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ARTICLE INFO ABSTRACT

Keywords: Photovoltaic-thermal (PVT) collectors are hybrid solutions for the conversion of solar energy into electrical and
Modeling thermal energy. The development of validated and standardized PVT collector models is important for the
Simulation

comparison of products, informed decision making based on energetic and economic performance, and to
promote the market diffusion of PVT technology. This contribution presents a novel PVT performance model,
compares different parameter identification approaches, and validates the model and its implementation in a
common simulation software (TRNSYS) for system simulations.

For the thermal performance model, a two-node model with either one or two thermal capacities is compared.
The two-node approach with one thermal capacity represents an extension of the quasi-dynamic solar thermal
collector model with the added functionality of the electrical performance. This modeling approach has also
proven to be the recommended modeling approach for the investigated PVT collectors in this work. Furthermore,
the parameter identification procedure is described in detail and different approaches are compared. It is shown
that a combined identification of thermal and electrical model parameters with determination of all thermal and
electrical model parameters is the most suitable approach regarding accuracy and processing effort.

To sum up, the presented PVT performance model and the proposed parameter identification procedure
achieve a good agreement of simulated and measured thermal and electrical power output for the analyzed PVT
collector types and operating conditions. Hence, the model is suitable for dynamic simulation studies and is

Photovoltaic-thermal collectors
Experimental validation
TRNSYS

proposed as standardized performance model for PVT collectors.

1. Introduction

Photovoltaic-thermal (PVT) collectors are hybrid solutions con-
verting solar energy in both electrical and thermal energy. The main
objective of PVT collectors is to use the large part of unused solar en-
ergy in conventional photovoltaic (PV) modules for thermal applica-
tions and to enhance the utilization of limited roof area on buildings.
The thermal coupling of solar thermal absorbers to the PV cells results
in a thermal energy harvesting system for PV (Zondag, 2008). More-
over, the transfer of heat to a fluid leads to a cooling of the PV modules
for fluid temperature conditions below the operating temperature of
conventional PV modules. As the electrical efficiency of PV cells in-
creases with decreasing cell temperature, cooling the PV cells leads to
an enhanced electrical performance in PVT collectors (Skoplaki and
Palyvos, 2009). Depending on the PVT type and application, e.g. for the
use in heat pump systems, the use of PVT collectors can lead to a better
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utilization of the available roof area in buildings and finally an opti-
mized overall solar yield.

In 2018, the International Energy Agency (IEA) Solar Heating and
Cooling (SHC) Programme initiated IEA SHC Task 60 on the application
of PVT collectors. IEA SHC Task 60 focusses on the application of PVT
collectors with the aim to assess existing solutions and to develop new
system solutions with advantages in comparison to classical ‘side by
side installations’ of PV and solar thermal collectors. One objective of
IEA SHC Task 60 is to improve the performance characterization and
modeling of PVT collectors and systems (IEA SHC, 2018). The devel-
opment of validated and standardized PVT collector models is an im-
portant task to allow for a transparent comparison of products, in-
formed decision making based on energetic and economic performance
indicators, and in general to promote the market diffusion of the PVT
technology (Kramer and Helmers, 2013).

Currently, the thermal performance of solar thermal and PVT
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Nomenclature

Abbreviations

GPS generalized pattern search
HJ Hooke-Jeeves

IAM incidence angle modifier
IEA International Energy Agency
ISO International Organization for Standardization
MPP maximum power point

PR performance ratio

PV photovoltaic

PVT photovoltaic-thermal

SHC solar heating and cooling
STC standard test conditions

WISC wind and/or infrared sensitive collectors

Symbols

A gross area, m?

a model parameter a for irradiance dependence of PV effi-
ciency calculation, m® W1

by constant for incident angle modifier IAM, —

b model parameter b for irradiance dependence of PV effi-
ciency calculation, —

c model parameter c for irradiance dependence of PV effi-
ciency calculation, —

¢ heat loss coefficient, W m ™2 K~!

[ temperature dependence of the heat loss coefficient, W
m 2K ?

c3 wind speed dependence of the heat loss coefficient, J m~>
K

[N sky temperature dependence of long wave radiation ex-
change,

Cs,Ceff effective thermal capacity, J m ™2 K~ !

Cq wind speed dependence of the zero loss efficiency (or
transmittance-absorptance product in case of c;), s m~?

¢y wind speed dependence of long wave radiation exchange,
Wm 2K ™*

cs radiation losses, W m 2 K~ *

Cabs effective thermal capacity of the absorber node, J m~?
K~ 1

cq thermal heat capacity of the fluid node, J m~2 K™!

p specific thermal capacity, kJ kg~ ' K™!

Ey, long wave irradiance, W m ™2

G global solar irradiance, W m ™2

Gy beam solar irradiance, W m ™2

Gy diffuse solar irradiance, W m =2

1 current, A

Ky IAM for beam solar irradiance, —

K4 IAM for diffuse solar irradiance, —

m mass flow rate of heat transfer fluid, kg h™*

MAE,  mean absolute error of the electrical power output, W

MAEy, mean absolute error of the thermal power output, W

MAE e sum of mean absolute error of the thermal and electrical
power output, W

nMAE, normalized mean absolute error of the electrical power
output, —

nMAE;, normalized mean absolute error of the thermal power

output, —

nRMSE,; normalized root mean square error of the electrical power
output, —

nRMSEy, normalized root mean square error of the thermal power
output, —

Dabs absolute pressure of the ambient air, Pa

Py electrical power output, W

Do specific electrical power output, W m ™2

PR performance ratio, —

Qmn thermal energy output, kWh

Om thermal power output, W

Gapsfl specific heat flow from the absorber to the fluid node, W
m72

Gloss specific thermal losses (or gains) due to heat conduction
and convection with the ambient air, W m ™2

Graa specific radiative energy gains, W m ™2

G specific thermal power output, W m ™2

RH relative humidity, %

RMSE, root mean square error of the electrical power output, W
RMSEy, root mean square error of the thermal power output, W

T temperature, °C
t time, h
U voltage, V
Upyt internal heat transfer coefficient from PV cell to fluid, W
m 2K™!
u wind speed, m s™!
Wa electrical energy output of PVT collector, kWh
B power temperature coefficient of the PV cells, % K™*
Mo zero loss collector efficiency, —
el overall electrical efficiency, —
incidence angle of beam radiation, °
o Stefan-Boltzmann constant, Wm~™2 K™ *
Ta transmittance-absorptance product, —
Subscripts
a ambient
abs absorber
cell cell
el electrical
fl fluid
G global solar irradiance
in inlet
m mean
meas measurement
out outlet
PVT photovoltaic-thermal
ref reference (usually STC) conditions
sim simulation
T temperature
th thermal
tot total, overall
Superscripts

performance coefficients of the two-node model with two
thermal capacities

collectors is tested according to the international standard ISO 9806
and the electrical performance of PV modules according to different IEC
standards (depending on the module types). A Solar Keymark certifi-
cation of PVT collectors is also possible with application of specific
rules for PVT collectors as described in Annex P5.1 of the Solar
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Keymark Scheme Rules (SKN, 2019). At this, the thermal performance
test of PVT collectors shall take place with synchronous thermal and
electrical generation under maximum power point (MPP) conditions. As
the instantaneous thermal and electrical power is interlinked (Hofmann
et al., 2010), it is important to further develop performance models
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specifically for PVT collectors.

A first PVT performance model was proposed by Florschuetz (1979),
who extended the Hottel-Whillier-Bliss equation and coupled the cell
and fluid node by a heat transfer coefficient. This approach is most
widely used in the literature to model the electrical performance of PVT
collectors (e.g. Chow, 2003; Perers et al., 2012; Bilbao and Sproul,
2015). Fritzsche et al. (2014) and Zenh&usern et al. (2015) developed
an empirical performance model based on the measurement of the
equivalent cell temperature during standardized steady-state perfor-
mance tests and correlating the equivalent cell temperature with op-
erating conditions. Helmers and Kramer (2013) extended the quasi-
dynamic method and developed electrical and thermal performance
equations to simultaneously characterize and calculate the electrical
and thermal performance during dynamic operating conditions.

All proposed performance models have their specific strengths and
weaknesses but there is currently no standardized modelling and testing
approach. In this context, the main objective of this paper is the de-
velopment and validation of a novel PVT collector performance model
based on existing modeling approaches using mainly standardized
model parameters, which can be implemented in common simulation
software like TRNSYS and used for system simulations. In doing so, the
performance model may form the basis for PVT collector performance
testing and future certification and standardization schemes.
Subsequently, this work presents the detailed implementation, valida-
tion and parameter identification procedure of the PVT performance
model using TRNSYS. The presented PVT performance model is an
adaption of the quasi-dynamic thermal collector model of ISO 9806 for
PVT collectors with additional modeling of the electrical performance.

In the following sections, the PVT collector modeling (Section 2)
and the experimental measurement (Section 3) are described. After-
wards, in Section 4 the procedure and results of the parameter identi-
fication with TRNSYS (TRNSYS, 2015) and GenOpt (Wetter, 2016) are
presented. This is followed by a discussion of the results in Section 5.
Finally, Section 6 provides the main conclusions and an outlook on
further work.

2. PVT collector modeling
2.1. Overview

The main concept of the proposed model 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 approach with internal heat transfer coefficient Upyr (see
Fig. 1). The numerical description is based on the work of Lammle et al.
(2017) and Jonas et al. (2018). The PV performance model is im-
plemented in TRNSYS Type 835 (Jonas, 2018) and can be connected to
the ISO 9806 implementation in TRNSYS Type 832 (Haller et al., 2014)
for a combined PVT performance model. In addition, TRNSYS Type 835
can be coupled to other existing models of solar thermal collectors or
absorbers for the calculation of the electrical power output of WISC
(wind and/or infrared sensitive collectors) and covered PVT collectors
or can be used as PV model with internal cell temperature calculation.

The electrical performance model considers loss effects of incidence
angle, temperature and irradiance. Therein, the PVT cell temperature
T is calculated via an equivalent thermal network with the internal
heat transfer coefficient Upyt, which connects the PVT cell temperature
to the mean fluid temperature T;, of the PVT collector (see Fig. 2). The
constant parameter Upyr is characterized by parameter identification
during quasi-dynamic or steady-state performance measurements ac-
cording to ISO 9806. Alternatively, Upyr can be obtained numerically
from the collector efficiency factor F’, by dark-measurements with
surface temperature measurements, or via finite element methods
(Lammle, 2018).

In the following, the thermal performance model of both solar
thermal and PVT collectors bases on this two-node model. Two
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approaches, which differ by the number of thermal capacities, are
compared, followed by a description of the electrical performance
model.

2.2. Thermal performance model

2.2.1. Two-node model with one thermal capacity

The basic thermal model as two-node thermal model with one ef-
fective thermal heat capacity c.s and with consideration of the tem-
perature node Ty, (mean fluid temperature) can be described by the
following differential equation, which is an expression of the energy
balance of the temperature node T,, in Fig. 3a:

CefrdTin/dt = qrad - qloss - qlh @
where ¢, are the specific radiative energy gains (radiative energy
balance), g, the specific thermal losses (or gains) due to heat con-
duction and convection with the ambient air and g, the specific thermal
power output of the collector, which is transferred to the fluid. Within
this approach all thermal capacities (e.g. fluid, absorber, frame or in-
sulation) are lumped together in the effective thermal heat capacity cs
and it is assumed that the temperature of this node is represented by the
fluid temperature (Fischer and Miiller-Steinhagen, 2009). The thermal
power output (useful energy gain) can be defined with the mass flow a1,
the specific thermal capacity c, and the outlet T, and inlet temperature
T, of the heat transfer fluid relative to the gross collector area Apyt to:
G = M-y (Tour — Tin)/Apvr )

With the assumption that the long wave radiation does not depend
on the collector temperature, the specific radiative energy balance can
be expressed with the parameters of ISO 9806 as:
raq = o' (Ko Gy + Ka-Gy) + co(B — 0-T,*) — cet-G 3
where 7, the zero loss collector efficiency, K the incidence angle
modifier (IAM) for beam radiation Gy, K4 the IAM for diffuse radiation
Gy, ¢4 the sky temperature dependence of long wave radiation exchange,
E;, the long wave irradiance, o the Stefan-Boltzmann constant, c; the
wind speed dependence of the zero loss efficiency, u the wind speed in
the collector plane and G the global irradiance in the collector plane.

Furthermore, the specific thermal losses (or gains) can be expressed
with the parameters of ISO 9806 as:
qlgss = Cl‘(Tm - E\) + C2‘(Tm - E)Z + C3‘u'(Tm - 7;1) 4)
where c; is the heat loss coefficient, c, the temperature dependence of
the heat loss coefficient and c; the wind speed dependence of the heat
loss coefficient.

With Egs. (3) and (4) and the use of coefficient ¢5s = cefr, Eq. (1) can
be transformed to the thermal performance model of the quasi-dynamic
collector model from ISO 9806:2013 (ISO 9806, 2013):

Type 835
PV performance
ratio model

gth
Tcell

Thermal power output

Pel
Electrical power Type 832
output Solar thermal

collector model

Fig. 1. Coupled PVT model with electrical and thermal performance model.
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Fig. 2. Equivalent thermal network of the two-node model between tempera-
ture nodes T, andTeep interlinked by Upyr.

Ain
=7y Kp:Gp + Ka-Gg) — c1-(Tn = L) — c2(Tn — T)* — 3
U (T — T) + c4(BL — 0 T,*) — c5-dTin/dt — co-u-G (5)
with
Ky =1 — bom[1/cos(6) — 1] (6)

where by, is the constant for the thermal incidence angle modifier and
6 the incidence angle of the beam radiation.

TRNSYS Type 832 (Haller et al., 2014) implements the thermal
model with one thermal capacity. For the consideration of ISO
9806:2017 (ISO 9806:2017) Eq. (5) has to be extended by the wind
speed dependence of long wave radiation exchange c; as well as the
radiation losses cs and the reduced wind speed u = u — 3m/s should be
used for the modeling. The ISO 9806:2017 model is currently not im-
plemented in TRNSYS Type 832 but could be a good improvement for
further development of the model and its use for solar thermal and PVT
collector performance characterization with TRNSYS. For this con-
tribution, it was decided to use the ISO 9806:2013 model without re-
duced wind speed. In addition to the missing implementation of the
current standard in Type 832, this was also done in order to obtain
physically more comprehensible results that are comparable with
parameters previously determined by other test laboratories.

As the electrical mode of operation has a significant impact on the
thermal efficiency, it is important that the thermal performance coef-
ficients for the thermal power output calculation of PVT collectors
should be determined in MPP mode (Limmle et al., 2017). The PVT cell
temperature T is then calculated as second thermal node without
capacitance via the equivalent thermal network with the internal heat
transfer coefficient Upyr which connects the PVT cell temperature with
the mean fluid temperature T, of the PVT collector. In the following,
this approach is called ‘Two-node model with one thermal capacity’.
The PVT cell temperature T is then used for the calculation of the cell
temperature dependence of the electrical efficiency and the specific

Tc ell

410»-:6' 1 ( Tm' Ta )+(:2( Tm' Tu)z+c3”( Tm' Ta)

a) Two-node model with one thermal capacity
(thermal ISO 9806 model)
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electrical power output p, (cf. Fig. 3a). The electrical model is de-
scribed in Section 2.3 and is implemented in TRNSYS Type 835 (Jonas,
2018).

2.2.2. Two-node model with two thermal capacities

As alternative to the proposed approach, a second approach will be
introduced as ‘two-node model with two thermal capacities’ as it con-
siders the thermal capacitances for each separate node of the mean fluid
temperature T,, and the mean absorber temperature T, For solar
thermal collectors, it is known as ‘two-node model’ (Fischer and Miiller-
Steinhagen, 2009; Theis et al., 2009). Within the thermal two-node
model approach, the first energy balance is considered at the T,,s tem-
perature node and the energy balance of the temperature node T,;,s can
be expressed with the following differential equation:

Caps* A Tops/dE = Grag — Gioss — Jasn @

where ¢, is the thermal heat capacity of the absorber and g, ; is the
specific thermal energy gain from the absorber to the heat transfer fluid
(cf. Fig. 3b). With the assumption that the long wave radiation does not
depend on the collector temperature, the specific radiative energy
balance can be expressed as:

Gryq = (7@)-(Kp- Gy + Ka-Gy) + ¢,-(BL — 0 §,*) — ¢5-u-G (€))

where (za) is the transmittance-absorptance product, c, the sky tem-
perature dependence of long wave radiation exchange and ¢, the wind
speed dependence of the transmittance-absorptance product of the
thermal two-node approach.

Furthermore, the specific thermal losses (or gains) can be expressed
as:

qloss = Clv'(nbs -T)+ Cz"(jzibs - T+ Cg"u‘(nbs - T) 9

where c; is the heat loss coefficient, c, the temperature dependence of
the heat loss coefficient and c, the wind speed dependence of the heat
loss coefficient of the thermal two-node approach. At this, in contrast to
the ‘two-node model with one thermal capacity’ in Section 2.2.1,
thermal losses are expressed as function of the mean absorber tem-
perature instead of the mean fluid temperature.

With Egs. (8) and (9), Eq. (7) can be transformed to:

qabsﬂ
= (1a)-(Kp-Gp + Kq-Ga) — ¢;*(Tops — T) — ¢y-(Toos — T)* — ¢y
‘u(Tops — To) + C4"(EL = 0 T*) — capsdTaps/dt — Cé“u'G (10)

A second energy balance is given at the temperature node T;, with:

Gross=C1(Tans- T ex(Tans-To) +esu( TusTo)

z—ilb\' (:chll)
——

pcl

qabsl

qth

b) Two-node model with two thermal capacities

Fig. 3. Thermal network (lumped capacitance model): comparison of two-node model approaches with one or two thermal capacities.



D. Jonas, et al.

cn-dTi/dt = Qabsﬂ - qth an

where cq is the thermal heat capacity of the fluid (within the collector).
The specific thermal energy gain from the absorber to the heat transfer
fluid can be defined with the internal heat transfer coefficient U,
which connects the mean absorber temperature with the mean fluid
temperature, to:

qabsﬂ = UPVT"(’E\bs — Thn) 12)

With Eq. (12), Eq. (11) can be transformed to the equation for the
specific thermal power output:

Gy = Upyr*(Tavs — Tin) — cq-dTiy/dt 13)

TRNSYS Type 832 (Haller et al., 2014) also implements this two-
node model with two thermal capacities. Within this modeling ap-
proach, it is also important that the thermal performance coefficients
for the thermal power output calculation of the PVT collectors have to
be determined in MPP mode. Regarding the calculation of the cell
temperature dependence of the electrical efficiency and the specific
electrical power output p, (described in Section 2.3), the PVT cell
temperature Ty in this approach is set equal to the calculated mean
absorber temperature T,,s of the PVT collector (cf. Fig. 3b).

2.3. Electrical model

The electrical performance model mostly uses datasheet values of
PV modules based on characterization according to standard IEC
61853-1 (2011). In addition to the data sheet values, the model requires
the earlier mentioned parameter Upyt coupling the mean fluid and cell
temperature node, for the explicit calculation of the cell temperature
(two-node model with one thermal capacity) or the cell temperature is
set equal to the mean absorber temperature (two-node model with two
thermal capacities).

2.3.1. Overall electrical efficiency and electrical power output
The overall electrical efficiency 7, of the PVT collector in this model
is calculated with the performance ratio PRy:

Mel = T ret PRt 14
The electrical power output of the PVT collector P, is given by:

R = N rep PRiot* G-Apvr (15)

and the specific electrical power output by:

Pa = Tetres PRuot'G (16)

where 7, . is the electrical efficiency at reference conditions (usually
STC conditions), PRy is the overall instantaneous performance ratio, G
the global radiation on PVT plane and Apyr the gross PVT collector
area.

The overall instantaneous performance ratio is calculated with:

PRtOt = PRIAM'PRG'PRT (17)

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

o Joss effects of incidence angle PRiaym
® loss effects of irradiance PRg
® PV cell temperature dependence of electrical efficiency PRy.

2.3.2. Loss effects of incidence angle
The instantaneous performance ratio due to incidence angle losses
PRypy is calculated with (Duffie and Beckman, 2013):

PRiam = 1 — boei-[1/cos(0) — 1] (18)

where by ¢ is the constant for electrical IAM and 6 the incidence angle of
beam radiation.
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2.3.3. Loss effects of irradiance
The instantaneous performance ratio due to irradiance losses PR is
calculated with (Heydenreich et al., 2008):

PRg = a-G + bIn(G + 1) + ¢[(n(G + &))*/(G + 1) — 1] (19)

with the model parameters a in m®> W', b and ¢ dimensionless, the
global irradiance G in W m ™2 and the Euler’s number e.

2.3.4. PV cell temperature dependence of the electrical efficiency
The PV cell temperature dependence of the electrical efficiency is
calculated with (Skoplaki and Palyvos, 2009):

PRy = 1 — B-(Teen — Tret) (20)

where 8 is the power temperature coefficient of the PV cells, T the
temperature of the PV cells and T, the PV cell temperature at reference
conditions (usually STC conditions).

2.3.5. PVT cell temperature

As described in Section 2.2, the calculation of the PVT cell tem-
perature differs between the two proposed thermal performance
models: The two-node model with one thermal capacity calculates T;
with a simple equivalent thermal network with an internal heat transfer
coefficient Upyr which connects the PVT cell temperature T with the
mean fluid temperature T;, of the PVT collector:

Teen = Ty + qth/UPVT (21)

where ¢y, is the specific thermal power output of the PVT collector
relative to the gross collector area, and T;, the mean fluid temperature
as average of inlet and outlet temperature T;, and T,,. In the two-node
model with two thermal capacities, the cell temperature is set equal to
the mean absorber temperature To; = Thps.

This novel electrical performance model is implemented in TRNSYS
Type 835 (Jonas, 2018) and can be connected to the thermal ISO 9806
TRNSYS model Type 832 (Haller et al., 2014). The IAM parameter by ¢
can be either identified by a parameter identification process with
measurements or set equal to the thermal IAM by . The electrical
parameters 7, ., and § can be obtained from the datasheets of the PV
modules. The irradiance-dependent parameters a, b and ¢ are usually
determined by a parameter identification of Eq. (19) based on perfor-
mance measurements according to standard IEC 61853-1 (2011). Since
measurement data regarding this standard is rarely provided by man-
ufacturers, literature data, e.g. from Lammle et al. (2017), can be used
as assumption for the modeling of the irradiance behavior.

A comparison of the described electrical performance model with a
four-parameter (single diode) PV model, presented in Jonas et al.
(2018), figured out that the implementation of a four-parameter PV
model has no noticeable advantages for the simulation of the electrical
power output in case of the analyzed PVT collectors and operating
conditions. Hence, further investigations with a four-parameter (single
diode) PV model are not subject of this work.

3. Experimental measurements and test sequences

The experimental measurements were realized on an outdoor test
bench in Saarbriicken, Germany at the Laboratory for Solar Energy
Systems of the University of Applied Sciences htw saar (cf. Fig. 4). Two
different types of PVT collectors were installed on a test roof and
monitored under dynamic outdoor conditions during MPP operation:

e PVT A - uncovered PVT collector with rear collector cover and
thermal insulation material on the back of the PVT absorber, also
classified as wind and/or infrared sensitive collector (WISC).

e PVT B — covered PVT collector with front glazing, rear collector
cover and no thermal insulation material on the back of the PVT
absorber.
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Fig. 4. Outdoor test facilities with the investigated PVT collectors.

Besides the standard measurements of the thermal performance
according to ISO 9806:2017, the relevant electrical values were mea-
sured continuously. A systematic scheme of the measurement set-up
including the main measured values used for the performance char-
acterization of the PVT collectors is given in Fig. 5.

According to ISO 9806:2017 the following typical days have to be
included in the measurement datasets for thermal performance char-
acterization:

® Day type 1: 7,-conditions, mostly clear sky conditions

e Day type 2: elevated operating temperature or 7),-conditions, partly
cloudy conditions including broken cloud and clear sky conditions

e Day type 3: mean operating temperature conditions including clear
sky conditions

e Day type 4: high operating temperature conditions including clear
sky conditions.

For a better representation of the thermal behavior of the PVT
collectors over the entire operating temperature range, two different
temperature differences to the ambient T;, — T, were measured for day
type 3 for PVT A and PVT B. Furthermore, it was possible to operate
PVT B with a higher temperature difference to the ambient, due to the
lower thermal losses of the covered PVT collector (PVT B). Hence, in
case of PVT B a second temperature difference to the ambient was
measured for day type 4. The assignment of the measurements to the
different operating temperatures of the PVT collectors is given in
Table 1.

For the identification of the model parameters for the PVT collec-
tors, the measured test data were evaluated and usable test sequences
were separated. For each day type and each type of PVT collector, one
sequence was chosen and the sequences were combined to one data set.
Within the combined test sequences, a Boolean value is defined for each
time step as indicator whether the time step should be considered for
the parameter identification or not. The objective of this process is the
filtering of start-up sequences between the sequences of different day
types and invalid data, e.g. if something was changed in the test bed or
measured values are outside a reliable or usable range. To remove
unsuitable data, the datasets were filtered to a set of constraints
(G < 100W/m? gy, py < OW/m? p,, G > G; Ty < (T, — 3K)) con-
sidering the requirements of each day type. Data points at which at least
one of the constraints is violated are disregarded for the calculation of
the objective function for the parameter identification process. In ad-
dition, it is necessary to remove data points manually, e.g. malfunctions
of the MPP tracker, and exclude these data generously from the cal-
culation of the objective function to ensure that the effects of the failure
were balanced out again.
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4. Parameter identification and model validation
4.1. Parameter identification procedure with TRNSYS and GenOpt

Identification of model parameters by comparing and adjusting si-
mulated results to measured data is a well-known procedure for dif-
ferent applications, especially in the field of solar thermal systems. In
general, an objective function is defined to assess the agreement of the
model results with the measured data. The model parameters are then
adjusted to better fit the measurement by minimizing the objective
function. In the field of solar thermal collectors and systems, the most
common methods for the minimization process are multiple linear re-
gression (MLR), which has been introduced as extended version by
Perers (1997), and a dynamic parameter identification procedure with
the fit program DF (Spirkl, 1997) which uses the Levenberg-Marquardt
algorithm (Fischer et al., 2012). Furthermore, newer approaches like
Budig et al. (2009) or Almeida et al. (2014) use GenOpt (Wetter, 2016)
in combination with TRNSYS for the parameter identification. GenOpt
is a generic optimization program which is used to minimize an ob-
jective function that is evaluated by an external simulation program
like TRNSYS. GenOpt includes a library with different local and global
one-dimensional and multi-dimensional optimization algorithms, like
Particle Swarm Optimization (meta-heuristic population-based algo-
rithm, stochastic) or Hooke-Jeeves algorithm (GPS-HJ, generalized
pattern search method, deterministic). Using these optimization algo-
rithms, specified model parameters are varied systematically in order to
minimize the objective function.

In this work, two approaches for the parameter identification of PVT
collectors are presented:

e Separated fit: two-step approach with separated thermal and elec-
trical parameter identification procedure
e Combined fit: one-step approach with combined thermal and elec-
trical parameter identification procedure.

The two-step approach with separated thermal and electrical para-
meter identification procedure for the PVT collector model is shown in
Fig. 6. A set of measured values is used as time dependent input for the
TRNSYS simulation via a data reader. The measured inputs (Ey, G, Gy, 6,
T., RH,, Dy U, M, Ty) are then used to simulate the thermal and
electrical outputs of the TRNSYS model, especially the thermal Qy, sim
and the electrical P;gm power output of the PVT collector. Subse-
quently, the calculated thermal outputs are compared via the absolute
error and filtered according to the constraints described in Section 3.

®

pabs

U L P MPPT and

Inverter

PVT collector

Heater / Cooler

Fig. 5. Measurement scheme of the outdoor test.
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Table 1
Performed measurements over the operating temperature range of the PVT
collectors.

Day type 1 2 3a 3b 4a 4b
Tm— T 0K 0K or higher 10K 15K 20K 30K
PVT A X X X X X

PVT B X X X X X X

This is followed by the calculation of the thermal objective function
which has to be minimized. In this iterative procedure, GenOpt is used
to systematically vary the thermal collector parameters (1,, Ka, bo m,
c1-c¢ for the two-node model with one thermal capacity) until the
minimum of the thermal objective function is reached. The identified
set of thermal parameters are then used as fixed parameters for the
electrical parameter identification of Upyr and bge. The described
procedure is then repeated in order to minimize the electrical objective
function and identify the set of electrical parameters.

In the one-step approach with combined thermal and electrical
parameter identification, a combined thermal and electrical objective
function is minimized by systematically varying the thermal and the
electrical PVT collector parameters simultaneously (cf. Fig. 7).

In addition, the identification of all electrical model parameters
including Upyr, bo.els ey ref» B> @, b and ¢ was also integrated in the two-
step and one-step approach (see Section 4.3.3).

Set of
thermal
parameters

Calculated
thermal
OUTPUTS

Measured
INPUTS

Measured
thermal
OUTPUTS

Real PVT
installation
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4.2. Definition of objective function

The mean absolute error (MAE) of the thermal and electrical power
output is used as objective function for the parameter identification.

For the two-step approach, the MAE of the thermal power output is
used as thermal objective function and the MAE of the electrical power
output as electrical objective function:

1

n
E Z (thh,sim - ch,measl'At)

i=1 (22)

MAEy =

1 n
MAE, = E ; (lRel,sim - Rel,measl'At) (23)

For the one-step approach with combined thermal and electrical
parameter identification procedure, the sum of the MAE of the thermal
and electrical power is used as objective function:

1 - .
MAEth+el = E Z (thh,sim - ch,measI'At + |Pel,sim - Pel,measl'A[)
i=1
24

For further analysis of the model accuracy, the normalized mean
absolute errors (nMAESs), the root mean square errors (RMSEs) and the
normalized root mean square errors (nRMSEs) are defined as:

1 v,
IlMAEth = MAEth/ e z (QLh,meas'At)
n-At =

(25)

+
Comparison

Result:
Thermal PVT

Set of
fixed thermal parameters

Set of
electrical
parameters
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electrical
OUTPUTS

Measured
INPUTS

Measured
electrical
OUTPUTS
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installation

collector
parameters

+
Comparison

Result:
Electrical PVT
collector

parameters

Fig. 6. Separated fit: two-step approach with separated thermal and electrical parameter identification procedure.
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Fig. 7. Combined fit: one-step approach with combined thermal and electrical parameter identification procedure.

n n
nMAE, = MAE,/ ﬁ (P meas-AL) RMSE, = \/Ei=1 [(Rsim ;ﬂl,meas )*-At]
oy (26) n-At (28)
ey [Qunsin = Qunamess VA1 LS
RMSE;, = \/ imy \thsim = Cthmeas NRMSEy = RMSE/ | —— 37 (G meas A1)
n-At @7) nAbiS (29)
Table 2
Results of the parameter identification for PVT A.
PVT A - WISC
Two-node model w/ one thermal capacity Two-node model w/ two thermal capacities
Parameter Unit Two-step approach One-step approach Parameter Unit One-step approach
electrical fit of electrical fit of electrical fit of
data sheet electrical data sheet electrical data sheet electrical
values parameters values parameters values parameters
Apyr m? 1.66" 1.66' 1.66! 1.66! Apyr m? 1.66' 1.66'
Mo - 0.530 0.530 0.531 0.532 Ta - 0.691 0.576
K4 - 0.914 0.914 0.918 0.920 K4 - 0.890 0.900
by tn - 0.032 0.032 0.026 0.019 both - 0.052 0.036
[ W/(m?K) 8.104 8.104 8.043 8.018 cy W/(m?K) 10.328 8.736
cy W/(m?K?) 0.023 0.023 0.025 0.029 Cyr W/(m?K?) 0.087 0.054
c3 J/(m’K) 1.7195 1.7195 1.7236 1.7175 Car J/(m’K) 2.3625 1.9660
Cy - 0.268 0.268 0.286 0.303 Cyr - 0.374 0.296
cs J/(m?K) 37838 37838 37794 37925 Cabs J/(m?K) 4550 6500
cq J/(m?K) 19900 18400
Ce s/m 0.031 0.031 0.031 0.031 Ce! s/m 0.028 0.027
Upyr W/(m?K) 31.15 46.69 31.18 46.08 Upyr W/(m?K) 35.90 64.40
bo el - 0.060 0.042 0.060 0.041 bg el - 0.077 0.045
Nel,ref - 0.1507" 0.1297 0.1507" 0.1497 Nelref - 0.1507" 0.1517
B %/K 0.440" 0.389 0.440" 0.386 B %/K 0.440! 0.367
a m¥W -0.00007341> -0.00012823 -0.00007341? -0.00008411 a m¥W -0.000073412 -0.00009461
b - -0.03588> -0.01188 -0.03588> -0.03388 b - -0.03588> -0.03588
c - -1.387? -1.413 -1.387% -1.367 c - -1.387? -1.371
Results of objective functions
MAE, w 13.82 13.82 13.83 13.84 12.74 12.86
MAE w 2.52 2.35 2.51 2.36 2.71 2.39
MAEg o1 w 16.34 16.17 16.34 16.20 15.45 15.25

Values were obtained from the data sheets of the manufacturer.
2yalues have been determined by a parameter fit of Eq. (19) in Microsoft Excel using measurement data according to standard IEC 61853-1 provided by the
manufacturer.
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1 n
NRMSE, = RMSEel/[— D (Pel,meas-m)]
n-AL S (30)
Instead of the MAEs, the RMSEs can also be used as objective
functions for the parameter identification procedure.

4.3. Parameter identification with different settings

As reference for the following investigations, the parameter identi-
fication procedure is performed for the two types of PVT collectors
using the following comparison:

e Two-node model with one thermal capacity vs. two node model with
two thermal capacities

e Two-step approach with separated parameter identification proce-
dure vs. one-step approach with simultaneous parameter identifi-
cation procedure of thermal and electrical parameters (only for two-
node model with one thermal capacity as the model with two
thermal capacities requires simultaneous parameter identification of
thermal and electrical parameters due to the equality of cell and
absorber temperature which is calculated within the thermal per-
formance model)

Solar Energy 193 (2019) 51-64

and by .

In all cases, MAEs are used as objective functions and GPS-HJ as
optimization algorithm.

The results of the parameter identification are summarized in
Table 2 for PVT A and in Table 3 for PVT B. Depending on the used
model and parameter identification approach, the MAEy, is between
12.74 W and 13.84 W for PVT A and between 9.34 W and 10.51 W for
PVT B. The MAE, reaches values between 2.35 W and 2.71 W for PVT A
and between 2.27 W and 3.88 W for PVT B. In the following sections,
the described approaches are compared to derive recommendations for
the identification approach of the model parameters.

4.3.1. One thermal capacity vs. two thermal capacities

For PVT A, the two-node model with two thermal capacities yields a
reduction of MAEy, between 6% and 8% compared to the model with
one thermal capacity. In contrast, MAE, increases by the model with
two thermal capacities. For parameter identification with two electrical
parameters, the increase of MAE,, is approximately 8%, for the identi-
fication of all electrical parameters MAE,, increases between 1% and
2%. Regarding the overall result (MAEy, . o)), the improvement is in the
range of 5% and 6%.

o Electrical data sheet values vs. fit of all electrical parameters: data
sheet values of the manufacturer for 7, ., and §; a, b and ¢ calcu- For PVT B, in contrast, the use of two thermal capacities does not
lated with measurement data according IEC 61853-1 (if appropriate improve the model accuracy but increases the overall mean average
data available, else data from literature was used) or fit of the error. For the parameter identification with electrical data sheet values,
electrical parameters 7, ¢, 8, @, b and ¢ in addition to Upyr/Upyy the model with two thermal capacities increases the MAEy, by 13%,
' while the MAE, increases by approximately 6% compared to the results
Table 3
Results of the parameter identification for PVT B.
PVT B - covered
Two-node model w/ one thermal capacity Two-node model w/ two thermal capacities
Parameter Unit Two-step approach One-step approach Parameter Unit One-step approach
electrical fit of electrical fit of electrical fit of
data sheet electrical data sheet electrical data sheet electrical
values parameters values parameters values parameters
Apyr m? 1.79! 1.79! 1.79! 1.79! Apyr m? 1.79! 1.79!
Mo - 0.595 0.595 0.592 0.595 Ta - 0.930 0.745
Ky - 0.903 0.903 0.904 0.905 Ky - 0.848 0.900
bo,tn - 0.087 0.087 0.092 0.085 bo,tn - 0.132 0.074
c W/(m?K) 6.032 6.032 6.022 6.023 cyt W/(m?K) 6.767 6.291
c; W/(m?K?) 0.035 0.035 0.035 0.034 cyr W/(m*K?) 0.070 0.048
C3 J/(m’K) 0.0008 0.0008 0.0004 0.0140 c3r J/(m*K) 0.0765 0.0000
Cy - 0.203 0.203 0.190 0.213 Cyr - 0.805 0.440
cs J/(meK) 16912 16912 16875 17031 Cabs J/(m2K) 1575 2200
cq J/(m?K) 7100 7250
Co s/m 0.006 0.006 0.006 0.006 Co! s/m 0.000 0.018
Upyr W/(m?K) 15.11 31.10 15.10 33.10 Upyr! W/(m?K) 16.03 37.10
byl . 0.238 0.102 0.238 0.130 byl . 0.261 0.172
Nelref - 0.1406' 0.1376 0.1406' 0.1376 Nelref - 0.1406' 0.1376
B %/K 0.370' 0.471 0.370! 0.474 B %/K 0.370' 0.483
a m*/W -0.00001090? 0.00008287 -0.00001090? 0.00004785 a m*/W -0.00001090> -0.00000600
b - -0.04700% -0.04900 -0.04700% -0.04900 b - -0.04700* -0.05100
c - -1.400? -1.300 -1.400? -1.332 c - -1.400? -1.396
Results of objective functions
MAE, 4 9.34 9.34 9.34 9.34 10.51 9.34
MAE, w 3.64 2.27 3.64 2.28 3.88 2.37
MAE+e1 w 12.98 11.61 12.98 11.62 14.39 11.71

Values were obtained from the data sheets of the manufacturer.
2Values have been taken from Lammle et al. (2017) as assumption.
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with use of the model with one thermal capacity. The overall model
error (MAEy, . ¢) increases by approximately 11%. Regarding the fit
with all electrical parameters, the MAEy, is nearly equal, while the in-
crease of MAE,, is around 4%. The overall results show an increase of
MAEy, ;o1 by approximately 1%.

To sum up, both models, with one or two thermal capacities achieve
a good agreement between simulation and test. Using two thermal ca-
pacities instead of one does not achieve a consistent improvement of the
model accuracy. On the contrary, the use of the standardized model
with one thermal capacity from ISO 9806 leads to a better compar-
ability with solar thermal collectors and an easier interpretation of the
model parameter. As a consequence, the two-node model with one
thermal capacity is recommended as standard model for PVT collectors.

4.3.2. Two-step vs. one-step approach

The results of the separated (two-step approach) and combined fit
(one-step approach) achieve a similar model accuracy as the difference
in the MAEs is negligible for both PVT A and PVT B. The deviations in
the results are below 1% and there is no obvious trend regarding the
effects of the combined fit on the overall result. As a consequence, it can
be stated that the results of the combined fit are nearly the same as
those of the separated approach and due to lower effort and time de-
mand the combined fit (one-step approach) is preferable. This result
was also expected as the thermal model results are used as input for the
electrical modeling without feedback on the thermal modeling.

4.3.3. Electrical data sheet values vs. fit of electrical parameters

For both PVT collectors, the parameter identification of all electrical
parameters leads to an improvement in the model accuracy regarding
MAE,. The reduction of MAE,, for PVT A is between 6% and 12%. For
PVT B, the improvement of MAE,, is even between 37% and 39%. At
this, it should be pointed out that the electrical parameters a, b and c for
PVT B were taken from Limmle et al. (2017) as assumption due to the
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lack of available measurements from the manufacturer. This explains
the strong improvements of the electrical results for PVT B by fitting all
electrical parameters. In contrast, for PVT A these parameters were
calculated based on measurements according to IEC 61853-1 provided
by the manufacturer. Regarding both types of PVT collectors and the
two-node model with one thermal capacity, the MAEy, is nearly equal
for both electrical fit variations. In contrast, in case of the model with
two thermal capacities the MAEy, can be reduced by approximately
11% for PVT B but increases by around 1% for PVT A. Due to the im-
provement of the electrical model accuracy, the parameter identifica-
tion of all electrical parameters leads to a reduction of the overall model
error MAEy, , ¢ in all considered variations.

As a consequence, the fit of all electrical parameters is preferable
over the parameterization with data sheet values or standard values
from literature. Furthermore, this leads to the advantage that the
parameterization is independent from the availability of manufacturer
data which is often not provided with the required details.

4.4. Model validation and summary

Based on the results of Section 4.3, the use of the following per-
formance model and corresponding parameter identification procedure
is recommended:

o two-node model with one thermal capacity

® one-step approach with combined thermal and electrical parameter
identification procedure and MAEs as objective functions

o fit of the electrical parameters 7, ., 8, a, b and c in addition to Upyr
and by .

For the validation of the TRNSYS model and the parameter identi-
fication procedure, the PVT collectors are simulated with measurement
data sets different to the data used for the parameter identification and
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Fig. 8. Model validation — Mostly clear sky (Day type 1).
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the simulation results are compared with the measured values.

The dynamic behavior of the thermal and electrical power output of
the PVT collectors as well as the main solar irradiance data are shown
in Fig. 8 for sequence 1 (mostly clear sky, day type 1), in Fig. 9 for
sequence 2 (partly cloudy, day type 2) and in Fig. 10 for sequence 3
(mean operating temperature conditions including clear sky, day type
3b). A summary of the results including the ratio of the difference be-
tween the simulated and measured thermal (AQy,) or electrical (AW,)
energy generation related to the measured thermal (Qg mess) OF elec-
trical (W meas) €nergy is given in Table 4.

In case of day type 1, the simulated dynamic behavior shows a good
agreement to the measured values of the thermal and electrical power
output of the PVT collectors, which is also expressed in a small nRMSE,
of 1.95% for PVT A and 1.17% for PVT B. The nRMSE, amounts to
0.90% for PVT A and 1.94% for PVT B. The modeled energy production
over the period is also in a good accuracy with a AQu/Qth, meas-ratio of
—0.24% for PVT A and —0.55% for PVT B and a AW,/ Wy meas-ratio of
—0.64% for PVT A and +0.31% for PVT B.

For day type 2 with more dynamic behavior of the solar radiation,
the differences between the measured and modelled results are higher
with a nRMSEy, of 9.10% for PVT A and 3.55% for PVT B as well as a
nRMSE, of 5.34% for PVT A and 3.85% for PVT B. The high value for
nRMSEy, of PVT A for this day with considerable dynamic solar ra-
diation may be a result of the significantly higher thermal capacity in
comparison to PVT B. In case of PVT B, the result is negatively affected
by malfunctions of the MPP tracking at 12:15 PM and 13:10 PM which
leads to an increase of nRMSE, and nRMSEy,. However, the modeled
energy production over the period is still in a good accuracy with a
AQun/ Qi meas-ratio of +2.24% for PVT A and —0.06% for PVT B and a
AW,/ Wl meas-ratio of +1.32% for PVT A and +2.10% for PVT B.

For day type 3b, the behavior shows a good agreement to the
measurements, except the thermal behavior of PVT A with a high

PVT A - WISC: Solar Irradiance
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nRMSEy, of 18.57%. This large relative deviation may be a result of the
increasing measurement uncertainty due to the low thermal power
output of the WISC and high wind speeds in the collector plane during
the measurements. The nRMSEy, of 1.32% for PVT B shows a better
agreement. The nRMSE,, of 0.66% for PVT A and 0.52% for PVT B show
a high model accuracy. Despite the high nRMSEy,, the modeled energy
production over the period achieves a good accuracy with a
AQm/Qth,meas-ratio of +2.37% for PVT A and —1.04% for PVT B and a
AW/ Wil meas-ratio of +0.22% for PVT A and —0.78% for PVT B.

In general, the electrical results show a better fit of the dynamic
behavior than the thermal results, which is expressed in smaller values
of nRMSE,,. Due to its lower thermal capacity, PVT B achieves a more
accurate description of the dynamic behavior than PVT A. This em-
phasizes the importance of an accurate fit of the thermal capacity of
PVT collectors. Nevertheless, the results show a very good agreement of
the modeled energy production in all investigated cases and the pro-
posed performance model can be considered validated. As summary,
the whole procedure for the PVT model parameter identification with
TRNSYS and GenOpt and the model validation is summarized in Fig. 11.

5. Conclusions and outlook

This paper presented the model description and validation of an
electrical and thermal PVT collector performance model and its im-
plementation in TRNSYS. Two modeling approaches with one or two
thermal capacities were compared for two types of PVT collectors.
Furthermore, different settings for the parameter identification proce-
dure were analyzed.

In conclusion, the two-node model with nodes of PVT cell tem-
perature and mean fluid temperature, with one effective thermal ca-
pacity is proposed as new standard PVT performance collector model,
especially due to its compliance with ISO 9806. Regarding the
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Fig. 9. Model validation — Partly cloudy (Day type 2).
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Fig. 10. Model validation — Mean operating temperature, clear sky (Day type 3b).
Table 4
Results of the validation.
Parameter Unit PVT A - WISC PVT B - covered
Day type Day type 1 Day type 2 Day type 3b Day type 1 Day type 2 Day type 3b
Date 16.08.2018 14.08.2018 19.08.2018 16.08.2018 04.09.2018 08.10.2018
Time period 11:00-17:56 10:15-18:21 11:15-16:59 11:00-17:50 11:01-17:39 10:40-17:04
MAEw w 7.29 20.04 15.03 6.51 15.07 6.32
nMAEw, - 1.34% 6.62% 8.08% 0.82% 2.47% 1.14%
RMSEw w 10.57 27.56 34.55 9.25 21.68 7.35
nRMSE - 1.95% 9.10% 18.57% 1.17% 3.55% 1.32%
Qth,sim kWh 3.753 2.514 1.095 5.379 4.042 3.532
Qth, meas kWh 3.762 2.459 1.069 5.409 4.044 3.570
AQun/Qth, meas - —0.24% +2.24% +2.37% —0.55% —0.06% —~1.04%
MAE w 1.52 3.88 0.87 2.96 4.16 2.38
nMAE| - 0.82% 3.43% 0.45% 1.71% 3.15% 1.45%
RMSEg w 1.68 6.03 1.29 3.36 5.09 2.90
NnRMSEg| - 0.90% 5.34% 0.66% 1.94% 3.85% 0.52%
Wel,sim kWh 1.283 0.928 1.118 1.184 0.893 1.044
Wel,meas kWh 1.292 0.916 1.115 1.180 0.875 1.052
AWe1/ Wel,meas - —0.64% +1.32% +0.22% +0.31% +2.10% —0.78%

parameter identification, a one-step approach with combined simulta-
neous fit of thermal and electrical parameters was identified as the most
suitable method. Moreover, it is recommended to use mean average
errors as objective functions and the Hooke-Jeeves optimization algo-
rithm in GenOpt. In addition, the results showed that data sheet values
of manufacturers can be used to parameterize the electrical perfor-
mance model, except for the new model parameters of the internal heat
transfer coefficient Upyr and the electrical incidence angel modifier
constant bg . Due to the lack of availability of manufacturer data for
some of the electrical parameters and as consequence of higher accu-
racy of the electrical model, a fit of all electrical model parameters is
nevertheless preferable.
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Using the identified PVT collector model parameters of the proposed
parameter identification procedure with TRNSYS and GenOpt, the
normalized root mean square errors of the model for the thermal part
nRMSEy, are between 1.95% and 18.57% for PVT A and between 1.17%
and 3.55% for PVT B, depending on the day type. For the electrical part,
the nRMSE, is between 0.66% and 5.34% for PVT A and between
0.52% and 3.85% for PVT B, also depending on the day type. Regarding
the results, the electrical model shows a better fit of the dynamic be-
havior than the thermal model, which is expressed in smaller values of
nRMSE,. Furthermore, it can be observed that in case of high thermal
capacities (PVT A) the thermal results show a more inaccurate fit of the
dynamic behavior. This emphasizes the importance of an accurate
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Evaluate test data;
four day types;

cost functions), e.g.

21,
Assign measured data files;

if needed

3. Preparing parameter identification
Select cost function (MAE, RMSE)

4. Parameter identification
Start TRNOPT interface;
parameter variables (start,
optimization method

max, min,

6.

sequences

1. Preparing test data for parameter identification
Select usable test sequences;
Indicate which time steps should be used for the analysis
for filtering start-up sequences

Preparing TRNSYS for parameter identification
Set general simulation parameters
special functions like calculating long-wave radiation via effective sky / view temperature

for parameter identification and save TRNSYS input file

Select TRNSYS input file;
step value) ;
5. Run parameter identification with GenOpt
Select thermal and electrical parameter sets with minimized cost function

7. Evaluate results with identified PVT parameters by simulation of validation

Build a combined test sequence with all
(calculation of

(e.g. simulation time); Choose

Select and specify thermal and electrical
Select combined cost function and

Fig. 11. Procedure for PVT model parameter identification with TRNSYS and GenOpt.

determination of the thermal capacity of PVT collectors.

Nevertheless, the results show a very good agreement of the mod-
eled energy production in all investigated cases. This is expressed in low
differences for the simulated and measured energy related to the
measured values for the validation sequences that are between —1.04%
and +2.37% for the thermal, and —0.78% and +2.10% for the elec-
trical energy output. As a conclusion, the presented study pointed out
that the presented PVT model and its TRNSYS implementation in Type
835 in combination with Type 832, as well as the proposed parameter
identification procedure, are suitable for modeling the electrical and
thermal performance of PVT collectors and that the model could be
used as standardized PVT model for PVT collectors in the future.

In future work, the presented model will be used for system simu-
lations and the comparison of the integration of different PVT collector
types in solar and heat pump systems. Further improvements on the
model itself should focus on the behavior in low temperature or night-
time operation and the effect of frosting and condensation gains on the
thermal behavior.
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