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Photovoltaic-thermal (PVT) collectors are hybrid solutions for the conversion of solar energy into electrical and
thermal energy. The development of validated and standardized PVT collector models is important for the
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
proposed as standardized performance model for PVT collectors.

1. Introduction
Photovoltaic-thermal (PVT) collectors are hybrid solutions converting solar energy in both electrical and thermal energy. The main
objective of PVT collectors is to use the large part of unused solar energy in conventional photovoltaic (PV) modules for thermal applications 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). Moreover, 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 increases 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 optimized 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 development of validated and standardized PVT collector models is an important task to allow for a transparent comparison of products, informed 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

nMAEth

Abbreviations

nRMSEel

GPS
HJ
IAM
IEA
ISO
MPP
PR
PV
PVT
SHC
STC
WISC

nRMSEth

generalized pattern search
Hooke-Jeeves
incidence angle modiﬁer
International Energy Agency
International Organization for Standardization
maximum power point
performance ratio
photovoltaic
photovoltaic-thermal
solar heating and cooling
standard test conditions
wind and/or infrared sensitive collectors

pabs
Pel
pel
PR
Qth
Q̇th
q̇absfl

q̇loss
q̇rad
q̇th
RH
RMSEel
RMSEth
T
t
U
UPVT

Symbols

A
a

b0
b

c
c1
c2

c3
c4

c5 ,ceff
c6
c7
c8
cabs

c fl
cp
EL
G
Gb
Gd
I
Kb
Kd
ṁ
MAEel
MAEth
MAEth + el
nMAEel

gross area, m2
model parameter a for irradiance dependence of PV eﬃciency calculation, m2 W−1
constant for incident angle modiﬁer IAM, –
model parameter b for irradiance dependence of PV eﬃciency calculation, –
model parameter c for irradiance dependence of PV eﬃciency calculation, –
heat loss coeﬃcient, W m−2 K−1
temperature dependence of the heat loss coeﬃcient, W
m−2 K−2
wind speed dependence of the heat loss coeﬃcient, J m−3
K
sky temperature dependence of long wave radiation exchange,
eﬀective thermal capacity, J m−2 K−1
wind speed dependence of the zero loss eﬃciency (or
transmittance-absorptance product in case of c 6' ), s m−1
wind speed dependence of long wave radiation exchange,
W m−2 K−4
radiation losses, W m−2 K−4
eﬀective thermal capacity of the absorber node, J m−2
K−1
thermal heat capacity of the ﬂuid node, J m−2 K−1
speciﬁc thermal capacity, kJ kg−1 K−1
long wave irradiance, W m−2
global solar irradiance, W m−2
beam solar irradiance, W m−2
diﬀuse solar irradiance, W m−2
current, A
IAM for beam solar irradiance, –
IAM for diﬀuse solar irradiance, –
mass ﬂow rate of heat transfer ﬂuid, kg h−1
mean absolute error of the electrical power output, W
mean absolute error of the thermal power output, W
sum of mean absolute error of the thermal and electrical
power output, W
normalized mean absolute error of the electrical power
output, –

u
Wel
β
η0
ηel
θ
σ
τα

normalized mean absolute error of the thermal power
output, –
normalized root mean square error of the electrical power
output, –
normalized root mean square error of the thermal power
output, –
absolute pressure of the ambient air, Pa
electrical power output, W
speciﬁc electrical power output, W m−2
performance ratio, –
thermal energy output, kWh
thermal power output, W
speciﬁc heat ﬂow from the absorber to the ﬂuid node, W
m−2
speciﬁc thermal losses (or gains) due to heat conduction
and convection with the ambient air, W m−2
speciﬁc radiative energy gains, W m−2
speciﬁc thermal power output, W m−2
relative humidity, %
root mean square error of the electrical power output, W
root mean square error of the thermal power output, W
temperature, °C
time, h
voltage, V
internal heat transfer coeﬃcient from PV cell to ﬂuid, W
m−2 K−1
wind speed, m s−1
electrical energy output of PVT collector, kWh
power temperature coeﬃcient of the PV cells, % K−1
zero loss collector eﬃciency, –
overall electrical eﬃciency, –
incidence angle of beam radiation, °
Stefan-Boltzmann constant, W m−2 K−4
transmittance-absorptance product, –

Subscripts
a
abs
cell
el
ﬂ
G
in
m
meas
out
PVT
ref
sim
T
th
tot

ambient
absorber
cell
electrical
ﬂuid
global solar irradiance
inlet
mean
measurement
outlet
photovoltaic-thermal
reference (usually STC) conditions
simulation
temperature
thermal
total, overall

Superscripts
′

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

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

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 certiﬁcation of PVT collectors is also possible with application of speciﬁc
rules for PVT collectors as described in Annex P5.1 of the Solar
52
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approaches, which diﬀer by the number of thermal capacities, are
compared, followed by a description of the electrical performance
model.

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 Zenhäusern et al. (2015) developed
an empirical performance model based on the measurement of the
equivalent cell temperature during standardized steady-state performance tests and correlating the equivalent cell temperature with operating conditions. Helmers and Kramer (2013) extended the quasidynamic 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 development 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, validation 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. Afterwards, in Section 4 the procedure and results of the parameter identiﬁcation 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.

2.2. Thermal performance model
2.2.1. Two-node model with one thermal capacity
The basic thermal model as two-node thermal model with one effective thermal heat capacity ceff and with consideration of the temperature node Tm (mean ﬂuid temperature) can be described by the
following diﬀerential equation, which is an expression of the energy
balance of the temperature node Tm in Fig. 3a:

̇ − qloss
̇ − qth
̇
ceff ·dTm/dt = qrad

(1)

where q̇rad are the speciﬁc radiative energy gains (radiative energy
balance), q̇loss the speciﬁc thermal losses (or gains) due to heat conduction and convection with the ambient air and q̇th 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 insulation) are lumped together in the eﬀective thermal heat capacity ceff
and it is assumed that the temperature of this node is represented by the
ﬂuid temperature (Fischer and Müller-Steinhagen, 2009). The thermal
power output (useful energy gain) can be deﬁned with the mass ﬂow ṁ ,
the speciﬁc thermal capacity cp and the outlet Tout and inlet temperature
Tin of the heat transfer ﬂuid relative to the gross collector area APVT to:

̇ = ṁ ·cp·(Tout − Tin )/ APVT
qth

(2)

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:

̇ = η0 ·(Kb·G b + K d·Gd ) + c4·(EL − σ·Ta 4 ) − c6·u·G
qrad

(3)

where η0 the zero loss collector eﬃciency, Kb the incidence angle
modiﬁer (IAM) for beam radiation G b , K d the IAM for diﬀuse radiation
Gd , c4 the sky temperature dependence of long wave radiation exchange,
EL the long wave irradiance, σ the Stefan-Boltzmann constant, c6 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:

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 twonode model approach with internal heat transfer coeﬃcient UPVT (see
Fig. 1). The numerical description is based on the work of Lämmle et al.
(2017) and Jonas et al. (2018). The PV performance model is implemented 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
Tcell is calculated via an equivalent thermal network with the internal
heat transfer coeﬃcient UPVT , which connects the PVT cell temperature
to the mean ﬂuid temperature Tm of the PVT collector (see Fig. 2). The
constant parameter UPVT is characterized by parameter identiﬁcation
during quasi-dynamic or steady-state performance measurements according to ISO 9806. Alternatively, UPVT can be obtained numerically
from the collector eﬃciency factor F′, by dark-measurements with
surface temperature measurements, or via ﬁnite element methods
(Lämmle, 2018).
In the following, the thermal performance model of both solar
thermal and PVT collectors bases on this two-node model. Two

̇ = c1·(Tm − Ta ) + c2·(Tm − Ta )2 + c3·u·(Tm − Ta )
qloss

(4)

where c1 is the heat loss coeﬃcient, c2 the temperature dependence of
the heat loss coeﬃcient and c3 the wind speed dependence of the heat
loss coeﬃcient.
With Eqs. (3) and (4) and the use of coeﬃcient c5 = ceff , Eq. (1) can
be transformed to the thermal performance model of the quasi-dynamic
collector model from ISO 9806:2013 (ISO 9806, 2013):

Fig. 1. Coupled PVT model with electrical and thermal performance model.
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electrical power output pel (cf. Fig. 3a). The electrical model is described 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 considers the thermal capacitances for each separate node of the mean ﬂuid
temperature Tm and the mean absorber temperature Tabs . For solar
thermal collectors, it is known as ‘two-node model’ (Fischer and MüllerSteinhagen, 2009; Theis et al., 2009). Within the thermal two-node
model approach, the ﬁrst energy balance is considered at the Tabs temperature node and the energy balance of the temperature node Tabs can
be expressed with the following diﬀerential equation:

Fig. 2. Equivalent thermal network of the two-node model between temperature nodes Tm andTcell interlinked by UPVT .

̇
qth
= η0 ·(Kb·G b + K d·Gd ) − c1·(Tm − Ta ) − c2·(Tm − Ta )2 − c3
·u·(Tm − Ta ) + c4·(EL − σ·Ta 4 ) − c5·dTm/dt − c6·u·G

(5)

with

̇ − qloss
̇ − qabsfl
̇
cabs·dTabs/dt = qrad

Kb = 1 − b0,th ·[1/cos(θ) − 1]

(6)

(7)

where cabs is the thermal heat capacity of the absorber and q̇absfl 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:

where b0,th is the constant for the thermal incidence angle modiﬁer and
θ 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 c7 as well as the
radiation losses c8 and the reduced wind speed u' = u − 3m/s should be
used for the modeling. The ISO 9806:2017 model is currently not implemented 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 contribution, it was decided to use the ISO 9806:2013 model without reduced 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 coefﬁcients for the thermal power output calculation of PVT collectors
should be determined in MPP mode (Lämmle et al., 2017). The PVT cell
temperature Tcell is then calculated as second thermal node without
capacitance via the equivalent thermal network with the internal heat
transfer coeﬃcient UPVT which connects the PVT cell temperature with
the mean ﬂuid temperature Tm of the PVT collector. In the following,
this approach is called ‘Two-node model with one thermal capacity’.
The PVT cell temperature Tcell is then used for the calculation of the cell
temperature dependence of the electrical eﬃciency and the speciﬁc

̇ = (τα )·(Kb·G b + K d·Gd ) + c 4'·(EL − σ·Ta 4 ) − c 6'·u·G
qrad

(8)

where (τα ) is the transmittance-absorptance product, c 4' the sky temperature dependence of long wave radiation exchange and c 6' 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:

̇ = c1'·(Tabs − Ta ) + c 2'·(Tabs − Ta )2 + c 3'·u·(Tabs − Ta )
qloss

(9)

where c1' is the heat loss coeﬃcient, c 2' the temperature dependence of
the heat loss coeﬃcient and c 3' 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 temperature instead of the mean ﬂuid temperature.
With Eqs. (8) and (9), Eq. (7) can be transformed to:

̇
qabsfl
= (τα )·(Kb·G b + K d·Gd ) − c1'·(Tabs − Ta ) − c 2'·(Tabs − Ta )2 − c 3'
·u·(Tabs − Ta ) + c 4'·(EL − σ·Ta 4 ) − cabs·dTabs/dt − c 6'·u·G

(10)

A second energy balance is given at the temperature node Tm with:

a) Two-node model with one thermal capacity
(thermal ISO 9806 model)

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.
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̇
̇
c fl·dTm/dt = qabsfl
− qth

(11)

2.3.3. Loss eﬀects of irradiance
The instantaneous performance ratio due to irradiance losses PRG is
calculated with (Heydenreich et al., 2008):

where c fl 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 PVT' ,
which connects the mean absorber temperature with the mean ﬂuid
temperature, to:

̇
qabsfl
= U PVT'·(Tabs − Tm )

PRG = a·G + b·ln(G + 1) + c·[(ln(G + e))2 /(G + 1) − 1]
2

(19)

−1

with the model parameters a in m W , b and c dimensionless, the
global irradiance G in W m−2 and the Euler’s number e .

(12)

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

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):

̇ = U PVT'·(Tabs − Tm ) − c fl·dTm/dt
qth

PRT = 1 − β ·(Tcell − Tref )

(13)

TRNSYS Type 832 (Haller et al., 2014) also implements this twonode model with two thermal capacities. Within this modeling approach, 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 pel (described in Section 2.3), the PVT cell
temperature Tcell in this approach is set equal to the calculated mean
absorber temperature Tabs of the PVT collector (cf. Fig. 3b).

where β is the power temperature coeﬃcient of the PV cells, Tcell the
temperature of the PV cells and Tref 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 temperature diﬀers between the two proposed thermal performance
models: The two-node model with one thermal capacity calculates Tcell
with a simple equivalent thermal network with an internal heat transfer
coeﬃcient UPVT which connects the PVT cell temperature Tcell with the
mean ﬂuid temperature Tm of the PVT collector:

2.3. Electrical model

̇ / UPVT
Tcell = Tm + qth

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 UPVT 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).

(14)

The electrical power output of the PVT collector Pel is given by:

Pel = ηel,ref ·PRtot ·G·APVT

(15)

and the speciﬁc electrical power output by:

pel = ηel,ref ·PRtot ·G

(16)

where ηel,ref is the electrical eﬃciency at reference conditions (usually
STC conditions), PRtot is the overall instantaneous performance ratio, G
the global radiation on PVT plane and APVT the gross PVT collector
area.
The overall instantaneous performance ratio is calculated with:
(17)

PRtot = PRIAM·PRG ·PRT

3. Experimental measurements and test sequences

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

The experimental measurements were realized on an outdoor test
bench in Saarbrücken, 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:

• loss eﬀects of incidence angle PR
• loss eﬀects of irradiance PR
• PV cell temperature dependence of electrical eﬃciency PR .
IAM

G

T

• PVT A – uncovered PVT collector with rear collector cover and

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

PRIAM = 1 − b0,el ·[1/cos(θ) − 1]

(21)

where q̇th is the speciﬁc thermal power output of the PVT collector
relative to the gross collector area, and Tm the mean ﬂuid temperature
as average of inlet and outlet temperature Tin and Tout . In the two-node
model with two thermal capacities, the cell temperature is set equal to
the mean absorber temperature Tcell = Tabs .
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 b0,el
can be either identiﬁed by a parameter identiﬁcation process with
measurements or set equal to the thermal IAM b0,th . The electrical
parameters ηel,ref and β can be obtained from the datasheets of the PV
modules. The irradiance-dependent parameters a , b and c are usually
determined by a parameter identiﬁcation of Eq. (19) based on performance measurements according to standard IEC 61853-1 (2011). Since
measurement data regarding this standard is rarely provided by manufacturers, literature data, e.g. from Lämmle 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.

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

ηel = ηel,ref ·PRtot

(20)

•

(18)

where b0,el is the constant for electrical IAM and θ the incidence angle of
beam radiation.
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thermal insulation material on the back of the PVT absorber, also
classiﬁed as wind and/or infrared sensitive collector (WISC).
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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4. Parameter identiﬁcation and model validation
4.1. Parameter identiﬁcation procedure with TRNSYS and GenOpt
Identiﬁcation of model parameters by comparing and adjusting simulated results to measured data is a well-known procedure for different 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 regression (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 objective 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 algorithm, stochastic) or Hooke-Jeeves algorithm (GPS-HJ, generalized
pattern search method, deterministic). Using these optimization algorithms, 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:

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 measured continuously. A systematic scheme of the measurement set-up
including the main measured values used for the performance characterization 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 characterization:
type 1: η -conditions, mostly clear sky conditions
• Day
• Day type 2: elevated operating temperature or η -conditions, partly
cloudy conditions including broken cloud and clear sky conditions
• Day type 3: mean operating temperature conditions including clear
sky conditions
• Day type 4: high operating temperature conditions including clear
0

0

• Separated ﬁt: two-step approach with separated thermal and electrical parameter identiﬁcation procedure
• Combined ﬁt: one-step approach with combined thermal and elec-

sky conditions.

trical parameter identiﬁcation procedure.

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 Tm − Ta 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 collectors, 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 < 100 W/m2; q̇th , pel < 0 W/m2; pel , Gd > G; Tm < (Ta − 3K) ) considering 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 addition, it is necessary to remove data points manually, e.g. malfunctions
of the MPP tracker, and exclude these data generously from the calculation of the objective function to ensure that the eﬀects of the failure
were balanced out again.

The two-step approach with separated thermal and electrical parameter 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 (EL , G , Gd , θ ,
Ta , RHa , pabs , u , ṁ , Tin ) are then used to simulate the thermal and
electrical outputs of the TRNSYS model, especially the thermal Q̇th,sim
and the electrical Pel,sim power output of the PVT collector. Subsequently, the calculated thermal outputs are compared via the absolute
error and ﬁltered according to the constraints described in Section 3.

Fig. 5. Measurement scheme of the outdoor test.
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4.2. Deﬁnition of objective function

Table 1
Performed measurements over the operating temperature range of the PVT
collectors.
Day type

1

2

3a

3b

4a

4b

Tm − Ta
PVT A
PVT B

0K
X
X

0 K or higher
X
X

10 K
X
X

15 K
X
X

20 K
X
X

30 K

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:

X

MAEth =
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 (η0 , K d , b0,th ,
c1-c6 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 UPVT and b0,el . 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 UPVT , b0,el , ηel,ref , β , a , b and c was also integrated in the twostep and one-step approach (see Section 4.3.3).

MAEel =

n

1
n·Δt

∑ (|Q̇th,sim − Q̇th,meas|·Δt )

1
n·Δt

∑ (|Pel,sim − Pel,meas|·Δt )

i=1

(22)

n

(23)

i=1

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:

MAEth + el =

1
n·Δt

n

∑ (|Q̇th,sim − Q̇th,meas|·Δt + |Pel,sim − Pel,meas|·Δt )
i=1

(24)
For further analysis of the model accuracy, the normalized mean
absolute errors (nMAEs), the root mean square errors (RMSEs) and the
normalized root mean square errors (nRMSEs) are deﬁned as:

⎡ 1
nMAEth = MAEth / ⎢
n·Δt
⎣

n

∑ (Q̇th,meas·Δt ) ⎤⎥
i=1

⎦

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.

⎡ 1
nMAEel = MAEel / ⎢
n·Δt
⎣

n

n

∑ (Pel,meas·Δt ) ⎤⎥
i=1

⎦

RMSEel =

(26)

n

RMSEth =

(27)

(28)

n·Δt

⎡ 1
nRMSEth = RMSEth / ⎢
n·Δt
⎣

∑i = 1 [(Q̇th,sim − Q̇th,meas )2 ·Δt ]
n·Δt

∑i = 1 [(Pel,sim − Pel,meas )2 ·Δt ]

n

∑ (Q̇th,meas·Δt ) ⎤⎥
i=1

⎦

(29)

Table 2
Results of the parameter identiﬁcation for PVT A.

1

Values were obtained from the data sheets of the manufacturer.
Values 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.
2
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⎡ 1
nRMSEel = RMSEel / ⎢
n·Δt
⎣

n

∑ (Pel,meas·Δt ) ⎤⎥
i=1

⎦

and b0,el .
(30)

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 MAEth 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 MAEel 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.

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 identiﬁcation procedure is performed for the two types of PVT collectors
using the following comparison:

• Two-node model with one thermal capacity vs. two node model with
two thermal capacities
• Two-step approach with separated parameter identiﬁcation proce-

•

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 MAEth between 6% and 8% compared to the model with
one thermal capacity. In contrast, MAEel increases by the model with
two thermal capacities. For parameter identiﬁcation with two electrical
parameters, the increase of MAEel is approximately 8%, for the identiﬁcation of all electrical parameters MAEel increases between 1% and
2%. Regarding the overall result (MAEth+el), the improvement is in the
range of 5% and 6%.
For PVT B, in contrast, the use of two thermal capacities does not
improve the model accuracy but increases the overall mean average
error. For the parameter identiﬁcation with electrical data sheet values,
the model with two thermal capacities increases the MAEth by 13%,
while the MAEel increases by approximately 6% compared to the results

dure vs. one-step approach with simultaneous parameter identiﬁcation procedure of thermal and electrical parameters (only for twonode 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 performance model)
Electrical data sheet values vs. ﬁt of all electrical parameters: data
sheet values of the manufacturer for ηel,ref and β ; a , b and c calculated with measurement data according IEC 61853-1 (if appropriate
data available, else data from literature was used) or ﬁt of the
electrical parameters ηel,ref , β , a , b and c in addition to UPVT /U PVT'

Table 3
Results of the parameter identiﬁcation for PVT B.

1
2

Values were obtained from the data sheets of the manufacturer.
Values have been taken from Lämmle et al. (2017) as assumption.
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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 MAEth is nearly equal
for both electrical ﬁt variations. In contrast, in case of the model with
two thermal capacities the MAEth can be reduced by approximately
11% for PVT B but increases by around 1% for PVT A. Due to the improvement of the electrical model accuracy, the parameter identiﬁcation of all electrical parameters leads to a reduction of the overall model
error MAEth+el 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.

with use of the model with one thermal capacity. The overall model
error (MAEth+el) increases by approximately 11%. Regarding the ﬁt
with all electrical parameters, the MAEth is nearly equal, while the increase of MAEel is around 4%. The overall results show an increase of
MAEth+el 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 capacities 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 comparability 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 demand 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.

4.4. Model validation and summary
Based on the results of Section 4.3, the use of the following performance model and corresponding parameter identiﬁcation procedure
is recommended:

• two-node model with one thermal capacity
• one-step approach with combined thermal and electrical parameter
identiﬁcation procedure and MAEs as objective functions
• ﬁt of the electrical parameters η , β , a, b and c in addition to U

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
MAEel. The reduction of MAEel for PVT A is between 6% and 12%. For
PVT B, the improvement of MAEel 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 Lämmle et al. (2017) as assumption due to the

el,ref

PVT

and b0,el .

For the validation of the TRNSYS model and the parameter identiﬁcation procedure, the PVT collectors are simulated with measurement
data sets diﬀerent to the data used for the parameter identiﬁcation and

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 between the simulated and measured thermal (ΔQth ) or electrical (ΔWel )
energy generation related to the measured thermal (Qth,meas ) or electrical (Wel,meas ) energy 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 nRMSEth
of 1.95% for PVT A and 1.17% for PVT B. The nRMSEel 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 ΔQth/ Qth,meas -ratio of
−0.24% for PVT A and −0.55% for PVT B and a ΔWel/ Wel,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 nRMSEth of 9.10% for PVT A and 3.55% for PVT B as well as a
nRMSEel of 5.34% for PVT A and 3.85% for PVT B. The high value for
nRMSEth of PVT A for this day with considerable dynamic solar radiation 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 nRMSEel and nRMSEth . However, the modeled
energy production over the period is still in a good accuracy with a
ΔQth/ Qth,meas -ratio of +2.24% for PVT A and −0.06% for PVT B and a
ΔWel/ Wel,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

nRMSEth 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 nRMSEth of 1.32% for PVT B shows a better
agreement. The nRMSEel of 0.66% for PVT A and 0.52% for PVT B show
a high model accuracy. Despite the high nRMSEth , the modeled energy
production over the period achieves a good accuracy with a
ΔQth/ Qth,meas -ratio of +2.37% for PVT A and −1.04% for PVT B and a
ΔWel/ Wel,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 nRMSEel . Due to its lower thermal capacity, PVT B achieves a more
accurate description of the dynamic behavior than PVT A. This emphasizes 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 proposed 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 implementation 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 procedure were analyzed.
In conclusion, the two-node model with nodes of PVT cell temperature and mean ﬂuid temperature, with one eﬀective thermal capacity is proposed as new standard PVT performance collector model,
especially due to its compliance with ISO 9806. Regarding the

Fig. 9. Model validation – Partly cloudy (Day type 2).
61

Solar Energy 193 (2019) 51–64

D. Jonas, et al.

Fig. 10. Model validation – Mean operating temperature, clear sky (Day type 3b).
Table 4
Results of the validation.
Parameter
Day type
Date
Time period
MAEth
nMAEth
RMSEth
nRMSEth
Qth,sim
Qth,meas
ΔQth/ Qth,meas
MAEel
nMAEel
RMSEel
nRMSEel
Wel,sim
Wel,meas
ΔWel/ Wel,meas

Unit

PVT A – WISC

W
–
W
–
kWh
kWh
–
W
–
W
–
kWh
kWh
–

Day type 1
16.08.2018
11:00–17:56
7.29
1.34%
10.57
1.95%
3.753
3.762
−0.24%
1.52
0.82%
1.68
0.90%
1.283
1.292
−0.64%

PVT B – covered
Day type 2
14.08.2018
10:15–18:21
20.04
6.62%
27.56
9.10%
2.514
2.459
+2.24%
3.88
3.43%
6.03
5.34%
0.928
0.916
+1.32%

Day type 3b
19.08.2018
11:15–16:59
15.03
8.08%
34.55
18.57%
1.095
1.069
+2.37%
0.87
0.45%
1.29
0.66%
1.118
1.115
+0.22%

Day type 1
16.08.2018
11:00–17:50
6.51
0.82%
9.25
1.17%
5.379
5.409
−0.55%
2.96
1.71%
3.36
1.94%
1.184
1.180
+0.31%

Day type 2
04.09.2018
11:01–17:39
15.07
2.47%
21.68
3.55%
4.042
4.044
−0.06%
4.16
3.15%
5.09
3.85%
0.893
0.875
+2.10%

Day type 3b
08.10.2018
10:40–17:04
6.32
1.14%
7.35
1.32%
3.532
3.570
−1.04%
2.38
1.45%
2.90
0.52%
1.044
1.052
−0.78%

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
nRMSEth 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 nRMSEel 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 behavior than the thermal model, which is expressed in smaller values of
nRMSEel . 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

parameter identiﬁcation, a one-step approach with combined simultaneous 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 algorithm in GenOpt. In addition, the results showed that data sheet values
of manufacturers can be used to parameterize the electrical performance model, except for the new model parameters of the internal heat
transfer coeﬃcient UPVT and the electrical incidence angel modiﬁer
constant b0,el. Due to the lack of availability of manufacturer data for
some of the electrical parameters and as consequence of higher accuracy of the electrical model, a ﬁt of all electrical model parameters is
nevertheless preferable.
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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 modeled 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 electrical 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 simulations 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 nighttime operation and the eﬀect of frosting and condensation gains on the
thermal behavior.
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