heat flux from wall to fluid can be assumed according to
Matuska and Zmrhal (2009). For these assumptions, the Nusselt number can be calculated with the
following correlations.

The Nusselt number for laminar flow regimes, i.e. Re < 2300, is given by:

3
3

1
d\3
Nujgm = |4.364% 4+ 0.63 +|1.953 (RePr%) - 0.6 (B.1)

The Nusselt number for turbulent flow regimes, i.e. Re > 10000, is given by:

%RePr dn\/3
Nugyrp = 1+ (T) (B.2)
1+ 12.7\/% (Pr2/3 —1)

with:
& = (1.8log gRe — 1.5)72 (B.3)

In the laminar-turbulent transition flow regime between Re = 2300 and 10000, the Nusselt number is
given by:

Nu, = (1 = y)Nujgm(Re = 2300) + yNugy,, (Re = 10000) (B.4)
with the intermittence factor y:

Re — 2300

A B.5
Y= 1000 — 2300 (8.5
The mean logarithmic temperature difference AT,,, is defined as:
Trivia,out — Trid,in
ATLM = T T
lTl( pipemean ~— !fluid,in (8-6)

Tpipe,mean - Tfluid,out

with the collector fluid inlet and outlet temperatures Ty g, @and Tqigou, aNd the mean pipe wall tempera-
ture Tpipe mean-
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B.2

Implementation of the numerical PVT collector model in Modelica

AMBIENT

UFront UBack

PVPower

Electrical energy transfer

port_out

Upbsriuig: Internal heat transfer and hydraulics . 0
Figure B.1:  Visualization of the nodal network of the numerical model implemented in Dymo-
la/Modelica including lumped thermal capacitances and hydraulics.
o — 0
_M:m TFIOut
“—iz Sink
Figure B.2:

Modelling environment for emulating a test environment for collectors (courtesy B6hm
2015).
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Evaluation of seven different low-e coatings of a glazed PVT collector with low-e on Posi-
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Table B.1:  Evaluation of seven different low-e coatings of a glazed PVT collector with low-e on Posi-
tion 3.

coating Nelstc (ta)etr  E€poss Ntn,o G G Neto b, ULoss
Pos. 3 [W/m2K] [W/m2K?]

Guardian 8.6% 663% 4.0% 0.54 3.72 0.01 0.08 0.34 5.10

fglas 11.0% 77.7%  8.0% 0.62 3.78 0.01 0.10 0.43 5.36
ISE low-e 11.5% 83.3% 10.0% 0.66 4.04 0.02 0.12 0.50 5.67
K-Glas 11.7% 87.1% 15.0% 0.70 4.24 0.01 0.11 0.46 5.77
Euroglas 126% 87.1% 30.0% 0.68 4.72 0.02 0.12 0.49 6.56
Low-Iron 13.4% 89.0% 92.0% 0.67 6.48 0.02 0.13 0.50 9.08

AR 13.7% 90.9% 92.0% 0.68 6.34 0.02 0.13 0.51 9.08

B.4 ScenoCalc simulations for different PVT technologies at varying locations
Table B.2:  ScenoCalc simulations for different technologies at different locations.

Athens Ziirich Wiirzburg Stockholm

Total irradiance |,y 1765 1714 1244 1166
[kWh/m?2a]

Trean [°C] 25 50 75 25 50 75 25 50 75 25 50 75
w PV module 0 0 0 0 0 0 0 0 0 0 0 0
£ T unglazed 634 55 0| 284 20 0|277 20 0[229 12 0
§ PVT glazed 985 469 148 | 652 262 60 | 529 208 50| 475 191 44
S PVTglazed low-e | 1072 678 346| 816 469 204 | 632 347 152|573 319 141
é CPC PVT 627 352 174 | 427 217 97| 336 157 65| 374 200 92
2 f(')art plate collec- | 4358 928 609 | 1054 720 447 | 796 514 306 | 728 472 285
= PV module 252 252 252 | 255 255 255 183 183 183 | 173 173 173
(::% PVT unglazed 255 231 203 | 248 223 196 181 163 143 | 169 152 134
E PVT glazed 240 217 192| 232 209 186 171 154 136 | 159 144 127
% PVT glazed low-e 229 205 182 | 220 198 176 162 146 129| 152 136 121
E CPCPVT 108 98 88 105 95 85 76 69 62 73 66 59
E Flat plate collec-

Doy 0 0 0 0 0 0 0 0 0 0 0 0
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C.1 Calculation of Uapsriuia from test results

The recent standards for testing PVT collectors ( (ISO 9806 2013; SKN 2015) do not include test proce-
dures to determine the thermal coupling between PV cells and fluid, which is an important, collector-
specific parameter describing the quality of internal heat transfer. Recent research (Helmers and Kramer
2013; Fritzsche et al. 2014; Zenhausern et al. 2015; Adam et al. 2014a) present and discuss different
approaches. Up to date, the scientific community has not decided on a shared standard for an electrical
and thermal performance model. Therefore, the openly available test data do not provide information on
the internal heat transfer coefficient U,uig Which is however required as simulation input.

Stegmann et al. (2012) developed a procedure for the calculation of the internal heat transfer coefficient
for unglazed PVT collectors. The input for the calculation is based on available test data in OC mode. The
following approach extends the validity of the procedure for glazed collectors with test data in MPP
mode. Figure C.1 shows the four steps necessary for the calculation of Uapsyig-

(T F’ U absEluid

(t@)eff =T a: MRF P 7th,o P

o ((Ta)eff = nel,o) Uspsruia = ULossﬁ

optical -
characteristics Nih,0, Mel,0 1, Dy

Figure C.1  Procedure for the calculation of Uiy based on test results.

Firstly, the effective transmittance-absorptance product (ta). is derived from optical characteristics, i.e.
transmittance and reflectance of the glazing and absorptance of the PVT laminate (compare Eq. (3.1)).
Table C.1 gives an overview of (ta) for typical PVT collector configurations.

Table C.1:  Effective transmittance-absorptance product (za). for typical PVT collector configurations.

PVT collector configu- <., Oljaminate Multi reflection (ta)ess
ration factor MRF

unglazed 1 0.901 1 0.901
glazed AR 0.96 0.901 1.001 0.87
glazed AR, low-e 0.96 0.86 1.002 0.83
glazed 0.93 0.901 1.004 0.84
glazed, low-e 0.93 0.86 1.006 0.80

Secondly, the collector efficiency factor F* is calculated from the conversion factor ny,, (compare
Eq. (3.16)):

’ r]h’o
F = : (C.1)

((m)eff - 77el,o)
Thirdly, the overall collector heat loss coefficient U, is extracted from the linear thermal heat loss coeffi-
cient ¢, (Fischer et al. 2004). The temperature dependence of U, is neglected, so that U, is only valid
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at AT = 0 K. In the same manner the temperature dependence of electrical efficiency b, has to be taken
into account:

C1+b1

ULossaT=0k = —
’ F

(C.2)

Finally, Uaperig is derived from the definition of F (compare Eq. (3.19)):

FI
Uabsriuia = ULossaT=0K 1-F (C.3)

The described procedure strongly depends on an accurate determination of F* and U,.,, on the basis of
the performance coefficients. Hence, the procedure is sensitive towards small changes of measured per-
formance data. One also has to keep in mind that ny, o, Nejo, G, and b, result from multiple-linear regres-
sion and are consequently interdependent and have a high uncertainty in itself.

To conclude, this approach allows a standardized procedure for the calculation of Uapgg. Owing to the
high uncertainty of Uaprug ON small variations of input data, the approach has to be considered as a
makeshift solution. In the future, a PVT performance model needs to be developed and agreed on which
includes a standardized procedure to determine the coefficient for coupling the electrical and thermal
efficiencies, either in the form of U, .4 OF in a different form.

c2 Conversion of thermal efficiency parameters between MPP and OC mode

According to ISO 9806 (2013) it is possible to measure the thermal efficiency in both maximum power
point (MPP) and open circuit (OC) mode. However, the thermal efficiency is strongly affected by the
modes of operation (Hofmann et al. 2010). In any case, the simulation model requires thermal perfor-
mance parameters as model input in MPP. If a PVT collector is tested in OC, in contrast to recent SKN
regulations, a conversion to MPP is necessary in order to be able to enter the collector data in MPP to the
collector model.

For this purpose, a practical formalism for the conversion is derived theoretically and validated with ex-
perimental data. This approach is mainly based on the energy balance (Figure 3.2) and the corresponding
equations in Helmers and Kramer (2013).

The basis for the conversion formalism is formed by the following equation from Helmers and Kramer
(2013):

Nenoc = Nenmpp + Aenoc-mpp = Nenmpp + Net = ANen,Loss (C.4)

The thermal efficiency in open circuit mode ny,oc is always higher than the thermal efficiency in MPP
Nimpe Where Ang ocuee 1S the difference of thermal efficiency between MPP and OC Mode. Any,oc.
wep CONSists of two parts: electrical energy extracted in PV cells n,, and the difference of thermal losses
owing to lower absorber temperatures Any, .. The latter originates from the fact that the PV cells serve
as energy sink reducing the absorber temperature and thus thermal losses.

The electrical efficiency during measurements with a constant irradiance G can be expressed as a func-
tion of cell temperature and the temperature coefficient y (compare Eq. (2.1)). At this point the notation
as a function of the reduced temperature is more useful:

AT
Net = Net,o — bl? (C.5)
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Both parameters n.,and b, can be expressed solely as a function of known parameters, after employing
the temperature dependence of the electrical efficiency in Eq. (2.1) and the explicit notation of T, as a
function of the thermal efficiency in Eq. (C.5):

GF'(ta)
1_V( U (.aff‘l'Tamb)

_ AbsFluid (C.6)

Net,0 = Net,sTC GF'

1—vy(+—"r—
(UAbsFluid)

G(U iqg— a

by, = Nevsre YG(Uabsriuia 1,0c) (C.7)

Unbsriuia = Ne,stcYG

Helmers and Kramer (2013) derived an expression which quantifies the difference of thermal losses
AnenLoss DY a present electrical power output. Assuming equal mean fluid temperatures Any, s iS given
by the following term:

AntnLoss = (1 — F')Ner (C.8)

Insertion of Eq. (C.5) and Eqg. (C.8) in Eq. (C.4) results in:

, ., AT
Nenoc = Menmpp + F Moo = F b1 G (C.9)
For glazed PVT collectors Eq. (C.9) can be expressed as:
AT AT? AT AT? , AT
Nin0,0c — €10 G C2,0c G Neno,mpp — C1LMPP G C2,mpPP G +Fn,—F b, < (C.10)

Finally, nwo, C1, and ¢, can be calculated by equating coefficients:

Ntno,oc = Nenomp + FMero (C.11)
c1,0c = cimpp + F'by (C.12)
C2,mpPP = C2,0C (C.13)

The conversion formalism works in both directions, either to calculate MPP values from OC values or the
other way round.

For the validation of the conversion formalism, five PVT collectors were tested in both conditions, in MPP
and OC mode. Then, the conversion formalism was applied to calculate the MPP efficiency based on the
tested OC efficiency curve. Comparing the tested with the converted MPP curve, ideally identical curves
should be obtained.

In all five cases, the comparison shows very good agreement between the tested and converted MPP
curves. A maximum  difference  between  tested and  converted  efficiency  of
ANinmax = Mt weptested = Ninwiep,converted] = 0.02 is observed. This lies well below the uncertainty range for col-
lector tests. The root mean square error RMSE of the five tested and converted efficiency curves equals
RMSE = 0.008. The efficiency curves for two exemplary PVT collectors are shown in Figure C.2.
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Figure C.2:  Conversion between MPP and OC mode: the calculated thermal efficiency curve in MPP
mode is derived from the measured OC curve applying the conversion formalism and com-
pared to the measured MPP curve.

Table C.2:  Performance coefficients from five tested PVT collectors in MPP and OC mode together
with converted MPP performance coefficients.

PVT collector PVT collector PVT collector PVT collector PVT collector
1 2 3 4 5
Mth,mpp 0.62 0.66 0.67 0.72 0.69
o Cie 5.54 4.792 3.979 6.14 3.499
[a 18
S Gum 0.012 0.018 0.025 0.024 0.0164
T N 0.130 0.113 0.115 0.100 0.117
b, 0.52 0.52 0.51 0.51 0.51
- Moc 0.73 0.75 0.78 0.82 0.80
(]
S8 G 6.10 5.82 456 6.50 4.21
. Cooc 0.010 0.006 0.026 0.026 0.013
:9_% Ntn,mpp 0.62 0.65 0.68 0.73 0.69
o
% g C1 mpp 5.63 5.34 4.04 6.03 3.65
S G 0.010 0.006 0.026 0.026 0.013
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C3 Assessment of annual thermal and electrical yields at various European lo-
cations

Table C.3:  Summary of annual thermal and electrical yields with varying collector technology for sys-
tems (a) — (d) at different locations

Collector Irradiance | System (a) System (b) System (c) | System (d)
technology SHP / SFH DHW / MFH | DHW / SFH | Combi / SFH
[kWh/mza] ltot EP\/ QStoraqe QReqen EP\/ QCOH EP\/ QColl EP\/ QColl
PV module 1823 244 244 244 244
v | PVT unglazed 1823 251 180 745 248 401 246 308 243 212
c
2 | PVT glazed 1823 220 318 693 218 637 213 508 206 344
& | pvT glazed low-e | 1823 203 369 713 203 751 195 595 185 403
Flat plate collec-
tor 1823 444 807 969 709 461
PV module 1732 232 232 232 232
w | PVT unglazed 1732 251 185 189 240 358 237 254 235 185
g PVT glazed 1732 194 321 182 195 535 191 423 187 330
©
O | pVT glazed low-e | 1732 176 391 192 179 627 174 511 169 409
Flat plate collec-
tor 1732 549 242 852 685 560
PV module 1293 179 179 179 179
g’ PVT unglazed 1293 182 121 255 182 248 180 176 179 126
-g PVT glazed 1293 159 258 266 159 445 156 359 153 272
E PVT glazed low-e | 1293 148 310 278 148 525 145 432 140 330
Flat plate collec-
tor 1293 398 304 672 544 408
PV module 1177 162 162 162 162
_E PVT unglazed 1177 165 117 189 165 235 163 167 162 120
< | PVT glazed 1177 145 226 196 145 393 143 315 139 235
§ PVT glazed low-e | 1177 134 273 210 135 467 132 383 127 286
w -
Flat plate collec 349 248 603 489 357
tor 1177
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C4 Optimization of PVT systems with the characteristic temperature approach

The characteristic temperature has a significant influence on the energy yields: the lower the operating
temperature of the PVT collector, the higher are its electrical and thermal output. Hence, an appropriate
objective for optimizing PVT systems is the reduction of T,.,.. The following section discusses exemplarily
four case studies and demonstrates how these strategies reduce the characteristic temperature and in-
fluence energy yields.

C.A4.1 Case study #1: Collector operation mode in system (a) SHP / SFH

PVT heat pump systems with borehole or ground heat exchangers can be operated in different operation
modes. In the parallel mode (P), the PVT collector directly feeds into the storage. In the regeneration
mode, the solar heat regenerates the borehole, i.e. compensates for the heat extracted by the heat
pump. Apparently, the operation mode and its underlying control strategy affect the characteristic tem-
perature and yields.

For case study #1, two operation modes are compared in system (a) SHP/SFH with unglazed PVT collec-
tors. The reference case is given by the P/R operation mode as in chapter 4.2.2.1 and the optimized case
is given by the regeneration mode excluding the option of parallel operation.

Switching the operation mode from P/R to R effectuates a reduction of T, from 21.3 to 19.3 °C. At the
same time, the thermal yield of the PVT array increases by + 87 %. This sharp increase of the heat gain
results mostly from the control strategy. The collector circuit is switched on when the temperature differ-
ence between collector outlet and borehole heat exchanger outlet exceeds 6 K. Due to the lower tem-
perature level of the ground compared to the storage tank, the collector circuit is operational for much
longer periods and even in states without irradiance, when the collector acts more as an ambient heat
exchanger than a solar collector. Despite the reduction of T, by 2.0 °C, the electrical yields are constant
in both the reference and optimized case. This is caused by similar levels of the PV cell temperatures,
which are hardly affected by the operation mode.

It has to be mentioned that it is critical to compare the mere value of the thermal yields of both cases.
The value of heat directly delivered to the storage in parallel mode (P) is higher than heat used for the
borehole regeneration. Firstly, an additional conversion step of the heat pump is required until the heat
can be utilized, which entails additional electricity consumption. Secondly, the thermal losses of the
ground storage are higher due to lateral heat exchange to neighboring sediments. Under system per-
formance considerations, one kWh of heat to the storage is therefore more valuable than one kWh heat
for regeneration.

CA4.2 Case study #2: Reduction of hot water temperatures in system (b) DHW /
MFH

The minimum draw-off temperature of hot water systems in multi-family houses is subject to legal regu-
lations. To avoid the formation of harmful legionella, the water temperature in large hot water systems
has to be maintained above 60 °C at any location in the piping system according to DVGW (2004).

Under mere efficiency considerations, in contrast, low temperature (low exergy) systems are favorable. A
reduction of system temperatures reduces heat distribution and circulation losses and increases the effi-
ciency of renewable heat generation by solar thermal or heat pumps. For instance this reduction can be
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achieved by a two-pipe system with decentralized heat exchanger stations for each apartment or a four-
pipe system with membrane ultra-filtration (Helbig and Mercker 2017).

For case study #2, the effect of reducing hot water draw-off temperatures on PVT yields is studied in
system (b) DHW / MFH with glazed PVT collectors (section 0). For this purpose the set temperature of hot
water is reduced from T,,,= 60 °C to T,,, = 45 °C. For a consistent comparison, the total heat load is kept
at constant levels by adjusting the draw-off volumes accordingly considering that hot water is mixed with
cold water to achieve a constant tap temperature of T,,, = 45 °C.

The reduction of the system temperatures effectuates a drop of T, from 44.4 °C to 42.8 °C. This in-
creases the thermal collector yields by 9.5 % and the electrical yield by 0.7 %. In addition to that, the
heat distribution losses are reduced by 50.4 %.

C4.3 Case study #3: Increase storage volumes in system (c) DHW / SFH

Thermal storages play an important role in efficient solar thermal systems. They accumulate solar heat
from short periods up to several months and thus enable a better match between the solar radiation and
the heat demand. Moreover, larger storage volumes may lead to lower storage and thus collector tem-
peratures and reduce the periods of stagnation by larger buffer volumes.

For case study #3, the effect of increasing the storage volume is studied in system (c) DHW/SFH with
glazed PVT collectors with low-e (chapter C.6.3). For this purpose, the storage volume is increased by
50 % from V =0.35 m3 to V = 0.525 m3. The larger storage volume effectuates a reduction of T, from
49.1 °C to 48.2 °C, which increases the thermal yield by 5.0 % and the electrical yield by 0.7 %.

C4.4 Case study #4: Storage stratification in system (d) Combi / SFH

Due to the different density of cold and hot water, thermal storages have a natural stratification with hot
water in the upper layer and cold water in the lower layer. Efficient storages in solar thermal systems
avoid mixing of hot and cold water by using special stratifying devices. These devices reduce the fluid
impulse during charging and discharging, so that less mixing of cold and hot water occurs (Streicher
2012). Thus, lower temperatures in the lower storage layers allow for low collector inlet temperatures,
and higher temperatures in the upper storage layer reduce the auxiliary heating demand.

In case study #4, the influence of stratification is studied in system (d) combi/SFH with glazed PVT collec-
tors with low-e (chapter C.6.4). In general, stratification in thermal storages is difficult to model numeri-
cally. Nonetheless, the importance of stratification in efficient solar thermal systems and especially PVT
systems is known. In the first case, stratification effects are disregarded by discretizing the thermal stor-
age with 2 nodes in the vertical direction. The optimized case is modeled by a storage with 25 nodes,
which represents a fairly good stratification behavior (Driick 2006).

The thermal stratification in the storage effectuates a reduction of T, from 53.9 °C to 53.4 °C. This
results in an increase of 0.4 % of the electrical yield and an increase of 6.5 % of the thermal yield.

c4.5 Summary and Outlook

Reducing the operation temperatures should be an integral part of system optimizations to boost ther-
mal and electrical yields. The presented case studies show four exemplary optimization measures and
their effect on T, and energy yields. This demonstrates that the characteristic temperature T, is an
appropriate indicator to quantify the effect of temperature reductions. Figure C.3 gives a qualitative
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overview of the optimization measures and shows the four case studies in bold symbols together with
the characteristic collector curve.

Although T, is in general suitable to quantify temperature reductions and optimization potential, the

applicability of the characteristic temperature approach for optimizing PVT systems also has its limita-
tions.

Case study #1 demonstrates that the correlation between T, and electrical and thermal yields is not
strongly linear. Despite reducing T, by 2.0 K, the electrical yield is hardly affected due to nearly con-
stant PV cell temperatures. On the other hand, the thermal yield increases by 87 %, because of the
change of operation mode and the corresponding collector control.

0.15 0.7 oo,
R oo © PVT unglazed
014 A _% *06 - A PVT glazed
o i o5 PVT glazed low-e
> ° A
2013 | 2 05 By o Flat plate collector
= .0
E 8
€ 0.12 - c 04 -
2 o
R 3
2011 NO03 -
= D =
3 5
® 0.1 | -PVmodule =02 -
s PVT unglazed g
§ 0.09 || 4 PVTglazed 201 -
w PVT glazed low-e =
0.08 T T T T T T T T O T T T T T T T T
15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60
Tchar [Oc] Tchar [oc]

Figure C.3:  Optimization of PVT systems with the characteristic temperature approach highlighting
four case studies.

Facade integration is an effective measure for optimizing the tilt angle of collectors to better match the
solar irradiance in the collector plane to the heat demand, which mainly occurs during winter in combi
systems. The reorientation further reduces thermal loads and stagnation periods in summer, when there
is an excess of the solar resource available. Therefore, a steeper inclination angle reduces collector tem-
peratures and has its advantages despite the lower overall irradiance in the collector plane. However,
changing the tilt angle is not covered by the characteristic temperature approach since the characteristic
curve is only valid for one specific collector orientation. In this case, it is insufficient to use only T, for
quantifying the optimization measure, but a more detailed approach is required.

From these four case studies, it also becomes clear that small modifications of the system design have a
relatively small effect on T,,,, compared to the wide temperature ranges in Figure C.3, which mainly re-
sult from the size of the collector array. Therefore, the most important optimization parameter remains
the size of the PVT collector array in relation to the heat demand. The smaller a PVT array, the lower the
solar fraction, the lower is T,,,,and the higher are the specific yields. Consequently, a PVT array should be
rather under- than oversized to achieve low characteristic temperatures and high yields.
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Table C.4:  Case studies for the optimization of PVT systems highlighting the reduction of T.,,.and the
increased yields.
Case #1 Case #2 Case #3 Case #4
Optimization measure Operation Reduction of Increase of stor-  Stratification
mode from P/R  draw-off temper-  age Volume

toR

ature

System Sys (a) SFH/SFH  Sys (b) DHW/MFH  Sys (c) DHW/SFH  Sys (d) Com-
bi/SFH

Collector type Unglazed PVT  Glazed PVT Glazed PVT Glazed PVT low-e

low-e

T.... before optimization 21.3°C 44.4 °C 49.1 °C 53.9°C

T.... after optimization 19.3 °C 42.8 °C 48.2 °C 53.4 °C

Relative increase of el. 0.0 % 0.7 % 0.7 % 0.4%

yield

Relative increase of th. 87.0 % 95 % 5.0 % 6.5 %

yield

c.5 Comparison of system performance indicators of PVT systems with FPC and
PV systems
Table C.5:  Detailed assessment of system performance of PV modules. Array sized for identical electri-
cal yield as PVT.

System System System System
Description Parameter Unit (@) I()bl-)IW/MF © g)m

SHP/SFH H DHW/SFH bi/SFH
System dimensions

PV mod- PVmod- PV module PV mod-
Collector Technology

ule ule ule
PV module area Apy m?2 18.8 29.3 6.1 14.1
Electrical peak power Ppeak el kW, 2.8 4.4 0.9 2.1
Collector performance
Irradiance in collector plane |, kWh/m?2 1293 1293 1293 1293
Specific electrical yield Econ kWh/m?2 179 179 179 179
Primary energy yield Qpes kWh/m?2 358 358 358 358
Electrical utilization ratio URq - 0.138 0.138 0.138 0.138
Electrical system per-
formance
Electricity demand E demand MWh 456 36.80 456 4.56
Total electrical yield Ecolltot MWh 3.36 5.24 1.09 2.52
Battery losses Eioss battery MWh 0.11 0.01 0.03 0.09
Inverter and cable losses Eioss inverter MWh 0.27 0.42 0.09 0.20
Electrical coverage rate feov - 0.51 0.13 0.21 0.44
Self-consumption rate feeticon - 0.75 1.00 0.97 0.86
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Table C.6:  Detailed assessment of system performance of solar thermal system with flat plate collec-
tors. Array sized for identical thermal yields as PVT systems.
System System System System
L . (a) (b) (c) (d)
Description Parameter Unit SHP/SFH DHW/ME DHW/SF  Combi
H H /SFH
System dimensions
Collector Technology FPC FPC FPC FPC
Gross collector area Agross m2 8.7 16.4 5.5 13.1
Collector aperture area Asper m2 8.0 15.0 5.0 12.0
Heat storage volume Viore m3 0.6 0.9 0.4 0.9
Thermal peak power Poeak th kW, 6.3 11.9 4.0 9.5
Collector performance
Irradiance in collector KWh/m? 1293 1293 1293 1293
plane liot
Specific thermal yield Qi kWh/m? 711 672 544 408
Primary energy yield Qpes kWh/m? 782 739 599 448
Thermal utilization ratio  URy, - 0.55 0.52 0.42 0.32
Thermal system per-
formance
Heat demand hot water MWh )6 6.6 )6 26
demand Qdemand,DHW
Heat demand space MWh 8.5 0.0 0.0 8.5
heating Quemand.spH
Qverall thermal collector MWh 5 7 10.1 57 4.9
yleld Qusefulqain
Heat losses piping and
heat exchanger Qioss pipestx MWh 0.1 1.3 0.6 0.8
Collector heat to storage  Qcgizstore MWh 3.1 8.8 2.2 4.1
Collector heat to ground MWh )4 0 0 0
heat exchanger Qcolzarx
Heat loss storage Qioss store MWh 0.8 0.8 0.6 1.1
Auxiliary heat to storage Q.. MWh 8.7 18.4 0.9 8.0
Heat' losses conventional MWh 05 17 05 05
heating system Qi conv
Solar fraction ool - 0.22 0.31 0.65 0.28
Fractional energy savings  f, - 0.25 0.35 0.70 0.31
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Table C.7:  Detailed assessment of system performance of PVT system (a) — (d).
Description Parame- Unit System  System = System = System
ter (a) (b) (c) (d)
SHP/SFH DHW/M DHW/SF Com-
FH H bi/SFH
System dimensions
PVT un- PVT PVT PVT
Collector Technology glazed glazed glazed glazed
low-e low-e
Gross collector area Agross m? 18.5 41.0 9.3 22.2
Collector aperture area A per m2 18.5 37.6 8.5 204
PV module area Ay m2 18.5 34.5 7.8 18.7
Heat storage volume Viore m3 0.6 0.9 0.4 0.9
Electrical peak power Poeak el kW, 2.8 55 1.2 2.8
Thermal peak power Pocak th kW, 10.7 23.7 5.7 13.7
Collector performance
Irradiance in collector plane Lot kWh/m?2 1293 1293 1293 1293
Specific electrical yield Eco kWh/m? 182 152 139 135
Specific thermal yield Qual kWh/m? 307 273 321 237
Primary energy yield Qees kWh/m?2 702 603 631 530
Electrical utilization ratio URq - 0.141 0.117 0.107 0.104
Thermal utilization ratio UR, - 0.238 0.211 0.248 0.183
Electrical system performance
Electricity demand E demand MWh 4.6 36.8 4.6 4.6
Total eIectrlcaI yield (considering .l MWh 31 4.4 09 21
cable and inverter losses)
Battery losses Eiossbattey ~ MWNh 0.1 0.02 0.03 0.10
Inverter and cable losses Eiossimverer ~ MWh 0.21 0.33 0.07 0.16
Electrical coverage rate feoy - 0.50 0.14 0.23 0.47
Self-consumption rate feelfcon - 0.39 0.96 0.68 0.44
Thermal system performance
Heat demand hot water de- Q. MWh 26 26.6 26 26
mand mand,DHW
Heat demand space heating Qemangson MWh 8.5 0.0 0.0 8.5
Overall thermal collector yield Qusefuigan ~ MWh 5.7 10.3 2.7 4.8
Z'fcaﬁan';’fres piping and heat o " MWwh 0.0 15 06 08
Collector heat to storage Qcoizsiore ~ MWh 1.0 8.8 2.2 4.1
Collector heat to ground heat MWh 46 0 0 0
exchanger Qcolizahx
Heat loss storage Qoss store MWh 0.6 2.3 1.2 1.8
Auxiliary heat to storage Qaux MWh 10.6 18.5 0.9 8.0
Heat losses conventional heat- MWh 05 17 05 05
iIng system Qiconv
Solar fraction ool - 0.05 0.31 0.65 0.28
Fractional energy savings Ty - 0.09 0.35 0.70 0.31
PVT specific indicators
Characteristic temperature Tehar °C 21.3 44.4 491 54.2
Area requirement factor forea - 2.3 2.5 1.7 1.7
Surplus electricity rate - 1.8 1.2

surplus
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C.6 Scorecards of PVT systems

c.6.1 Scorecard of system (a) — SHP / SFH with unglazed PVT collectors

—

System (a) SHP / SFH
Tehar = 21.3°C

Figure C.4:  Electrical and hydraulic layout of the PVT system (a) including PVT technology, collector
area Ajecon and storage volume Vi age.
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Edemand=
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T
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= 2.6 MWh

Heat
Pump
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=0.5 MWh

Itot GrossArea
Qeoizchx = 4.6 MWh

ILoss.1am=
0.8 MWh

ILoss,Reerction EAux,HeatPump
=2.2MWh =2.5 MWh

Figure C.5:  Visualization of optical (green), thermal (red), and electrical (blue) energy flows of PVT sys-

tem (a) in a Sankey diagram.
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Figure C.6:  Monthly irradiance, electricity and heat demand, electrical and thermal yield.

1.25 4 0120 1.25 0.0
| 0122 _ 0.05
0124 3 0.10
1.00 H =) 1.00
L0126 2 | 015
©
= 1 = A
E 0.128 5 E 0.20
#0.75 0130 ® ¥ 0.75 025
g = &
> i 0132 5 = 0.30
©
0134 £ 035
0.50 S 0.50
0136 @ 0.40
i Rett] 0.138 045
025 4+——F—7 T T T T T T 0.140 0.25 — 77 050
25 50 7.5 100 125 150 175 200 225 ’

25 50 75 100 125 15.0 17.5 20.0 225
A llect [mz] z
callector A [m2]

collector

Figure C.7:  Sensitivity analysis of electrical utilization ratio (left) and thermal utilization ratio (right) with
regards to collector aperture area A ojecor and storage volume Vi ge
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Figure C.9:  Solar fraction f,,; and fractional solar savings f.,, as a function of the collector area A, in
system (a).
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Figure C.10: Limited area assessment of PVT system (a). Comparison of a side-by-side installation of flat
plate collectors and PV modules with a PVT installation of same overall thermal yield on the
same roof area.
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Figure C.11: Electrical and hydraulic layout of PVT system (b) including PVT technology, collector area
A and storage volume Vi age.
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Figure C.12: Visualization of optical (green), thermal (red), and electrical (blue) energy flows of PVT sys-
tem (b) in a Sankey diagram.
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Figure C.13: Monthly irradiance, electricity and heat demand, electrical and thermal yield.
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Figure C.17: Limited area assessment of PVT system (b). Comparison of a side-by-side installation of flat
plate collectors and PV modules with a PVT installation of same overall thermal yield on the

same roof area.

C.6.3

Scorecard of system (c) - DHW / SFH with glazed PVT collectors with low-e

Chapter 4.5.2 covers system () in full detail. At this point, only the missing sensitivity analysis is present-

ed in Figure C.18.
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Figure C.18: Sensitivity analysis of electrical utilization ratio (left) and thermal utilization ratio (right) with
regards to collector aperture area A, and storage volume Vs age
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C.6.4 Scorecard of system (d) — Combi / SFH with glazed PVT collectors with low-e
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Figure C.19: Electrical and hydraulic layout of PVT system (d) including PVT technology, collector area
A and storage volume Vi age.
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Figure C.20: Visualization of optical (green), thermal (red), and electrical (blue) energy flows of PVT sys-
tem (d) in a Sankey diagram.
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same roof area.
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Appendix D OVERHEATING PROTECTION

D.1 Temperature reduction nomograms for dimensioning OHP concepts

The temperature reduction is a central evaluation criterion and design parameter for OHP concepts. In
the following section, tools and nomograms for preliminarily assessing and dimensioning OHP approach-
es are presented. A detailed design of the OHP and collector construction can be carried out based on
detailed numerical models as presented in chapter 3.1. Nonetheless, it is essential to understand the
fundamental relationship between the OHP design parameters, the efficiency and temperature reduction
potential of the four defined OHP categories. The energy balance of the two-node PVT collector model
as in Figure D.1 forms the basis for the following discussions.

Tambient

I
Ee

A

QLoss

@

Pabsorber :lG ’ [(T(x)eff'ne\]l

\/ Tabsorber
o\

il
@lee] | Z
3 =
< k)
2 3
i O
v
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Figure D.1:  Energy balance of the two-node PVT collector model including four OHP design parame-
ters.

D.1.1 Reduce (7a)ets

OHP category 1 aims at switching to low a (ta). during stagnation. This reduces the energy flux on the
absorber p, and thus limits stagnation temperatures.

The impact of reducing (ta). on the thermal efficiency curve is illustrated in Figure D.2. The efficiency
curves are simulated with the detailed numerical collector model for the glazed PVT collector with low-e.
The electrical efficiency n, can be considered as an additional heat sink, which reduces (ta). The effi-
ciency curves are hence given as function of (ta)ef - Ner-

The overheating protection is activated by switching from high to low (ta). - ne - This corresponds to
switching from an efficiency curve with high to low optical and thermal efficiency. The stagnation tem-
perature can be roughly estimated from the x-intersect of the efficiency curves.
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Figure D.2:  Impact of a variation of (za).; — 1. On the thermal efficiency curve, simulated for glazed
PVT collector with low-e coating at G=1000 W/m?2 T, = 30 °C, and MPP mode.

To assess the stagnation temperatures of different types of PVT collectors, i.e. with different values of
Ui, @ More generalized approach is required. Instead of using the detailed two-node collector model,
the mean absorber temperature during steady-state stagnation is derived from the two-node PVT model
as in Figure D.1. Accordingly, the energy balance is expressed as:

C.luseful = G(Ta)eff — GNer — Uppss (Tabs - Ta) (.1

During stagnation in no-flow conditions, no useful heat is generated and consequently . = 0. Fur-
thermore, we neglect the heterogeneous temperature distribution and the local temperature maximum.
ISO 9806 recommends adding a margin of 20 K to compensate for this effect. Moreover, we assume
that both U, and n, are constant and thus neglect their temperature dependence. This assumption is
reasonably accurate, as we only consider stagnation conditions and thus a limited temperature range.
Considering these simplifications and solving to the absorber temperature T, Eq. (D.1) can be ex-
pressed as:

(Ta)eff —Net

ULOSS

Taps =Ta + G (D.2)
Evaluating Eq. (D.2) for varying values of U, leads to the nomogram in Figure D.3. Each collector type is
characterized by its U, value. This means that every curve stands for one specific collector type. The
reduction of the absorber temperature can be read from the y-axis for a given combination of (ta)e — M
in normal operation and during stagnation.
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Figure D.3:  Nomogram for preliminary dimensioning of an overheating protection by reducing (7).
Absorber temperatures are evaluated for G = 1000 W/m2 T, = 30 °C without considering a
security margin for T,

D.1.2 Increase Uloss

OHP category 2 aims at switching to high heat losses U, during stagnation. This increases the heat loss
flux to ambient ¢, and thus lowers stagnation temperatures.

The influence of U, on the thermal efficiency curve is illustrated in Figure D.4. The efficiency curves are
simulated with the detailed numerical collector model for the glazed PVT collector with low-e with

(T(I)eff =0.83 aﬂd Nel,sTC = 0.13.

The overheating protection is activated by switching from a low to a high value of U,. This corresponds
to switching from an efficiency curve with high to low optical efficiency. The stagnation temperature can
be roughly estimated from the x-intersect of the efficiency curves.
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Figure D.4:  Effect of U, on the thermal efficiency curve, simulated for a glazed PVT collector with

low-e.

The same energy balance applies as for reducing (ta).s in OHP category 1. Hence, Eq. (D.2) is also valid

with the mentioned simplifications. Evaluating Eq. (D.2) for varying values of (ta).s — Mo leads to the

nomogram in Figure D.5. Every curve stands for one collector type with a specific value of (o). — Mo The
reduction of the absorber temperature can be read from the y-axis for the respective values of U, in

normal operation and in stagnation.
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Figure D.5:

Nomogram for preliminary dimensioning an overheating protection by increasing U, .

Absorber temperatures are given for G = 1000 W/m?2 T, = 30 °C without considering a se-

curity margin for T .
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D.1.3 Reduction of the mean fluid temperature T,

OHP category 3 aims at reducing the mean fluid temperature T, during stagnation. This lowers absorber
temperatures by maintaining low fluid temperatures at all time and getting rid of the remaining heat
gain queru, Which also occurs during stagnation. The heat gain then has to be dissipated to the environ-
ment by internal or external heat dissipators. Therefore, the central design criterion of OHP category is
the overall heat transfer coefficient which is characterized by (UA)uerma- (T@ets, Meir @Nd U o remain con-
stant, which is why the efficiency curves are not changed.

For dimensioning (UA.ema. the following assumptions are made. Firstly, we assume that the absorber
temperature equals the fluid temperature. Thus, the influence of internal heat transfer coefficient Ui
on the absorber temperature is neglected, although the heat gain g, results in small temperature dif-
ference between fluid and absorber temperatures, depending on the internal thermal heat transfer coef-
ficient Uppeuig. Secondly, we neglect the temperature increase of the fluid temperature in direction of
fluid flow.

The overall heat transfer coefficient of the heat dissipator (UA)ema Nas to be dimensioned, so that the
collector heat gain Qg co IS reliably dissipated to the environment. During steady-state conditions, the
collector heat gain Qg i €quals the dissipated heat of the heat dissipator Qeyermal:

anin,coll = Qexternal (D.3)

The collector heat gain is influenced significantly by the total collector area A, and the thermal efficien-
cy at the maximum fluid temperature My(T, mad. While the dissipated heat Q.ema 1S @ function of the
temperature difference and the UA-value of the heat dissipator:

G Acon nth(Tm,max) = (UA)external(Tm - Ta) (D.4)

Solving Eq. (D.4) to the mean fluid temperature T, leads to:

Acoll

— (D.5)
(UA)external

Tin = Ta + G Men(Tinmax)
Evaluating Eq. (D.5) for varying values of ny, ., leads to the nomogram in Figure D.6. Every curve stands
for one collector type with a specific thermal efficiency during stagnation ny,s.., The reduction of the
mean fluid temperature can be read from the y-axis from the difference between the respective values of
(UA)oxterna’ Acon in NOrmal operation and in stagnation.
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Figure D.6:  Nomogram for preliminary dimensioning an overheating protection by reducing Ty mean-
Maximum mean fluid temperatures are given for G = 1000 W/m?2 T, = 30 °C without con-
sidering a security marqgin for T,,, with respect to difference between absorber and fluid
temperature and temperature increase in direction of fluid flow.

D.1.4 Increase of Cess

OHP category 4 aims at buffering high absorber temperatures by increasing the effective capacity c.4. For
this purpose, heat is stored in thermal masses coupled to the collector, e.g. phase change materials or
integrated collector storage. The effective capacity c.4 comprises the central design parameter of OHP
category 4.

The steady-state efficiency curve is not altered by an increase of thermal capacity. Instead, the collector
dynamics have to be considered. The dynamic energy balance of the two-node model according to Fig-
ure D.1 is expressed as:

dT,,
Ceff di 2= G[(Ta)eff - 77el] - ULoss(Tabs - Ta) (D-6)

This differential equation describes the dynamic temperature variation. The maximum absorber tempera-
tures T,umax CaNNOt be solved explicitly, but have to be calculated from the temporal distribution of G
and T, of a characteristic day. We now look at a hot and high-irradiance summer day for the location of
W(rzburg. In fact, this is the worst-case scenario day with the highest annual absorber temperatures of a
collector in permanent stagnation.

shows the resulting absorber temperatures in permanent stagnation of three PVT collectors with varying
effective capacities c. For the example, we assume constant values of U, =6 W/m2K and (to) —
Ne = 0.72, corresponding to a glazed PVT collector with low-e.
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Figure D.7:  Temperature distribution of three types of PVT collectors with varying C.; during perma-
nent stagnation on a hot summer day in Wirzburg. The maximum absorber temperatures
for each c gare indicated by the colored data point.

Evaluating the maximum absorber temperatures in the same way for varying effective capacity c.« leads
to the nomogram in Figure D.8. We varied the collector technology by a parameter variation of U .
Thus, every curve stands for one collector type with a specific heat loss coefficient U, The maximum
absorber temperatures as function of ¢ and U, can be read from the y-axis.

To give an example, a typical value of the effective capacity of a PVT collector without PCM amounts to
Ceir = 10 kJ/m2K. This collector reaches a maximum absorber temperature of T, = 160 °C. An effective
capacity of ¢4 = 50 kJ/m2K would be required to limit absorber temperatures below T, < 140 °C. The
thermal characteristics of a typical, paraffin-based PCM features a thermal capacity of ¢, = 2 kl/kgK and
a heat storage capacity of hy, = 200 kJ/kg. To achieve the required effective capacity of 50 kJ/m2K, ap-
proximately 10 kg/m2 of PCMs would be required.
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Figure D.8:  Nomogram for preliminary dimensioning an overheating protection by increasing the effec-
tive capacity c.4 Maximum absorber temperatures are given for a worst-case day in W(rz-
burg without considering a security margin for T,,, with respect to a non-uniform tempera-
ture distribution.
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NOMENCLATURE

Symbol Unit Definition
A m? area
A m’ aperture area
Agross m? gross collector area
Ay m? PV module area
bo - incident angle modifier
b, W/m?K temperature coefficient of PV efficiency relative to AT/G
G W/m?K linear heat loss coefficient of thermal efficiency
G W/m?’K?  quadratic heat loss coefficient of thermal efficiency
C3- G - thermal performance coefficients
Cef kJ/m?2 effective thermal collector capacity
G J/kgK specific heat capacity
d m thickness, diameter, distance
E, W/m? long wave irradiance > 3um
Epv kWh/m2  specific electrical output
Es W/m2um  spectral irradiance, spectral emissive power
F - collector efficiency factor
f - rating figure
faren - area requirement factor
feor - electrical coverage rate
f, - primary energy factor
o - fractional energy savings
feol - solar thermal fraction
Tourplus - electrical surplus yield rate
G W/m? hemispherical solar irradiance
h W/m?K heat transfer coefficient
Lot kWh/m?a  annual irradiation in the collector plane
Ko - incident angle modifier
Kn - Knudsen number
m kg/h mass flow rate of heat transfer fluid
Nu - Nusselt number
W power
p W/m2 specific power
p Pa pressure
PR - performance ratio
Pr - Prandtl number
ol W/m? specific heat flux
Qeol kWh/m?a  specific thermal collector yield
Ra - Rayleigh number
RMSE - root mean square error
T K temperature
T, °C ambient temperature
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Nomenclature

Tn °C mean fluid temperature

Tehar °C characteristic temperature

U W/m?K U-value

UR - utilization ratio

Uwind m/s wind speed

V m’ volume

Symbol Unit Definition

o - absorptance

v %/K temperature coefficient of PV power
) - elongation

€ - emissivity

€373K - emissivity at T= 373 K

n - efficiency

A m wavelength

p - reflectance

c W/m?K*  Stefan-Boltzmann constant

T - transmittance

(Tt - effective transmittance-absorptance product
Subscript Definition

0 relatedto AT=T,-T,=0K
abs absorber, absolute percentage
ad adsorbent

aux auxiliary

AM1.5 weighted with AM1.5 spectrum
c-Si weighted with spectral response of crystalline silicon cells
coll collector

cond conductive

conv convective, conventional

eff effective

el electrical

lam laminar flow regime

MAP weighed with the MAP function
PE primary energy

rad radiative

regen regeneration of borehole

rel relative percentage

sat saturation

selfcon self-consumption

stg stagnation

th thermal

tot total

turb turbulent flow regime

vac vacuum
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Nomenclature

Abbreviation

Definition

CcOoP
DHW
FPC
IAM
MFH
MPP
OoC
OHP
PV
PVT
SFH
SHP
STC

coefficient of performance
domestic hot water

flat plate collector
incidence angle modifier
multi family home
maximum power point
open circuit

overheating protection
photovoltaic
photovoltaic thermal
single family home

solar heat pump
standard test conditions
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