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Executive Summary

PVT technology is an essential part of a sustainable and future-oriented power
supply. Previous, its market potential still remains unexploited.

Previous Task 60 reports have presented the current market situation of different
PVT systems as well as the subsidy practices in regard to PVT technology [IEA SHC
Task 60].

In order to achieve a sustainable PVT market development, reliability of product
quality is another key factor, and it can only be achieved by establishing functioning
standards.

This report therefore aims at displaying the Status Quo of PVT Characterization in
order to support PVT technology in its further development and applications. The
report is hence of interest for researchers as well as public and private sector
stakeholders.

A key finding is that the reliability and durability of PVT modules are especially
challenged at elevated temperatures and higher humidity loads. The test methods
available from the IEC and ISO standards are covering the specifics of PV and ST
PRGXOHYV PRVW RI ZKLFK DUKsNdPLODU IRU 397 PRGXO

Yet, the PVT specific load collectives and the operating conditions arising from the
system integration of PVT are only partially covered in the set of existing standards
(e.g. stagnation temperature approval, mechanical load resistance).

Moreover, the warranties of existing PV modules set equally high consumer
expectations in regard to PVT collectors, but it is not self-evident that PVT technology
can comply with these expectations.

Therefore, further investigations will be necessary in order to achieve a sustainable
market development.

We hope this report will contribute to this development by illustrating the state of the
art and by pointing out where more research is needed.
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1 Applications of PVT collectors

PVT technology is used in various applications. Therefore different operating
conditions are found and thus the collector designs reflect this in various forms. The
following report takes these two aspects into account. First it is structured along
electrical and thermal energy output. Second it reflects the input of the participants in
Task 60 for different applications. Therefore, the report is not covering very
sophisticated solutions for all possible application scenarios. The report follows the
delegates present at the task meetings and their mail contributions. Nevertheless, the
authors tried to contribute with listings of open questions to provide an overview of
the status quo.

On many topics more details can be found in complementary reading, in the reports
cites and links to relevant work published.
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Figure 1: Factors influencing the efficiency of a PVT collector for different
operating conditions.

One of the most influential parameters for the system performance and the technical
characterization of a system is the operation temperature [M. LAmmle et al. 2017].
Both the thermal and the electrical power outputs are influenced although to different
degrees (more details can be found in: [M. Rosa-Clot and G. Tina 2017], [A. Louwen
et al. 2017]). Figure 2 shows the temperature influence in thermal and electrical gains
per square meter of collector aperture area calculated using the software

BcenoCalc “for the city of Wirzburg, Germany (Central Europe) [M. Lammle 2018].
One can see that it is essential for the technical characterization of a PVT collector to
represent this effect.
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Figure 2: Assessment of total energy yields for different collector
technologies at the location of Wirzburg [M. LAmmle 2018]

Because of the very diverse technical performances of every collector design at
various temperatures, different applications must be targeted.
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Figure 3: Recommended applications for PVT collectors over the
operating temperature ranges.

Several market analyses performed over the last years have shown the market
shares of all different PVT collector designs and in different application fields ([D.
Zenhausern et al. 2017], [C. de Keizer et al. 2017], [M. Adam et al. 2015]). Within
Subtask A of the IEA SHC Task 60, the statistical data of installed square meters of
different PVT collector designs have been gathered and published in Solar Heat
Worldwide for the very first time in 2019 [W. Weiss and M. Spork-Dir 2019, 2020].
The market boundaries (e.g. certification rules, standards for testing, subsidy
schemes) as well as the technical constraints (e.g. temperature limitations imposed
by standard PV Materials) and economic conditions (e.g. development costs, time to
market) are currently more favourable for one specific PVT design, that is the
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uncovered PVT collector (international standards name it more adequately: WISC
Wind and Infrared Sensitive Collector). This being said, the focus for the market up-
take and penetration should be on providing rules for technical characterization of all
PVT collectors since gaps in public knowledge have been identified, probably due to
small a market during the past years for PVT technologies.

Not only at collector level, the whole system design is also relevant for the operation

modes of the collector. Thus, it is relevant to understand the different configurations

in which a PVT collector field can be installed when incorporated into a system. In

order to facilitate the access to this complex information, a tool developed in IEA

SHC Task 44 is very useful WKH VR FDOOHG 3VTXDUH YLHZ ™ UHSUH'
installation. To avoid repetition and to keep this report short, we recommend to refer

to the related published report of Subtask D of IEA SHC Task 44.

Task 60 could not handle however all possible applications of PVT technologies.
There are applications which have rather specific technical characterization
parameters and could not be handled within the framework of this Task 60, because
the technical characteristics at the system level are more important than those at the
collector level e.g.:

- PVT collector as a direct evaporator of refrigerant or coolant in the source loop of
a heat pump [addresed in IEA SHC Task 44].

- PVT collector as a source for thermal driven cooling process using absorption
chillers [adressed in IEA SHC Task 53].

The present report gathers the status quo of technical characterization approaches
from different sources. The level of details and explanations is therefore not perfectly
homogeneous. The authors tried to be precise and clear in the description of the
different approaches and derive conclusions from that sorting and analysis. Based on
this, the report derives recommendations for the handling of PVT collectors with
regard to technical characterization. It is meant to be a source of know-how and input
to the relevant industry, technical committees of standardization organizations and
certification bodies as well as to interested parties.
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2 Status quo of performance characterization

2.1 Thermal power output

Currently a specific norm for testing PVT collectors as such is not available. In the
course of the Task 60 (2018-2020) and partly induced by the work of task members
the following status quo was achieved:

1. The thermal performance of PVT collectors can be tested according to the
standard 1SO 9806:2017 [ISO 2017].

2. A Solar Keymark certification of PVT collectors is possible on that basis with
application of specific rules for PVT collectors as described in Annex P5.1 of
the Solar Keymark Scheme Rules [ESTIF/SKN]. According to this thermal
performance test of PVT collectors shall take place with synchronous thermal
and electrical generation under maximum power point (MPP) conditions. Since
the thermal and electrical yields are interdependent and some operation
conditions of the thermal performance are not covered by the existing
standards it is interesting to investigate more in those operating conditions,
aiming to 1) compare PVT collectors with each other, and 2) compare PVT
collectors with PV and solar thermal collectors on a more sophisticated basis.

2.1.1 Operating Above Ambient Temperature

(Based on contribution by M. Pellegrini, C. de Keizer, L. Brottier, N. Pokorny, M.
Lammle, D. Jonas, J.-B. Beyssac, K. Kramer)

Different models used to evaluate the thermal power output of a PVT module at
above ambient conditions are described below.

2.1.1.1  Models based on the Standard ISO 9806
2.1.1.1.1 Using direct ISO equations

I.  According to ISO 9806:2013 standard for liquid heating collectors, depending
upon the test method, the extracted thermal power 3960{in W] is modelled as
below:

Under steady-state test (SST) method for glazed liquid heating collectors:

3BoL #a) >fa@aF 5110 F &i0); F 3)::6 F &;9);°? (1)

With this model, a good correspondence between measured and computed thermal
energy can be observed on days with uninterrupted solar radiation, wherein
measured thermal yield can be slightly lower than the theoretical one, probably due
to the incident angle variation influence that was not considered, in particular in the
morning and in the evening [A. Bianchini et al. 2017]. The PVT system was tested
with a ja in a range 20-35°C and with a jn between 35-50°C. So, an overestimation
of solar thermal production can be expected through the application of the above
equation during sunny days. When solar radiation G varies during the day, more
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relevant discrepancies can be found between measured and theoretical daily energy
yield. Bianchini et al. found that in most of the cases (80% of monitored days), the
measured thermal energy yield was lower than the theoretical one (with a minimum
of 58%), but there were also days (20% of monitored days) where measured thermal
energy yield resulted higher than the theoretical one (with a maximum of 130%). The
cause of these variations can be found in the thermal inertia of the PVT system,
which is not considered. So, depending on how &, varies throughout the day,
depending on the environmental conditions and/or operating conditions, the
measured thermal power 2.gproduced by the PVT plant can be relatively lower or
higher than the theoretical thermal power. On the other hand, if the whole monitoring
period considered by Bianchini et al. is evaluated, the theoretical mean daily thermal
energy production results as 11% higher than the measured one. Therefore, the
equation can be applied with good approximation to predict PVT thermal yield in the
medium-long term or for installations characterized by daily stable environmental
conditions, since the presence of daily unstable conditions increases the errors.

Under steady-state test method for unglazed liquid heating collectors [ISO 2013]:

300L #a) " ">fa@ais F 2Q; F 55E 3Q 10y F Gp;0) "7 2)

Where,
YA )YE % U xF ég;

In some cases, it is suggested to use wind speed, Qof 1.5 m/s for better accuracy
(according to DualSun).

Under quasi dynamic test (QDT) method [ISO 2013]:

300L #a>Ravo RAR)GE Baox)xF %:0, F & F %:0 F ®,°F=5Q06, F&  (3)
E ' AFé8;F 5 @00@FF =Q)

The above QDT model is implemented in TRNSYS Type 832 [M. Haller et al. 2013]
and offers an additional term for the consideration of latent (condensation +
sublimation) heat gains : M For the calculation of condensation gains, two models
are implemented which are based on the methods of [B. Perers 2010] and [E.
Bertram et al. 2010]. In addition, a frosting mode has been added to both models for
the possibility of consideration of sublimation. However, it is expressly noted that
there is no validation of this feature and no subsequent melting or increased heat
transfer resistance is calculated.

The quasi-dynamic test method offers a much more complete characterization of the
collector and a much wider range of collectors can be tested within the same method,
compared to the steady-state test methods. Less restrictions in the test requirements
makes it easier to find periods for outdoor testing [S. Fischer et al. 2004].
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[I.  According to ISO 9806:2017 [ISO 2017] standard for liquid heating collectors,
depending upon the test method, the extracted thermal power 3§ [in W] is
modelled as follows:

Under steady-state test (SST) method:
F %;6F =36, F & E 5'aF&g; (4)
F = F &:8?

Under quasi dynamic test (QDT) method (errata: G equals Ghem):

39UL#A>BaOO RAR)OE Baox)x F 30, F @ F%:6 F &°F =06, F&; (5)
E §3AAFA6 F 5 @@;FF =d) yy: F =G4 AFG%S
F=a F &

As the electrical mode of operation has a significant impact on the thermal efficiency,
the thermal performance coefficients for the thermal power output calculation of the
PVT collector should be determined in MPP mode [M. Lammle et al. 2017].

It is important to note that in the 2017 version, the two steady state equations are

combined to only one equation which can be used for both glazed and unglazed (as

already mentioned, referred to as WISC in ISO 9806:2017) collectors under certain
conditions. In the updated version, hemispherical solar irradiance (G) is used instead

RI QHW LUUDGLDQFH *11 7TKH VXUURXQW Lagninl®dtdl. VSHHG
2017] by reduced VXUURXQGLQJ DLU VS H @n/sX h odé itbundinbaifh
consistency in results, it is suggested to use the updated standard ISO 9806:2017.

Where,

#a Gross area of collector as defined in the ISO 9488 m2

= Heat loss coefficient WI/(m 2K)
5 Temperature dependence of the heat loss coefficient W/(m 2K2)
= Wind speed dependence of the heat loss coefficient J/(m3K)
= Sky temperature dependence of the heat loss coefficient --

= Effective thermal capacity J/(m2K)
= Wind speed dependence of the zero loss efficiency s/m

= Wind speed dependence of IR radiation exchange W/(m 2K4)
= Radiation losses W/(m 2K4)
> heat loss coefficientat 63 F ¢ =0 W/(m 2K)
>6 wind dependence of the heat loss coefficient Ws/(m 3K)
> collector efficiency coefficient (wind dependence) s/m

"R Longwave irradiance (wavelength,/P u Je; W/m 2

W
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) Hemispherical solar irradiance W/im 2

) 0z a Hemispherical solar irradiance W/m 2
o) Direct solar irradiance (beam irradiance) W/im?2

) x Diffuse solar irradiance W/im?2

-5 d @ Incidence angle modifier for direct solar irradiance --

- x Incidence angle modifier for diffuse solar radiation --

390 Thermal power output W

P Time S

6 Ambient temperature K

Q Surrounding air speed m/s

d Reduced surrounding air speed/'= v 3 m/s m/s

a0 Peak collector efficiency based on beam irradiancgg --

% aga Peak collector efficiency based on hemispherical irradianc@pg s -

0o Measured ambient air temperature °C

0y Mean temperature of heat transfer fluid °C

é Stefan-Boltzmann constant W/(m 2K4)

Y Hemispherical emittance %

U Solar absorptance %

2.1.1.1.2 Reduced Quasi-Dynamic Test model using G*
(Based on contribution by N. Amrizal; for further reading, see [N. Amrizal et al. 2013])

The model is based on ISO quasi dynamic method with replacement of solar
radiation term by useful thermal radiation. The useful thermal radiation, )Vas defined
as the effective solar radiation which the collector converts into thermal power. So,
the radiation fraction transformed into electrical power (2z); by the PV cells is
subtracted to the total solar radiation. Thus, YL ) F 3¢

The thermal power output is thus given by:

20L #a >(TUgHG)F 516 F @i F 50, F &:°F 5 @:0@QP 6)
Where,
(" Collector efficiency factor --

("iUgs Zero loss efficiency --

2.1.1.2 1D Energy balance model

I age 7 -]
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(Based on contribution by L. Brottier)

The module is assimilated to a succession of layers: glass, encapsulant, cells,
backsheet, exchanger, fluid and insulant (Figure 4).

Encapsulant -\A’x |

Cells

Encapsulant
Backsheet
Encapsulant
Exchanger Front skin
Fluid

Exchanger Back skin
Insulant

: Y
Tm I-IrEACK _‘

Figure 4: Sketch of the resistance model to describe the physics of a
PVT collector made of the different material layers

1st equation on the PV cells (x=direction of fluid):

ategcekaceeceoed
iadax=alUcc@x 2aRba gagaui
~ " 2 XLR? Xwe XL r? X
L &cceocadececa  E ACBGA E AGBGE
EOxUO@r&ml0aUu@gle b j

8240 0B4600QBOD O4UBAaETOPEOD O2UPOU PR U x

e 12T; L apymd; E

2nd equation on a fluid slice:

B B ATAY L 6, ATAYB oy A ia '  TQariAw
a coodecec A dcccaccca AJCDP T8
%24é00cUé@ e000aUD & le@OPI @ I Daacd0cUéd BeO00aUD

x 1,

CE%’“E &a Bpiaid, Fo@ L r

e jpyMd: Lk ymaF oat’MacE
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The result is solved by iteration (first Tpy is assumed, then (re)calculated)
jasvk K gmge oay’Halebrg

KXg g g7 Co ?Ha[gbri
JaQIEFL Ha[gbrfa s B E

1zL Qj40i1Ek

"KHUH
R= Transmittance / absorptance coefficient -
Global suface irradiation Oe~
T7 Temperature of the cells -

s

Dr-: a gz Cell photovoltaic efficiency at a given irradiation (G) and -

temperature of the cells (Trv)

qiw Temperature of the sky -

K Temperature of the front ambient air (wind) -
ai Temperature of the back ambient air -

djsgb Temperature of the fluid -

i Fluid mass flowrate e %o S

' Fluid thermal capacity Soe% 0
b b Radiative exchange coefficient with the sky Soe~K

Equivalent thermal resistance m2K/W

~ LQDXE%UTIUDQXTEESGITOAODDE%UTTUD&X]LE&%b.YUUBAoéU 5

Pipxx PpuliopaxiugPiioA®@pRr PpuiliopaxiurPpio.-YOURAGOH. 1A

bemlE QbUIIUDaxILES 5

el Poxipb PpUTiOpaxiURAAAA
Diosiiorcom Dupaxi 5 5
n L = B E—
PoiosiTOAOOU POUPaxiURA Eon Aszry,
With
1 Thickness m
. Conductivity Soen
rmn Convective exchange coefficient with the front wind Soe~n
djsgb Convective exchange coefficient with the fluid Soe~no

ai Convective exchange coefficient with ahp --
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An issue is to determine accurate models for the convective exchange coefficients.

It has been used:
quL _k° Xt

venl Ba PEKE WOG]O?J"TZE woji

With

B GZfee fecooc™c—> —fete f— Blraf{a feot
é: Stefan constant aé 1 wéyas r’<9 |~ - 7?8

jpymb Zrr e~ (specific to the geometry of this heat exchanger)

*igglL uax @Agl,g uar with Vwinoas wind velocity (m/s), but also
*jggl zav 9 I~ - (wind fixed at 1,5m/s)
FEcd W o~ when integrated instead of tiles (modules make the

waterproofness of the roof)

2.1.1.3 Thermal output method based on MFC model Isakson/Eriksson Trnsys Type 301
(Based on contribution by M. Proell)

Thermal power balance at collector (dynamic) is given by:
0 [ i$ ) [ i$ : I A’ A é B &
AT B 3L #ar@ BB ) OACE MBa g Fe2

Influence of wind, optical losses, and longitudinal and transverse incidence angle
modifier is considered in the model.

Parameters for calculating Quse=q(T)

M6; L ("6;:5 F 76,6 Fg F:HE ZR;:6 F6;

Where,

(":6; Collector efficiency factor -

6y Effective environmental temperature °C
7.:6; Collector top loss coefficient W/Km 2
75 Collector back loss coefficient W/Km 2
Tea Collector wind dependent loss coefficient J/IKm3
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2.1.1.4 Analytical model
(Based on contribution by M. Herrando, N. Pokorny)

The model described below is based on Florscheutz approach applied for analysis of
PVT collectors which in turn is an extension of Hottel-Whillier model [L. Florschuetz

1979].

Figure 5: (left) PVT collector cross-section for the

parallel tubes (she et-and-tube, not to scale) and

(right) diagram of thermal resistances through the

various PVT collector layers (Herrando et al. 2014,
Herrando et al. 2018).

This set of equations can also be found in the book Solar Engineering of Thermal
Processes by Duffie & Beckmann [J. Duffie and W. Beckman 1991].

In order to evaluate the heat flux throughout the collector and to obtain the temperature
distribution, the energy balance equation is applied to each of the collector layers [M.
Herrando et al. 2014; M. Herrando et al. 2018]. In this way, the average temperatures
of all the separate collector layers are estimated. The main heat transfer mechanisms
are radiation (from the glass and the PV module to the sky, and the surface to surface
radiation between Glass 1 and Glass 2), convection (from the outer surfaces to the
ambient, within Glass 1 and Glass 2, and from the tubes/channels to the heat transfer
fluid) and conduction between all solid layers.

The proposed method is used for steady-state conditions [H. Zondag et al. 2003; A.
Tiwari and M. Sodha 2006] and it is developed under the following main assumptions:

X solar radiation is absorbed only by the thermal collector [R. Agarwal and H.
Garg 1994] and the absorption in the cover glass and in the frame is neglected;

x the ambient temperature is considered uniform around the module [G. Notton et
al. 2005;C. Cristofari et al. 2009]

x heat losses at the sides of the PVT collector are negligible [G. Notton et al.
2005];
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x solar irradiance (set as constant) is uniform on the collector surface; the water
mass flow-rate is distributed uniformly among all riser tubes [C. Cristofari et al.
2009; S. Bhattarai et al. 2012];
x radiatLYH WKHUPDO H[FKDQJHV EHWZHHRODKIHFWRGMY RK DX
are neglected [B. Sandnes and J. Rekstad 2002; H. Zondag et al. 2002; T.
Chow 2003; C. Cristofari et al. 2009]

After neglecting the absorption of solar radiation by the top layer (glass cover) at short
wavelengths, given the very low absorptivity of glass (. ;5 vkre@.05), the global energy
balance of the PVT collector is [M. Herrando et al. 2014; J. Antonanzas et al. 2015].

SLSE MnE Mua_ (7)

where we is the electrical yield of the system and S is the absorbed solar irradiance,
calculated as:

5 L:iUrs+ a (8)

with +being the total solar irradiance per square meter (W/m?), and ( 2)py the
transmittance-absorptance product for the PV module, which can be calculated as [J.
Duffie and W. Beckman 1991],

ieéqu;gTZéqupr (9)

UL - -
s Fks F Yz qtm %o

Here, 2 vkris®he transmittance of the cover plate (glass), .39 vkri§the absorptivity
of the PV module, both at short wavelengths, and !4 is the diffuse reflectance of the
cover plate. In the case of a single cover glass layer, a value of 0.16 is usually
employed [J. Duffie and W. Beckman 1991; M. Herrando et al. 2014; M. Herrando et
al. 2018].

The top losses from the glass cover are mainly due to convection caused by wind,
radiation from the top glass to the atmosphere and radiation from the PV layer to the
atmosphere due to glass transmittance at long wavelengths [S. Kalogirou 2009; M.
Herrando et al. 2014; A. del Amo et al. 2016]

anl— I\(IgIbE I\{liwE I\glkﬂTZqiw
L Diigesk@sF 60 E DaesqksF Giwo (10)
E RBmrzqk@ejF &iwo a

where qiop IS the total heat loss to atmosphere, guind is the forced convective heat loss
to the ambient wind, gsky is the radiative heat flow from the glass cover to the
atmosphere and Qi pvsky is the radiative heat loss from the PV layer to the atmosphere
at long wavelengths.

The heat flow through the glass cover and through the inert gas gap can be expressed
as,
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MuesLl Dieskbesf @50 a (11)
MuesL KDitaesgEsBrmes @ K6 F G50 @ (12)

Now, each heat flux term is considered separately. All heat fluxes here are in W per
unit area (W/m?).

In order to model the convective heat exchange with the surroundings, the effect of the
wind should be considered, and so a forced convective heat transfer coefficient is
required [E. Skoplaki and J. Palyvos 2009]. Various expressions are given in different
sources for the estimation of this coefficient [P. Lunde 1980; G. Notton et al. 2005; S.
Bhattarai et al. 2012; J. Antonanzas et al. 2015; O. Rejeb et al. 2015], all of them
dependent on the wind speed (vwind). These expressions do not differ significantly, and
so it was decided to use the expression that provides intermediate values, within the
range of the various predictions [M. Herrando et al. 2014]. Hence:

Disesglevaw E tgiRa (13)

The radiative heat loss to the atmosphere, gsky, can be calculated from [J. Duffie and
W. Beckman 1991; F. Incropera et al. 2007],

Miwl %ajmiBk635F €0L DmesqlfsF §iwo & (14)

where @ ordsthe emissivity of the glass cover at long wavelengths, 1is the Stefan-

Boltzmann constant ( 1= 5.67-10° W/m? K%, Ty is the temperature of the glass cover,

and Tsy is the sky temperature which can be found from the relation Tsky = 0.0552T,"°

[J. Duffie and W. Beckman 1991; G. Notton et al. 2005; C. Cristofari et al. 2009; M.

Herrando et al. 2014], with T, in K. Therefore, the radiative term, also referred to as
MUDGLDWLRQ KHDW WUDQVIHU G RJMAQteriahz@s\EtTal.2D1G; @H H[SUH
Rejeb et al. 2015],

D mesqily Cajm EK6SE €0 BsE 60 & (15)

The radiative heat loss from the PV layer to the atmosphere, g pvsky, accounts for the
radiative heat flow emitted by the PV layer at long wavelengths that is not absorbed by
the cover glass and therefore is lost to the atmosphere [J. Duffie and W. Beckman
1991]. This term can be estimated considering the emissivity of the PV layer and the
transmittance of the cover glass at long wavelengths as follows,

MuTzqil leajm & zjmi EK6I F &iwoL DmtzqikBaciF Giwo & (16)

where 2 origsthe transmittance of the cover glass and Gg origsthe emissivity of the
PV layer both at long wavelengths, and Tce is the temperature of the PV layer. Thus,
the radiative coefficient can be expressed as,

DTzl leajmiFrzajm K62 E €540 BacjE 6iw0 & (17)

I Page 13 -]
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Conduction through the top glass depends on the glass thickness (/41) and its thermal
conductivity (Kg1),

Dimeé%s 4 (18)

As shown in Eq. (12), the heat flux through the inert gas gap is due to both convection
and radiation. According to [J. Duffie and W. Beckman 1991], the radiative heat
transfer between two diffuse and infinity grey parallel plates of equal area at known
temperatures, which is assumed here to be the case between the glass cover and the
PV glass cover (with emissivity at long wavelengths Bv,ong ), Can be obtained from,

A 6686F Q%Q .
Mb’ae5gfLGC a 19
S\N(rZéijeESV%éjmler (19)

and thus, the radiation heat transfer coefficient between these layers can be expressed
as [T. Chow et al. 2005; J. Antonanzas et al. 2015; O. Rejeb et al. 2015],

o 8k&SsF 59 K E G5p 4
he5g 6g S
W zaimieE " Wegjmi & S

(20)

Finally, the convective heat transfer coefficient between the glass cover and the PV
glass cover can be estimated based on the estimation of a suitable Nusselt number
(Nu),

0Ql G,

QtéeSg\Lngeea (21)

where Nu, k and /gig2 represent the Nusselt number, the thermal conductivity of the
gas encapsulated in the gap, and the distance between the glass cover and the PV
glass cover. To estimate Nu, several authors [T. Chow et al. 2005; S. Kalogirou 2009;
J. Antonanzas et al. 2015; P. Haurant et al. 2015; O. Rejeb et al. 2015] have used an
experimental equation proposed by [K. Hollands et al. 1976], as a function of the
Rayleigh number (Ra) and tilt angle ( ), valid for tilt angles from 0° to 60°,

y syra:ec<saz¥ 4 = -

> . a7
OQLsES/a/dsFﬁ,le. 1 E HH— °p©|:s|a (22)
4=...‘-tb 4=, U wzur

In this equation, Eg. (22), WKH QRW D W ufRe® to>ird@ate terms that are only
considered if their value is positive. Rayleigh number (Ra) is given by,

LC Uk@ﬁll,:eQS@LgSgeGa (23)
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For titled surfaces, Ra < 1,700 means that the only heat transfer mechanism among
the gas particles is conduction, whereas for Ra > 1,700 natural convection starts to
appear.

Since a linear heat transmission is considered, heat fluxes across layers (glass cover,
inert gas gap, and PV glass cover) are equal. Therefore, Egs. (10) and (11) are equal
fo

Mol DeekbicjfF 660 & (24)

where heq g2 is the equivalent heat transfer coefficient for conduction through the PV
glass cover,

S
D L——— @
1 p_lw
. Eb[|w (25)

Finally, the heat flow between the PV cells and the absorber (qcd.ca) in EQ.(7) can be
estimated as [H. Zondag et al. 2003; M. Herrando et al. 2014],

Mum L 7mip6icjFf 6 & (26)

where Taps IS the temperature of the absorber plate, and Upond is the heat transfer
coefficient of the bonding, from the PV cell to the absorber plate, which is composed by
the following layers: a pc-Si wafer, which has a very high thermal conductivity
compared with the other layers (with k § - P . DQG L vreWwdgleictéH la 0.5
mm EVA layer (k = 0.35 W/m K) and a 0.3 mm thick Tedlar layer (k = 0.36 W/m K) [M.
Herrando et al. 2014; J. Antonanzas et al. 2015],

S

_uw g Zowr (27)
Piiw  Bzbwh

7‘mIbI—

The heat flow gcaca Can be either transferred from the absorber layer to the cooling
fluid (qu), or lost through the underside insulation layer to the environment (Qpack) [H.
Zondag et al. 2003; M. Herrando et al. 2014],

Mw L MEM,;a (28)
Here,

M il 7 .:6 (F 6; & (29)

where T, is the ambient temperature, and Upack is the heat transfer coefficient between
the absorber and the environment (through the back-layer insulation), which can be
calculated from,
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S

7. 4l——— a
ai - (30)

di

Pai Oviax

where /ins and kins are the thickness and thermal conductivity of the insulation layer
respectively, and hey is the convective heat transfer coefficient of air at the back of the
PVT collector, which usually takes values between 0.3-0.6 W/m? K [S. Kalogirou 2009].

The heat transfer from the absorber to the water, also called useful heat, qu, is equal to
the absorbed solar radiation minus the total heat losses from the surface to the
surroundings by conduction, convection and radiation, which are represented by the
product of the overall heat-loss coefficient, U, times the difference between the
absorber plate temperature, Taps, and the ambient temperature, T,, as follows [S.
Kalogirou 2009],

ML5F%6 (F6; & (31)

This term can also be estimated by [X. Zhang et al. 2012; M. Herrando et al. 2014],

M L '63?“:6?”: 4 (32)

with 16,the mass flow-rate of water through the collector, c, the specific heat capacity
of water and Ac the PVT collector aperture area.

In Eq.(31), the overall heat-loss coefficient, U., can be estimated by,

pL IrmdE 7‘_ai a (33)
7 L S a
a
rmn _ 5A A5 E— _ 5 _ EA5 (34)
Urial-wlhzl-iao Wa-  Urial-_1>WUhal-_1>WhaLriao Wa.

To express the useful heat in terms of the fluid inlet temperature, Ti,, the heat removal
factor, Fgr, should be used, which represents the ratio of the actual useful energy gain
that would result if the collector-absorbing surface had been at the local fluid
temperature [S. Kalogirou 2009],

Thus, the thermal power output is given by:

2oL #,(vK5 F 3:6;F 650 & (35)
where,
16,2, 7% v/
L Hs F &t | &
iy, (36)
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i

fi 5 (37)
Cr 9 B—— 5 5 c°
TP ?2Y%é  Yxedz %0
_feB DZVZC,
ez ¢ (38)
7
L P a (39)

G -U-qE GG 2E Gy Uy

Similar mathematical model is implemented into the TRNSYS that calculates energy
flow from PVT absorber surface to ambient and energy flow from PVT absorber
surface to liquid, all in every time step. A detailed calculation of the heat transfer from
the collector absorber to ambient (heat loss) and from the collector absorber to the
heat transfer liquid (internal balance) is performed within the iterative loops. The
model inputs are the detailed geometrical, thermal, electrical and optical properties
(about 40 parameters) of individual segments of the PVT collector together with
operation and climatic conditions. Temperature distribution in the solar collector is
calculated in the iteration loops. The original steady-state model has been extended
to a dynamic model by the introduction of the effective thermal capacity term
available from testing or calculation [N. Pokorny et al. 2016].

The TRNSYS model considers S [W/m?] as,

5L)iU Is-lg%e(p

(40)
Where, . solar absorptance of the PVT absorber [-], 4s transmittance of the
glass cover [-] and RRsis photoelectric efficiency as a function of ambient
temperature 6 calculated as
BRLRc.sFU® FGNX'G?@SFGP@@—I)—ph (41)
- - WXG
U is given by

Where U [\N/mzK] is the PVT collector heat loss coefficient from absorber to ambient
related to aperture area, ig|[-] is the transmittance of the glass cover and 2 ([-] is the
packing factor (related to aperture area).

And Py, is given as below:
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@:P
2oL #a(vkS F 3:6;F 6;0F %gﬁai (43)

Where, C [J/m?K] is the effective thermal capacity of PVT collector, tm [°C] is mean fluid
temperature, and @ib time step of simulation.

2.1.1.5 Model determining an exergy factor

(Based on contribution by A. Gagliano and G. Tina)

The model based on the Second Law of Thermodynamics allows a proper evaluation
of the quality of each energy flux, through the concept of exergy or available energy.
The exergy quantifies the maximum useful work that can be obtained during a
process that brings the system to a complete equilibrium with the environment.
Exergy analysis is a highly effective method of analysis for thermal processes
because it provides insight that cannot be obtained by a mere energy analysis.

The thermal energy has an exergy content that depends by the temperature at which
the thermal output is available. This issue is particularly relevant in PVT systems,
where the energy yield is highly influenced by the enthalpy content of the operative

fluid.
The exergy content of a mass flow in relation to its temperature can be defined as:
"Beol 16: %o GiecF @4:S F (f6asg (44)
Where,
165 Mass flow rate kgls
%e Specific heat of water J/kgK
msr Fluid temperature at the outlet of the solar collector K
gl Fluid temperature at the inlet of the solar collector K
c Minimum outdoor temperature K

For calculating the exergy efficiency, the exergy content of the solar radiation incident
on the collector surface, which is the input to a solar energy system, has to be
assessed.

[R. Petela 1961] proposes the most consolidated formulation for the exergy of the
solar beam irradiance:

. v & s G ° (45)
Teab el f g P RLD

where Tsun and Te are the temperatures of the radiation reservoir and the
environment, respectively with 6, s% 5760K
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The reference temperature Te corresponds to the minimum outdoor temperature
registered during any given month on the basis of what suggested by [M. Pons
2012].

Thus the average exergy efficiency of heat recovery ( & is defined as:
gL Bk Beatho ol (46)

It can be observed that a shortcoming of PVT technology is that the electricity
production increases at low temperatures, whereas the thermal energy usability is
greater at high temperatures. Thus the definition of the operational conditions has
extreme importance for maximizing the total exergy harvested by a PVT system.

7KH H[HUJ\ PHWKRG GRHVY QRW DOORZ DYBORSHRBIFWREBENDHLV
different forms of energy if the heat is not to be used to produce work. The use of this

method is strongly discouraged within the IEA SHC Task 35 [M. Collins and H.

Zondag 2009].

2.1.2 Operating Below Ambient Temperature
(Based on contribution by C. Schmidt, M. Lammle, K. Kramer)

2.1.2.1 Model including condensation and freezing

The model is based on ISO 9806 QDT approach with additional considerations. The
following changes were included:

1. In the long wave radiation term T, is replaced by T, in order to have the sky
radiation as a correction term by equating the average temperature T, of the
collector and not the ambient temperature T,.

2. The term Ex,taz Euar@F @50, is added to compensate for
evaporation/condensation effects [J. Duffie and W. Beckman 1991].

3. When the collector temperature is lower than the ambient, there is a power
supplied by the collector. So, :6y F &;° isreplaced by :6y F &; 65 F &.

4. For this particular model, the incidence angles are not taken into account due
to the position of the collectors in relation to the surrounding buildings and
thus optical efficiency terms 3, 5080: &@ @& )o E Ravx) x are simplified to ;) &

5. Theterm E=:&¢ F &% ;is added to include effects of long wave radiation
on the rear of the collector.

6. The term E=xsl co& coc®ocF G ; is added to include effects of rain. An
experimental validation for this term has not been carried out.

Thus, the final equation considering the above changes is given by

2oL #A>R) F %:05 F &; F E=zQ0 F&E 7 (47)
F 5:@0r@;PF =Q)E

I Page 10 -]
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& Building temperature kg/s
6, Mean temperature of heat transfer fluid K

= Long wave radiation dependence of the heat losses/gains --

coefficient rear side

=4 Condensation/evaporation dependence coefficient -

=5 Rain dependence of thermal heat losses/gains coefficient Jikg
ap Absolute humidity of the ambient air kg/m3
8 60a Saturated absolute humidity of the ambient air at temperatured; kg/m3
leoc Rain water flow rate kg/s
%e0¢ Effective thermal capacitance of the rain water J/kgK
Gs0¢ Rain water temperature °C

The model is based on Bunea [M. Bunea et al. 2015] equation with leaving terms for
rain water flow rate and back side radiative losses.

2wl ®)ofuach DxRach 56 F & F F=Q6 F& (48)
E s'aAF&d.F5@60@P=Q)E

2.1.2.2 Night cooling
(Based on contribution by N. Pokorny)

Night radiative cooling has been deeply studied over the last 20 years [A. Argiriou et
al. 1994; E. Erell and Y. Etzion 2000; A. Dimoudi and A. Androutsopoulos 2006; M.
Farmahini et al. 2010; T. Pean et al. 2015]. High heat losses of unglazed PVT
collectors can be used for the night cooling applications.

The utilization of unglazed PVT collectors for the night cooling has already been
investigated by the University of Stuttgart within Solar Decathlon competition [U.
Eicker and A. Dalibard 2011]. A model of unglazed PVT collector, which would take
into account operational conditions during the night time and below ambient
temperature, is still not available in TRNSYS library. At the same time there is Type
50b for PVT collector which is convenient only for day time simulations.

Also well-known type 203 for unglazed PVT collector is not applicable for night time.
Due to this fact a new type of unglazed PVT collector was developed and
implemented into the TRNSYS (type 233). The model is based on the external and
internal energy balance. Both balances proceed in the iteration loop. External energy
balance calculates heat transfer between ambient and absorber. Internal energy
balance calculates heat transfer between absorber and heat transfer fluid. The model
does not consider freezing and condensation gains. The mathematical model
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considers different direction of radiative and convective heat flux when ambient air
temperature is higher than collector fluid temperature.

Moreover, the model takes into account geometrical and physical properties of the
absorber by fin efficiency factor F* [-]. Using the heat removal factor Fr [-] it is
possible to calculate collector cooling power from inlet temperature. Heat removal
factor is given by

al exp A U F’g« (49)

AU mc ¢

wherem [kg/s] is mass flow rate, Ag is gross area of the collector and U [W/m?.K] is
overall heat transfer coefficient. Cooling power during the night time is determined
from heat flux balance.

To consider different absorber properties and geometry, the well-known Duffie and
Beckman equation [J. Duffie and W. Beckman 1991] was modified. This model to
determine night cooling power the solar heat gain was replaced by radiative heat loss
and as a result the cooling performance is given by:

Qc I:R ~Ab Vabs'(-]r‘;bs TASI)/ U (Tin Tﬁ| (50)

where T;, [K] is fluid inlet temperature to the collector, T, [K] is ambient temperature,
1[W/m?.K* is Stefan-Boltzmann constant, Qps[-] is emissivity of the PVT absorber
surface, Taps [K] is surface temperature of the absorber, and Tgsy [K] is sky
temperature.

2.2 Electrical power output

2.2.1 Determination of cell temperature

A very important step when calculating the PV efficiency, or the electrical yields, is to
determine the PV cell temperature. The importance lies in the fact that an increasing
cell temperature causes a decrease on the cell efficiency. Although this is not the
only factor that may affect the electrical performance, it is probably the most studied
one. Different methodologies can be used to calculate or estimate the cell
temperature; some of them are presented in the following sub-chapters. In Chapter
2.2 onwards different methods to use the cell temperature to calculate the electrical
energy Yyield are described.

2211 ASSUming T can 8 2|uid,out
(Based on contribution by L. Brottier)

One of the suggested methodologies is to simply consider the temperature on the PV
cell TPV as an approximation of the fluid temperature at the collector outlet T rid,out -
This approximation can be verified by performing an energy balance using a 1D
model.
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boofBl | %0E Door (51)

46 o pRR #
Where
20, 16 @®Bc6 (52)
# #
Considering
|
S N 6 R®t (53)
46 g rnR #
This ultimately leads to
QraecN &are (54)

Some Software programs also assume to calculate the electrical instantaneous
efficiency in every time step by the PV Formula:

BrzL Reads F U B iF Guxd@ (55)

Assuming the temperature for the cell is equal to the mean fluid temperature in this
time step.

Software for calculation of PV yields, such as Polysun or PVGIS, use logarithmic
functions to perform their calculations. This is, in a way, a similar approach to the one
used by [C. Schmidt and A. Schafer 2018].

2.2.1.2 Analytical model
(Based on contribution by M. Herrando)

Under this approach, an energy balance is performed at each of the collector layers.
With this method, the average temperature of the layers can be estimated. A thermal
resistance is considered between each of the layers and other additional
considerations, such as an operation under steady-state conditions and negligible
heat losses to the side.

Additional information on the energy balances can be found in Section 0

M') o A
7~fD,OE CLeE (56)
Oaax

6o o w

Where Qcd,ca COrresponds to the heat flow between PV cells and the absorber, Upond IS
the heat transfer coefficient of the bonding between PV cell and the absorber plate
and Tabs is the temperature of the absorber. This is a very similar approach to the
one used in Section 2.2.1.3, with an increase on the level of detail due to the
consideration of multiple layer temperatures.
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2.2.1.3 Analytical model with reduced complexity

(Based on contribution by M. Lammle, D. Jonas, J.-B. Beyssac; for a more detailed
description and validation of the model, see [D. Jonas et al. 2019])

Figure 6: Coupled PVT Model

The main idea behind this model, which is based on the work of [M. Lammle et al.
2017] and [D. Jonas et al. 2018b], is the development of a PVT performance model,
which connects the quasi-dynamic thermal collector model of ISO 9806 with a PV
performance model via a two-node model, which couples the cell node with the fluid
node via the an internal heat transfer coefficient Upyt (See Figure 6).

The PVT cell temperature Tce is calculated via an equivalent thermal network with an
internal heat transfer coefficient Upyt, which connects the PVT cell temperature with
the mean fluid temperature Tm of the PVT collector (see 12). The mean fluid
temperature is calculated as mean temperature between the thermal model input and
output temperature. The PVT cell temperature is then given by:

Gaciik & E Mk®77 7% (57)

where M6is the specific thermal power output of the PVT collector. Therein, the
constant coupling parameter Upyt IS characterized by a parameter identification
during steady-state or quasi-dynamic performance measurements according to 1SO
9806. Alternatively, Upyr can be obtained numerically from the collector efficiency
IDFWRU )9 -nteasueenént$é with surface temperature measurements, or via
FEM methods.

Figure 7: U pyt approach

I Page 23 -]

Status Quo of PVT Characterization




2.2.1.4 lterative method
(Based on contribution by M. Proell)

This method for the determination of the cell temperature Tce is strongly coupled with
the heat fluxes along the collector layers. The cell temperature is determined
according to Equation (58):

3,z R &

T Y (59)
El

Since the heat flux Qruid IS determined considering the effects of the electrical
efficiency, which is dependent on the cell temperature Tce, Which is again dependent
on the heat flux Qruig, the determination of Tcey has to be determined over an iterative
process.

2.2.1.5 IEC 60904-5 method
(Based on contribution by J.-B. Beyssac, C. Schmidt)

This method consists of determining an equivalent cell temperature from open circuit
voltage measurements.

S T s R .. 59
6yl By E— OaUFsFUMpI (59)
U 7oaiiv Tiv
Where,
656 % standardized temperature defined by EN 61215 to determine 25°C

the maximum standard power of a PV module
) 56% standardized irradiance defined by EN 61215 to determine 1000 W/m2

the maximum standard power of a PV module

7 3stc open circuit voltage of a PV module at standard testing --
conditions 656 &hd )56 %

T, open circuit voltage measured --

)E Irradiance measured --

IEC 60904-5 method requires simultaneous measurement of open circuit voltage and
thermal performance. Open circuit voltage measurements shall not disturb the
thermal equilibrium of the PVT collectors operating at the Maximal Power Point
during ISO 9806 tests. A brief interruption of the load shall be performed at each time
step to measure the open circuit voltage.

[U. Fritzsche et al. 2017] proposed a method that considers the mean fluid

temperature dependency, the main influencing factor on PVT collectors. The
equation is based on the regular equation for thermal performance (52) of unglazed
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or WISC collectors. By changing the sign, the gradient of the cell (absorber) over
temperature can be described as follows:

Googtr® L BorduapaiS F @I E:Q@E @Q :0; F &g (60)

Where,

0 arR Cell temperature --

Gogrras Cell temperature conversion point --

@ Wind dependence of the conversion point --
@ Heat gain coefficient --
@ Wind dependence on the heat gain coefficient --

The effects of irradiance are neglected due to the dominating effects of the wind and
fluid temperature.

2.2.2 Determination of electrical yields
(Based on contribution by A. Gagliano, G. Tina)

There are many different methods that can be employed to determine the electrical
power output of a PVT collector. Each of them has certain assumptions and
considers the effects of particular conditions on the efficiency of the PV module.
Some of these methodologies are presented in the following sub-chapters. The most
general equation for the determination of the electrical yields has the following
structure:

% Bi®)®# (61)

Most authors will agree with this consideration. It is, however, with the determination
of the PV efficiency that most of the differences will arise. While some methodologies
only consider the effect of the cell temperature, others will consider the effects of
reduced radiation, incidence angle or simply present a completely different
procedure.

Owing to the possible reduction of global irradiance reaching the absorbers in glazed
PVIT panels or PVT panels with water that flows in the upper PV surface, the
irradiance that strikes the PV cells can be reduced so that in this case, a specific
model can be adopted. The following formula is used instead of formula (61)when G
is not >125 W/m? [B. Marion 2008].

rarz )° _ (62)
2L —2iys F S&F fuig

)iivs

An additional approach, based on Equation (61), suggests the comparison of the
obtained electrical energy in terms of its exergy. Where:
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"Gl 2 (63)
7KH DYHUDJH H[HUJ\ HIILFLHQF\ RI WKH HOHFWULFLW\ SURC

%1 (64)
| —————
e I-ﬁaeé#;%lé'l'
And finally the overall exergy HIITLFLHQF\ RI WKH 397 FROOHFWRU LV F
'"B®E % . (65)
@il —— L ®E2( E
. -ﬁeeé%f)ae ¥
2 (Ll (66)
#6006

However, this has been strongly discouraged within the IEA SHC Task 35 [M. Collins
and H. Zondag 2009].

2.2.2.1 Temperature effect on the PV efficiency

(Based on contribution by M. Herrando, M. Proell)

This method considers the effect of temperature, which is of particular importance on
PVT collectors, on the PV module efficiency. The equation can be written as follows
and is presented by [E. Skoplaki and J. Palyvos 2009] and [D. Evans and L.
Florschuetz 1977]:

BrzL Beds F U ®eifF Guxd (67)

Z K H Udis the reference module efficiency at a PV cell temperature, Tstc, of 25 °C

and at a solar irradiance of 1,000 W/m?> YDOXH JLYHQ E\ WKH PDQXIDFWX!I
the temperature coefficient for the PV module. In this methodology, the cell

temperature Tce is determined with the method presented in Section 0. Alternatively,

other methods presented in Section 2.2.1 could be employed.

(Based on contribution by L. Brottier)
This methodology is an extension of the temperature effect. Additionally, it considers
the effects of the irradiation when different to the standard conditions. The equation

follows the same structure as Equation xx, determining the effects of the reduced
irradiation with aid of the coefficient k.

BrzL Beags F U B iF Gux@®s F G) F )wxd& (68)

2.2.2.2 Temperature and thermal yield effect

(Based on contribution by N. Pokorny)

Considering the energy balances shown on Section 0, and also considering the
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temperature effect on the PV efficiency, Equation (69) allows calculating the electrical
yields based on multi-node energy balance approach.
N . ®f UGB o oe r o ED o
2@[3'. U®$é@(EI ®|:_B ®s rT @(E ®6UaF Q‘), E—7 ®s F (E,h
I

(69)

where the photoelectric efficiency [ is estimated as a function of ambient
temperature 6 calculated as
)

BrzL Rz F U® F Gyx@®5 F GHK®F—ph
- WXG

2.2.2.3 Estimation based on module characteristics

(Based on contribution by N. Amrizal)

This methodology considers the electrical characteristics of the cell such as the
recombination losses, ideal current, photogenerated current and current losses. One
of the main advantages is that the risk of overestimating the cell temperature is
reduced.

#OM@o@(‘EUE tE %@ (70)

2

Where the diode current is given by:

8
+ L 4+®1L\TI_3I§pF$1 (71)

And the terms are considered as follows:

tol @ :a;:Ug) (72)

. BHE Bty
+ L @.G,HAHLTGFS| (73)
td @GE My (74)

The electrical parameterization introduces explicitly the irradiance and temperature
dependence of some magnitudes: Ipn, lo and nVt. The model assumes that the
photocurrent generated Iy is proportional to the incident irradiance G and the reverse
saturation diode current lp has a thermal dependence of 3JT). No temperature
dependence of Eg, Iph and Ish is considered.

2.2.2.4  Electrical performance ratio model of IEC 61853 + U  pyr model
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Based on contribution by M. La&mmle, D. Jonas, J.-B. Beyssac)

In this method, the effects of three parameters are considered when calculating the
overall electrical efficiency. These parameters are the incidence angle, irradiance
and cell temperature. Compared to the previously mentioned methods, this is the

only that considers the effects of the incidence angle, while also considering the
effects of the irradiance and cell temperature.

7KH RYHUDOO HOHFMsGalduted With:L FLH Q F\

Bcjl— B:jépc@“rmr (75)

The electrical power output of the PVT collector jis given by:

2cj|— Bbjépc@“rmr@) ®2%( (76)

and as specific electrical power output by [M. LAmmle et al. 2017]:

Lcj L Bbjépc@“‘mr@ ) (77)
where DQpcis the electrical efficiency at reference conditions (usually STC
conditions), 'mriS the overall instantaneous performance ratio, the global

radiation on PVT plane and 1, he PVT collector area.

The overall instantaneous performance ratio is calculated with [M. LA&mmle et al.
2017]:

241 24/ &2 4 @ 4 (76)

The electrical performance model takes into account the following loss effects
(performance ratios ):

X Loss effects of incidence angle 2 4yeq
X Loss effects of irradiance 2 4and
x PV cell temperature dependence of electrical efficiency 2 4

Loss effects of incidence angle

The instantaneous performance ratio due to incidence angle losses 2 4 s
calculated with [J. Duffie and W. Beckman 2013]:

77
24yed s F 74;®s0... !4 F s? (77)

where ,44jis the constant for electrical IAM and Ethe incidence angle of beam
radiation.
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Loss effects of irradiance

The instantaneous performance ratio due to irradiance losses  (is calculated with
[W. Heydenreich et al. 2008]:

24 L=®)EZQPESE?BE}) EL0W)Es FG (78)

with the model parameters fin m2W-1, , and .dimensionless, the global irradiance
inWm- DQG WKH (XOHPYTV QXPEHU

PV cell temperature dependence of the electrical efficiency

The PV cell temperature dependence of the electrical efficiency is calculated with [E.
Skoplaki and J. Palyvos 2009]:

24 L s FU®.F 6.4 (79)

where >is the power temperature coefficient of the PV cells, ,jthe temperature of
the PV cells and . the PV cell temperature at reference conditions (usually STC
conditions).

The IAM parameter ,44;can be either identified by a parameter identification process
with measurements or set equal to the thermal IAM 4 4+ The electrical parameters
Q ja pc #and the irradiance-dependent parameters f ,and .are obtained from the

datasheet of the PV module, based on performance measurements according to
standard .

This model, including the analytical model with reduced complexity to determine the
PV cell temperature from 2.2.1.3 and a mode to use the PV cell temperature as direct
model input, is implemented in TRNSYS Type 835 [D. Jonas 2018a] and can be
connected to the thermal ISO 9806 TRNSYS model Type 832 [M. Haller et al. 2013].
A validation of the model is presented in [D. Jonas et al. 2018b].

2.2.2.5 Simultaneous parametrizati on

Based on contribution by C. Schmidt)

These methods essentially represents an extension of the quasi-dynamic method
[ISO 2013] [K. Kramer and H. Helmers 2013]. The extension consists of
simultaneously characterizing the electrical P¢ and thermal ®erformance of PVT
collectors on the basis of a quasi-dynamic measurement on an external test bench.
By doing that, the thermal coupling of cell temperature and fluid temperature is
inherent in the measurement data. Even though it is like a black box, meaning the
coupling has to explicit value or parameter in the end, the performance of the
collector can be most representatively described for any other operating temperature
on both, the electrical and the thermal energy output.
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The electrical power can be calculated using Equation (80). The main influencing
factors for the electrical efficiency were derived from a two-node model. As with ISO
9806:2013 QDM, the values for individual model parameters are identified by multi-
linear regression.

258, 2o . .
L L >4)1/4F )Va'%la E %IO1 F %)194
#Hapo Hago

(80)

This method is promising but has not been evaluated in all technical variants of PVT
yet. On-going research is applying and modifying the method towards an easy to
handle versatile approach.
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3 Discussion of methodological approaches

3.1 Impact on market development

The young market of PVT collectors is volatile in market contributors and product

developments. Also the steering instruments of the established solar thermal policies

DQG 39 SROLFLHV DUH XQGHU UHYLVLRQ WDNLQJddQWR DFF
the PVT new comer. The situation is changing rapidly and hard to survey. The report

thus wants to provide some guidance wherever possible by sharing information.

3.1.1 Rating and Certification

One important marketing factor is the possibility to compare a new product with the
existing products in the market. For PVT collectors this is twofold; on the one side
they are compared against Solar Thermal collectors and systems, on the other side
against PV modules and fields.

For the existing products they compete with some certification schemes that are
already established. One could call them mandatory, even though they are volunteer
due to their deeply penetrated market impact [K. Kramer and H. Helmers 2013].

For Solar Thermal Collectors and Systems, the Solar Keymark Label [ESTIF/Solar
Keymark Label] is the most relevant Certification scheme in Europe. In North
America, one will find [IAPMO] and [SRCC] (http://solar-rating.org) relevant. In China,
the Golden Sun Label [CGC] and in Oceania the Standard Mark [SAE] is well known.
Just to mention that there are a lot of national and regional labels, partly overlapping,
partly extending the mentioned schemes, which cannot be discussed here (more
information on [ESTIF Country Reports]).

For the Solar Thermal market, the labels apply in detail different ways of presenting
the test results, yields and ratings. What the most relevant schemes have in common
though, is that they use the results generated by applying the methods defined in ISO
9806 [ISO 2017]. This provides the great chance to qualify PVT collectors with the
same instruments. Strategically this is highly recommended because the market is
yet too small and the players to week to set up a parallel rating scheme only for PVT.

The consequence from this analysis is the need to double check shortcomings
regarding the specifications within the existing standard, respectively the certification
schemes for PVT. On the other hand, it is essential to use the existing basis to the
most to characterize PVT collectors, which basically means that the 1SO 9806 [ISO
2017] shall be applied for thermal performance characterization of PVT modules.

Shortcomings in the schemes shall be reported to the existing working groups of the
schemes (find contacts on the homepages) and the Standardization Committees ISO
7& 36 RODU (IS®VUIA80] respectively. For example:

- The efficiency value given for Energy Label Rating on the second page of the
Solar Keymark data sheet is calculated at 50°C. This is not a useful operation
point for a system integrated solution of a WISC PVT collector. The value
therefore does not well represent the energy contribution such collectors can
provide. This is an un-fair bias.
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- A scaling of the PV modules power can influence the thermal performance.
How can a family of PVT products still be defined or qualified for the thermal
part in one pass, to avoid endless testing efforts?

For the PV part the situation is similar. The different rating and certification schemes
are national based but also there is a commonly accepted IEEE rating scheme.

IEC 60904 provides the methodology to parameterize the performance output of PV
modules.

For PV modules this is a standard procedure. In the case that the PVT product is
built without an existing PV performance characterization, the PVT product shall be
characterized accordingly.

- In covered PVT collectors a flashing procedure is of course not possible any
more after the mounting of the PV laminate into the collector box. The PV
output is nevertheless reduced by adding the cover sheet (glass, foil, polymer)
as a cover of the collector box. This is not described in the test procedures
yet. Either one flashes before, and accepts the over rating, or one tries to
generate the electrical performance characteristics during the operating
condition.

- In concentrating PVT collectors, the concentrating geometry is influencing the
homogeneity of the radiation on the PVT absorber, also sometimes a flashing
RI WKH 3S Xdbsdrbed &hot doable. Sometimes the PVT laminate can be
bi-facial where there is not even a clear testing standard in IEC yet.

3.1.2 Processability

Another important marketing factor is the $rocessability " or usability of technical
characteristic in simulation tools (Polysun, Tsol, trnsys, Modelica, SCenoCalc, ...).
For the buying decision, often planning process and tenders are set. To calculate the
relevant yields and cost, savings and return of invest figures, it is essential to provide
the technical product characteristics in an easy to process way. Individual calculation
tools do often not find a high acceptance in competitive tenders or with bigger
investors and turn-key providers. An individual third party planning by universities or
research agencies, which could contribute to the acceptance, are often too expensive
and time consuming. Therefore, the recommendation is to work towards an
integration into existing tools which are already market relevant.

For the solar thermal characteristics, this means that we recommend to provide the
ISO 9806 collector parameters.

For the PV characteristics we recommend to provide the

- peak efficiency and the
- temperature coefficient (W/K).

3.1.3 Costs

As mentioned above, the niche market of PVT is volatile. This in consequence
means that products entering the market often have to go through modifications
already after some months or short years. Every modification of the products has
potential consequences in testing (see chapter 3.1.1). To base PVT testing, as much
as possible on the existing testing schemes for PV and ST, is therefore essential to
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lower individual consultation efforts, discussions, back-and-forth scenarios and so on.
Our recommendation is not to skip relevant test though to save some money.
Experience shows that the complications of problems occurring later are costing
much more to be solved.

Highly specific and exclusive methods are normally only provided by one or two
institutions. Therefore, there is a risk of pricing high the rare service.

Accredited test laboratories have to have a clear and non-negotiable pricing, through
which the accreditation makes sure that every costumer is treated and serviced
equally. Besides the necessity resulting from certification to visit an accredited test
lab this is another strong argument.

Experienced labs in Europe show testing costs of:

x Testing of existing PV along with new PVT costs around 10,000 ¥for ST and
around 20,000 Yfor PV.

x Testing of all new collectors costs 10,000 ¥for ST and around 50,000 ¥for
PV.

x Re-Testing modifications of an existing tested PVT is depending on the
specific effort, but below those values.

3.1.4 Suitability

Testing has many goals. One purpose is to provide input for the economic and
technical key performance indicators (KPIs). For PVT the challenge is to some
extent, that the KPIs are not yet mature and settled in the market. Different market
participants try to position their product using different KPIs, some of which are quite
made-up and hard to trace back to any technical value with some consistent
references. Therefore the Task 60 has a deliverable on KPIs for PVT (see relevant
publication on the Task 60 web site).

In this report we just mention that the technical characteristics to describe the product
shall be giving relevant input to be able to calculate market relevant KPIs for the
product itself, as well as at the system level.

The KPIs to be expected are:

- costs ¥kWh,

- solar fraction achieved,

- coefficients of performance known as COPs,
- warranties of performance over time,

- energy labelling of a system.

3.2 Precision of equation model and accuracy

To discuss the relevance of precision in a methodological approach is complicated
but necessary. Basically one can say, that the more precise a technical
understanding and characteristics shall be, the more effort generates to derive it. The
decision is therefore quite directly connected to the cost/value ratio. PVT collectors
can be operated in quite a wide range of operation modes, depending on the system
approach they are operated in. This has been described in chapter 1. Deriving
characteristics of those operating modes requests results to be able to adequately
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describe all possible operating modes in a representative and fairly precise way. As a
consequence, some of the methods shown in chapter 2 provide solutions.
approaches and ideas on how to describe specific features of a PVT collector in
some extraordinary operating modes.

The following questions arise from this situation:

- Which precision is needed?

- Which operating mode is relevant enough to get the KPIs (see chapter 3.1.4)
and to spent extra effort on?

- What precision can be reached on which effect ?

To answer and discuss those questions a kind of Delphi-Method approach was
chosen. A matrix with rating of the effect of condensation and Icing (column blue) and
below ambient (column green) was provided to the Task members. The sent back
ratings were averaged and colour-coded, to give a quick and easy impression what is
seen necessary to put further effort into. The research questions derived from this
survey are listed in chapter 4.

Preliminary recommendations can be formulated based on this survey too.

Icing and Condensation are not specifically identified by a parameter for each PVT
product, but fixed to a gcong= +5 to +10% increase of power from collector, when the
temperature is below the dew point (tipping point between T, and Tgew) in every time
step. This can be implemented in every simulation tool and calculated for relevant
installations.

Night cooling is ignored.

Thermal performance above and below ambient is important. It is possible to include
steady state performance at a set of mean collector temperatures starting below
ambient, which may be even segmented by sub-categories of collectors (e.g.
concentrating collectors may need testing at higher temperatures, but these could be
ignored for more common PVT collectors). The ISO 9806 standard solves this by
advising to test the thermal performance at least at three evenly distributed mean
collector fluid temperatures over the operation range.

Also, as some PVT collectors intentionally reject energy in a cooling mode, either at
temperatures above ambient or radiating to the night sky temperature, it would be
helpful to have technical characteristics for this alternate operating mode (e.g. at PVT
mean fluid temperature 5°C, 12°C, 19°C, 30°C towards sky temperature of -20°C, -
5°C, 15°C, 20°C). At present, this measurement is not described in a standard, and
the details for a representative, repeatable, validated and un-biased method to test
different products against is missing.

For the Solar Keymark performance, Task 60 believes we need a few different
operating points to cover the range of applications. As an example: heat pump
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source (up-to -20°C), space cooling (18°C-12°C), space heating (35°C), domestic hot
water heating (50°C), process heating (80°C - 200°C).

It is well known that condensation is a phenomenon that can occur in cold areas, but
also in areas characterized by a relatively high humidity level. In fact, the radiation
heat loss can allow the temperature of the collector glazing to reach the dew-point of
the surrounding, determining the development of condensation on the glazing.

This latter represents a crucial issue and its effect, in term of PVT collector durability
and thermal performance, vary according to the PVT collector type. From both tables
below, it can be seen that for PVT flat plate collector, the rating of condensation
effect results to be moderately important in each application. In fact, the
condensation can significantly reduce the PVT collector thermal performance, as a
huge quantity of energy can be wasted in order to evaporate the moisture. Moreover,
the moisture infiltration can damage the collector absorber. Compared with the PVT
flat plate collector, in the PVT evacuated tubular one, the rating of the condensation
effect in both locations results to be not important. As a matter of fact, vacuum tube
collectors are hermetically sealed and cannot be subject to condensation.
Conversely, regarding unglazed WISC PVT collectors (uninsulated/insulated), the
rating of condensation effect appears to be significant, as they can collect useful heat
by condensation, which is transferred to the circulating fluid and can be used as
second heat source when connected in series with a heat pump.

Another advantage deriving from the combination of the heat pump with a WISC PVT
collector, is that the operating range of the solar collector can be shifted to
temperature levels that are below the ambient. Obviously by sending the absorbed
solar irradiation to the evaporator side of the heat pump, the collector can make the
heat pump operate at lower temperature, thus increasing its overall efficiency.
Conversely, when a WISC PVT collector operates together with a heat pump under
extreme weather conditions, the rating of icing effect represents a crucial aspect. The
possible frost formation on the external heat exchanger of the heat pump can act as
a thermal insulation by reducing the heat transfer rating between the outdoor air and
the evaporator. Moreover, the ice can increase the air-side pressure drop, due to the
reduction of the airflow passage, degrading the heat pump performance.

Therefore based on this analysis, more efforts should be put on:

- Extend the modelling capabilities of current available WISC PVT collectors
models, in order to be able to evaluate accurately the influence of
condensation gains and icing on the heap pump system performance.

- Validate the models.
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Climate Sweden

Climate Qatar:

2 2
N |

S |
a | BN
2 2

Table 1: Best applications for PVT collectors in two very different climates

" The numbers | (operating temperature below dew and freezing point) and Il (operating temperature
below ambient) correspond to the operating conditions from Figure 1; Rating 1, 2 and 3 with 1=not
important and 3=important
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Conclusion on Performance Characterization Methodology

Following listing summarizes the findings in no particular order :

1) Thermal performance characterization for the T part of a PVT collector shall
be done according to ISO 9806.
The performance value shall be given at the same wind speed (ISO standard
reporting conditions asks for 1,3 m/s).
There is a clear limitation of the ISO 9806 for night cooling effects.

2)

3)
4)

5)

6)

7

8)

9)

Same

iIs true for operating conditions below ambient temperature

performance, which would be helpful to overcome.

For the schemes SRCC and Solar Key Mar: specific working groups currently
handle in detail the requirements of PVT. Further input, questions and wishes
shall therefore be handed over as soon as possible to these working groups
and a personal engagement into those groups is recommended. Though the
basic principle of mutual acceptance manifested in the Global Solar
Certification Network (GSCN) is valid, national rules for the electrical safety

prevail.

For the PV part of certification, it is recommended that the process is started
with contacting the NCB to clarify the needed efforts.

Accredited test laboratories are a must for the certification testing. Some have
experience with testing PVT, some not. Task 60 recommends discussing the
details in a pre-feasibility study with the selected laboratories to avoid
disappointing/ misleading contracting. For the PV characteristics, Task 60
recommends to provide the information according to IEC 61215.

The electrical safety of a PVT collector has to been tested according to IEC

60730.

To save costs for testing and certification, Task 60 recommends checking all
parts of the PVT along temperature requirements. Underestimation of possible
occurring temperatures in some components is still the major reason of failure
of solar collectors.

10) Task 60 recommends clustering modifications in product generations not
shorter than one year, to have a maximum re-testing frequency of one re-test
(eventually partial testing) a year. So as to minimize testing cost.

11) For fair market comparisons, Task 60 recommends the following KPIs to be
considered at system level, but calculated based on real data obtained from
standardized testing results of the collectors and/or the system:

a.

0o

Collector Annual Output (CAO) @ 5°C, 15°C, 25°C, 50°C 75°C
(SCenoCalc Keymark Certificate),

PV output (in alignement with SCEnoCalc Conditions),

Levelized Cost of Heat (LCOH) in cts/kWh

. Levelized Cost of Electricity (LCOE) in cts/lkWh

Status Quo of PVT Characterization



4 List of research questions

Along the 3 years of Task 60, experts have been discussing PVT collectors testing
intensively. Since the technology is still new for a new generation of products, open
guestions remain.

Here is a list of questions that future research should address according to Task 60:

1. How should it be handled that ambient energy and solar energy are described
in one toordinate “system?

2. Is there a need to investigate electrical performance changes of PVT over
time?

3. How important are the thermal stresses/strains due to PVT collector
heating/cooling on the PV cells? Does this affect the PV cells performance
over time?

4. Is the temperature coupling of electrical yield to collector operating
temperature addressed in the existing marketing instruments of PVT
manufacturers?

5. Yearly gain prediction should be the target. What kind of tool is best suited for
PVT simulations?

a. Can ScenoCalc be extended for different temperature levels?
b. How to handle in simplified models the coupling or dependency of Qi
and We?

6. How should the solar heat source in heat pumps be calculated within the well-
known method called ErP?

7. How night cooling for example with WISC PVT collectors compared with other
cooling technics?

8. How can the performance of thermodynamic systems be evaluated using PVT
as direct/indirect evaporator of a heat pump including self-consumption of the
electricity in a standard way?

9. How do WISC PVT collectors perform at Tcha= « f &when water
condensation can occur? How important is the effect in different climates?
What is the impact on the collector lifetime?
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5 Function Test, Reliability, Serviceability, Durability
and Accelerated Aging Test

Besides the performance characterization, some essential question is of course
linked to the products serviceability and durability which will consequent in
performance guaranties, time of warranties and quality promises. To derive the basis
from experimental testing and theoretical design approaches, it is again interesting to
have an indication of the relevance of each risk or influence factor. For this purpose,
in a classical product design process, a so called FMEA (Failure Mode and Effect
Analysis) analyses might be done when relevant. From such analysis the most
critical boundaries of a product can be identified. For Solar Thermal collectors as well
as for PV modules, this is quite a standard of the industry in most countries. For PVT
WKHUH DUH VRP Hembedded, Unhi¢iNSult from the combination of the
electrical and the thermal solar energy conversion. Also, in-depth understanding is
widely missing, although for some manufacturers there have been already projects
dealing with this.

5.1 Certification, Market Access and Legally Mandatory T  est

Similarly to the described set of standards for the performance test in chapter 3, for
reliability testing and accelerated aging testing, methods do exist or are under
development. For the Solar thermal part again, the same certification schemes apply.
For example, the Solar Keymark scheme is asking for a full approved testing
according I1ISO 9806 (see also: Guideline to ISO 9806 of Task 57), which means that
a given serviceability test has to be approved (see Figure 8).

For the electrical side, there is an IEC 61215 (crystalline PV tech) respectively IEC
61646 (thin film PV tech) standard. Those standards are defining reliability tests
representing typical operating conditions of PV modules. The tests are volunteer but
also well established in the market. To some good extent, the results from those tests
allow a manufacturer to define the product warranty and understand the risks before
entering the product into the sale process.

Testing and certifying PV Modules is respecting the electrical safety requirement. In
Europe, this results in applying the Low Voltage Directive of the EU. With this the
consequence is to test the product against the [IEC 61730] standard and bypassing
those tests declaring the safety of the module. This is mandatory also for PVT
collectors.

I Page 3o -]
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Figure 8: Test overview (Mehnert et al. 2018)

Where, 3 mandatory, 3" only for collectors without toughened glass, 3% only
for collectors claimed to be freeze resistant and collectors containing heat
pipe, ( 3) mandatory but the manufacturer can define the maximum load to be
zero, + not mandatory or not possible, U mandatory and under SSC
(Standard Stagnation Conditions; clause 9).

SLHC Solar Liquid Heating Collector
SAHC CL Solar Air Heating Collector with Closed Loop operation
SAHC OTA Solar Air Heating Collector with Open To Ambient operation
Polymerics collectors in which organic materials are used for fluid channels
thereby being exposed to high temperatures and
pressures respectively

As a lot of PVT products are started with an existing PV module which might have
been tested and is therefore already approved, there is a possibility to shortcut the
testing for the PVT collector by re-using parts of the tests. The decision which test
results are still representative for the PVT collector after modifying the original PV
module is made by the relevant national certification body (NCB). As a good
orientation guideline, WKH VR FDOB@WW LB H * X LIBGTS 162PH5/2018) are
often used to go through test by test and argument the necessity of repetition or
argument for an acceptance.

In addition, there are overlaps in the boundaries of PV modules and ST collectors.
Therefore, for PVT the possibility should be checked, which testing methods are
applied similarly from the IEC and the ISO standard and could be potentially merged.
7KH SURMHFW fRB&inidRet BSE] analysed their potential in 2013-2014.
Some summarizing excerpts are shown in the following [TUV Rheinland 2010]:
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Figure 9: Testing sequences according to IEC (left) and ISO standard (Right). The
circled tests were analysed for specific modification towards PVT. [TUV Rheinland]
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Figure 10: Picture series of a thermal internal shock test according 1ISO 9806
filing an overheated PVT collector with cold fluid. [Fraunhofer ISE]

On top of this PVT specific information a deeper understanding on aging effects for
solar thermal collectors is generated: [DURASOL], [LNEG], [Speedcoll], [Speedcoll2].

The re-testing guidelines are nevertheless not adapted for the specific case of being
applied in the context of PVT. Therefore, it is necessary for PVT experts to get
involved in the relevant standardization committee [IEC TC 82] to discuss relevant
shortcomings. As for example:

- Higher operation temperatures are to be expected for the back-side material,
the connection box and maybe the lamination materials. Those materials are
judged against their data sheet characteristics. Those again were normally
determined by tests LQ WKH H[SHFWHG WHPSHUDWXUH UDQJH R
The materials often can withstand higher temperatures though. The material
checked should therefore also include information from parts suppliers stating
higher MRI values.
- For the use of PV modules, it is essential to check their temperature suitability
up-front before using them in PVT collectors.

It is recommended that the testing process is started with contacting the NCB to
clarify those testing efforts.

A short overview on the decision path is given in the following diagram:
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Figure 11: What to do to certify your PVT product [Fraunhofer ISE]

5.2 Warranty and Differentiation of PVT products

How long will the product last? When is the performance going down and is there a
threshold that can be warranted? If the product has a malfunction, can it cause
danger and risks or is it just not in service anymore until it can be replaced. This
report gives an overview on existing tests which can answer specific questions. At
the end it also is identified which gaps of testing Methodology still exist.

The PVT buyer will certainly rely on manufacturer documents but should also ask for
certified bodies analyses to have independent information.

Ageing tests of PVT will be the same as for PV or ST modules. They should be run
and looked at or translated into the warranties given.

Differentiation between products is often not a matter of energy performances but
more of reliability and lifetime.

Testing of products and optimisation from test results is a good way to achieve
differentiation. PVT is no exception.
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6 Conclusion on Reliability Testing Methodology

Reliability is essential for a sustainable market development of PVT technology, but
the quality of products currently offered is variable. On the one hand side, the
warranties of existing PV modules set equally high consumer expectations in regard
to PVT collectors. On the other hand side, it is not self-evident to assume the
durability of PVT is the same as for the PV module it is made with.

The reliability and durability of PVT modules are especially challenged at elevated
temperatures and higher humidity loads. The test methods available from the IEC

and ISO standards are covering the specificsof 39 DQG 67 PRGXOHTV PRVW R
are similar for PVT modules, too.

Yet, the PVT specific load collectives and the operating conditions arising from the
system integration of PVT are only partially covered in the set of existing standards
(e.g. stagnation temperature approval, mechanical load resistance).

For now, the state of the art would be to test PVT modules according to the existing
standards.

In order to achieve a sustainable market development, it would be helpful to further
evaluate all of the PVT specific effects and find answers to the related research
guestions Task 60 has raised.

We hope Task 60 has paved the way for this development through this report.
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