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Abstract
Photovoltaic thermal (PVT) collectors are getting more and more attention for their simultaneous production of
electricity and low temperature heat. Established mathematical models for the thermal efficiency of thermal
collectors as well as the electrical efficiency of PV modules don’t include the interactions between the thermal
and electrical energy balance. In order to predict efficiencies, we extend the standard Hottel-Whillier collector
model to collectors with an additional PV-layer and distinguishable temperature levels for the front side and the
back side of the collector. The model is then included in a discrete model of a collector field mounted with a
ventilated back side. Based on the field model, we analyze the effect of different sizes of the air gap.
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1. Introduction
Photovoltaic thermal (PVT) collectors enable the conversion of solar radiation into electrical energy and usable
heat (for a review see e.g. [1]). Since they utilize heat, which, in the case of pure PV modules would dissipate,
PVT collectors achieve a particularly high level of area-specific energy yield. At the same time, the lower PV cell
temperatures lead to higher electrical efficiencies compared to conventional PV modules.
The characterization of PV or thermal components is described in IEC 61215 and EN 12975 / ISO 9806,
respectively. In a PVT collector, the thermal and electrical components interact. The maximum amount of solar
energy available for heat generation depends on how much of the solar radiation is converted into electrical
energy. Photovoltaic efficiency on the other hand depends on the cell temperature, which in turn depends
significantly on the fluid temperature. Models for efficiency of pure PV or thermal components do not take these
interactions into account and therefore do not describe PVT collectors sufficiently.
A parameterization, which is used for the characterization of products, must find the best possible compromise
between simplicity and detail. Several simple models for PVT collectors have been proposed. The model of
Florschuetz [2] is based on the assumption that the heat transfer between PV cells and absorber is very good and
therefore the cell temperature can be set equal to the absorber temperature. With the model of Stegmann et al. [3]
it is assumed that the difference in temperature between PV cells and heat transfer fluid is proportional to the
useful heat flow. Another approach, which is used e.g. by the software Polysun [4], is based in equating the cell
temperature with the fluid temperature. All these approaches allow a relatively good mapping of the thermal
performance of PVT collectors. The quality of the assumptions made to determine the cell temperature depends
strongly on the design of the collector. For the quantitative mapping of the additional electrical yield, which results
from the cooling of the PV cells, these models are therefore only sufficiently accurate with appropriate restrictions.
We present a simple extension of the Hottel-Whillier model, familiar for pure thermal solar collectors, which can
be applied to uncovered PVT collectors. The model allows the identification of new PVT-specific parameters,
which allow a good mapping of the PV cell temperature. The parameters can be measured without great additional
effort by measuring the cell temperature (via measurement of the open-circuit voltage) during the thermal
performance test. For the validation of the model and the determination of the corresponding parameters, indoor
and outdoor measurement were carried out.

2. Extensions of the Hottel-Whillier Model
The presented modelling approach is based on the general approach of the Hottel-Whillier-Model [5]. The
presented extension has already been published for the special case in which the ambient temperature in the front
and the back of the collector can be assumed to be equal [6]. The general geometry of the investigated collector
is shown in Figure 1. The collector consists of a front glass, a cell layer, and an absorber structure at the back. The
conjunction between the cell layer and the absorber can thereby contain several distinguishable components like
protection foils or sheet for stability and heat conduction.

Figure 1 Scheme of the modelled PVT collector.

In the modelling approach of Hottel-Whillier, it is assumed that there is no temperature gradient inside a single
layer. Furthermore, the heat conduction in x- and z-direction are treated as independent. In addition, it is assumed
that all solar irradiation is absorbed in the cell layer and that the heat conduction in this layer is negligible. Under
these assumptions, the energy balance of the cell layer can be represented as
𝐺𝑒𝑓𝑓 = 𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣 (𝑇𝑐𝑒𝑙𝑙𝑠 (𝑥) − 𝑇𝑓𝑟𝑜𝑛𝑡,𝑎𝑚𝑏 ) + 𝑈𝑓𝑟𝑜𝑛𝑡,𝑟𝑎𝑑 (𝑇𝑐𝑒𝑙𝑙𝑠 (𝑥) − 𝑇𝑓𝑟𝑜𝑛𝑡,𝑙𝑤 )
+ ℎ𝑐𝑎 (𝑇𝑐𝑒𝑙𝑙𝑠 (𝑥) − 𝑇𝑝 (𝑥)),

(1)

where the thermal part of the solar gain is defined as the total solar irradiation transmitted through the front glass
subtracted by the area specific electrical gain as
𝐺𝑒𝑓𝑓 = 𝛼𝐺𝑠𝑜𝑙𝑎𝑟 − 𝑃𝑒𝑙 /𝐴𝑐

(2)

The local energy balance in the sheet layer of the absorber can be described by
k p 𝛿𝑝

𝑑𝑇𝑝 (𝑥)
= 𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣 (𝑇𝑝 (𝑥) − 𝑇𝑏𝑎𝑐𝑘,𝑎𝑚𝑏 ) − 𝑈𝑏𝑎𝑐𝑘,𝑟𝑎𝑑 (𝑇𝑝 (𝑥) − 𝑇𝑓𝑟𝑜𝑛𝑡,𝑙𝑤 )
𝑑𝑥
− ℎ𝑐𝑎 (𝑇𝑐𝑒𝑙𝑙𝑠 (𝑥) − 𝑇𝑝 (𝑥)),

(3)

where k p and 𝛿𝑝 are the heat conductivity and the thickness of the absorber layer respectively. By inserting
𝑇𝑐𝑒𝑙𝑙𝑠 (𝑥) from Equation (1) into Equation (3) the problem can be rewritten as a second order differential equation
in 𝑇𝑝 (𝑥)

𝑑𝑇𝑝 (𝑥)
𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣 𝜇𝑡𝑜𝑝
𝑈𝑏𝑎𝑐𝑘,𝑟𝑎𝑑 𝜇𝑡𝑜𝑝
𝑈𝐿
=
(𝑇𝑝 (𝑥) −
𝑇𝑏𝑎𝑐𝑘,𝑎𝑚𝑏 −
𝑇𝑏𝑎𝑐𝑘,𝑙𝑤
𝑑𝑥
𝜇𝑡𝑜𝑝 𝑘𝑝 𝛿𝑝
𝑈𝐿
𝑈𝐿
𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣
𝑈𝑓𝑟𝑜𝑛𝑡,𝑟𝑎𝑑
1
−
𝑇𝑓𝑟𝑜𝑛𝑡,𝑎𝑚𝑏 −
𝑇𝑓𝑟𝑜𝑛𝑡,𝑙𝑤 − 𝐼̃),
𝑈𝐿
𝑈𝐿
𝑈𝐿

(4)

where 𝑈𝐿 is defined as
𝑈𝐿 = 𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣 + 𝑈𝑓𝑟𝑜𝑛𝑡,𝑟𝑎𝑑 + 𝜇𝑡𝑜𝑝 (𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣 + 𝑈𝑏𝑎𝑐𝑘,𝑟𝑎𝑑 ),

(5)

and 𝜇𝑡𝑜𝑝 is defined as
𝜇𝑡𝑜𝑝 =

ℎ𝑐𝑎 + 𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣 + 𝑈𝑓𝑟𝑜𝑛𝑡,𝑟𝑎𝑑
.
ℎ𝑐𝑎

(6)

This differential equation can then be solved by making use of the constraints as shown in [5]. The procedure
leads to a final form for the usable energy 𝑄𝑢 in dependency of the fluid temperature 𝑇𝑚
𝑄𝑢 = 𝐴𝑐 𝐹 ′ (𝐺𝑒𝑓𝑓 − 𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣 (𝑇𝑚 − 𝑇𝑓𝑟𝑜𝑛𝑡,𝑎𝑚𝑏 ) − 𝑈𝑓𝑟𝑜𝑛𝑡,𝑟𝑎𝑑 (𝑇𝑚 − 𝑇𝑓𝑟𝑜𝑛𝑡,𝑙𝑤 )

(7)

− 𝜇𝑡𝑜𝑝 𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣 (𝑇𝑚 − 𝑇𝑏𝑎𝑐𝑘,𝑎𝑚𝑏 ) − 𝜇𝑡𝑜𝑝 𝑈𝑏𝑎𝑐𝑘,𝑟𝑎𝑑 (𝑇𝑚 − 𝑇𝑏𝑎𝑐𝑘,𝑙𝑤 )) ,
where the correction factor 𝐹 ′ can be considered to be a fin efficiency of the harp-like piping of the absorber. Its
mathematical definition is a result of the solution of the differential equation.
𝑚
̃ (𝑊 − 𝐷)
tanh (
)
2
𝐹=
𝑚
̃(W − 𝐷)
2
𝐹′ =

1
𝜇𝑡𝑜𝑝
1
1
𝑈𝐿 W (
+ +
)
𝑈𝐿 (𝐷 + (𝑊 − 𝐷)𝐹) 𝐶𝑏 𝜋𝐷ℎ𝑓𝑖

(8)

(9)

The additional variables are the distance between two pipes 𝑊 and the diameter of a single pipe 𝐷, the bond
conductivity of the junction between absorber sheet and absorber piping 𝐶𝑏 , the internal heat transfer coefficient
of the fluid flow in the pipe ℎ𝑓𝑖 , and 𝑚
̃ is defined as
𝑚
̃=√

𝑈𝐿
.
𝜇𝑡𝑜𝑝 𝑘𝑝 𝛿𝑝

(10)

3. Parametrization of the thermal efficiency
For uncovered collectors, it is a common practice to include long wave losses in a corrected irradiance value 𝐺′′
[7]. The corrected value 𝐺′′ represents the absorbed solar irradiance subtracted by the energy lost by long wave
radiation exchange (for the case in which the module is at ambient temperature) depending on the emissivity of
the module ϵ and its hemispherical absorption coefficient α for the solar spectrum.
ϵ
𝐺 ′′ = 𝐺𝑠𝑜𝑙𝑎𝑟 + (𝐸𝐿 − 𝜎𝑇𝑎4 )
α

(11)

Under this approach, the long wave temperature of equation (7) can be replaced by the general ambient
temperature. The thermally useful part of G′′ can be determined by subtracting the electrical power.
𝐺′′𝑒𝑓𝑓 = 𝐺 ′′ −

𝑃𝑒𝑙
𝛼𝐴𝑐

(12)

In the following, the thermal efficiency of the PVT collector can be defined as
ηth

𝐹 ′ ((𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣 + 𝑈𝑓𝑟𝑜𝑛𝑡,𝑟𝑎𝑑 )(𝑇𝑚 − 𝑇𝑓𝑟𝑜𝑛𝑡,𝑎𝑚𝑏 ))
Qu
′
=
= 𝛼𝐹 −
𝐴𝑐 𝐺 ′′ 𝑒𝑓𝑓
𝐺 ′′ 𝑒𝑓𝑓
𝐹′𝜇𝑡𝑜𝑝 (𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣 + 𝑈𝑏𝑎𝑐𝑘,𝑟𝑎𝑑 )(𝑇𝑚 − 𝑇𝑏𝑎𝑐𝑘,𝑎𝑚𝑏 )
−
.
𝐺 ′′ 𝑒𝑓𝑓

(13)

For the special case in which 𝑇𝑓𝑟𝑜𝑛𝑡,𝑎𝑚𝑏 = 𝑇𝑏𝑎𝑐𝑘,𝑎𝑚𝑏 = 𝑇𝑎𝑚𝑏 , this simplifies to
ηth =

𝐹 ′ 𝑈𝐿 (𝑇𝑓 − 𝑇𝑎𝑚𝑏 )
Qu
= 𝛼𝐹 ′ −
,
𝐴𝑐 𝐺′′𝑒𝑓𝑓
𝐺 ′′ 𝑒𝑓𝑓

(14)

which is of the same form as the parametrization according to ISO 9806
ηth = 𝜂0 (1 − 𝑏𝑢 𝑢) − (𝑏1 + 𝑏2 𝑢)

𝑇𝑚 − 𝑇𝑎
.
𝐺 ′′ 𝑒𝑓𝑓

(15)

Therefore, in the case of no electrical energy production and 𝐺′′𝑒𝑓𝑓 = 𝐺′′, it is possible to link the theoretically
determined values of the model directly to the parameters usually measured in collector certifications. If the
parameters are only available for measurements with concurrent production of electrical energy, the collector
efficiency can be expressed as

ηth =

′′
𝛼𝐹 ′ 𝐺𝑒𝑓𝑓
𝐹 ′ 𝑈𝐿 (𝑇𝑓 − 𝑇𝑎𝑚𝑏 )
𝐹 ′ 𝑈𝐿 (𝑇𝑓 − 𝑇𝑎𝑚𝑏 )
Qu
′ (1
)
=
−
=
𝛼𝐹
−
𝜂
−
.
𝑒𝑙
𝐴𝑐 𝐺 ′′
𝐺′′
𝐺 ′′
𝐺 ′′

(16)

4. Modelling of PVT-Collectors with ventilated back side
The explicit distinction between front and back side ambient temperature and heat transfer values makes it possible
to apply the model to a large scale model of a PVT field, whose back side is not insulated but in contact with an
air gap. The presence as well as the width of this air gap is dependent on the used mounting system and can also
be favorable for the system performance, when the PVT collector should also be used to extract ambient heat as
a source for a heat pump. In air gaps of thermal components, natural convection can occur due to temperature
differences and change the heat transfer values of the system significantly [8]. Therefore, in such a system the air
flow on the back of the PVT-field has to be modelled independently.
A simple approach to model the temperature gradients along the air flow direction is to discretize the PVT collector
temperature, the air gap temperature and the roof temperature in z-direction and to use the model of equation (7)
for each control volume separately. The discretization of the mounted collector and the air gap is shown in Figure
2. The back side ambient temperatures 𝑇𝑏𝑎𝑐𝑘,𝑎𝑚𝑏,𝑖 can be assumed to be the temperature of the air gap node and
the roof temperature can be used as the back side temperatures for the long wave part 𝑇𝑏𝑎𝑐𝑘,𝑙𝑤,𝑖 . For the front side
an overall ambient temperature can be used for all control volumes when no temperature differences in z-direction
are expected. For the collector fluid with flow rate 𝑚̇𝑓 the energy balance between the different control volumes
can be formulated as
𝑄𝑢,𝑖 = 𝑚̇𝑓 𝑐𝑝,𝑓 (𝑇𝑚,𝑖+1 − 𝑇𝑚,𝑖 ).

(17)

The energy balance of the air gap control volume can be represented as
𝑚𝑎𝑖𝑟
̇ 𝑐𝑝,𝑎𝑖𝑟 (𝑇𝑎𝑖𝑟,𝑖+1 − 𝑇𝑎𝑖𝑟,𝑖 )
𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣,𝑖 𝐴𝑐
𝑈
𝐴
̅̅̅𝑝 − 𝑇𝑎𝑖𝑟,𝑖 ) + 𝑏𝑎𝑐𝑘,𝑟𝑎𝑑,𝑖 𝑐 (𝑇𝑏𝑎𝑐𝑘,𝑙𝑤 ⁄𝑤𝑎𝑙𝑙 ,𝑖 − 𝑇𝑎𝑖𝑟,𝑖 ),
=
(𝑇
𝑁
𝑁

(18)

where N is the number of control volumes, 𝐴𝑐 the total collector area and ̅̅̅
𝑇𝑝 the average absorber temperature.

Figure 2 Discretization of the PVT collector field.

For the heat transfer coefficients in the air gap 𝑈𝑏𝑎𝑐𝑘,𝑐𝑜𝑛𝑣,𝑖 empirical correlations for internal flows can be used [9].

𝑁𝑢𝐷 =

𝑓
( ) (𝑅𝑒𝐷 − 1000)𝑃𝑟
8
1

𝑓 2
1 + 12.7 ( ) (𝑃𝑟 2 − 1)
8

(19)

The developing natural convection in the air gap can be determined by computing the pressure difference induced
by temperature differences between the ambient and the air in the channel. The pressure difference due to
buoyancy and friction in one control volume can thus be described by
𝑃𝑖 − 𝑃𝑖+1 = 𝑔Δ𝑧𝜌(𝑇) cos(𝜙) ±

𝑓𝜌(𝑇)𝑣 2
,
2𝐷ℎ

(20)

where 𝑔 is the gravitational acceleration, Δ𝑧 is the length of a control volume in z direction, 𝑓 the friction factor,
𝑣 the air stream velocity and 𝐷ℎ the hydraulic diameter of the air duct. The friction factor can be derived from
empirical correlations for the Reynolds number 𝑅𝑒𝐷 e.g. [10]:
𝑓 = (0.790 ln 𝑅𝑒𝐷 − 1.64)−2 .

(21)

The pressure difference between the upper and the lower end of the air gap can then be compared with the
difference associated by an equivalent air column with uniform temperature. The resulting pressure difference
will be equalized by mass flow according to the dynamic pressure formula
1 2
Δ𝑃𝑜𝑢𝑡 = ± 𝜌𝑣𝑎𝑖𝑟
.
2

(22)

5. Influence of the ventilated back side
With the resulting model, the effect of different depths of the air gap can be analyzed. An example system with a
total height (channel length) of 6 m and an inclination of 60 ° was investigated. The values used in the model
equations are shown in Table 1. The absorption coefficient 𝛼 was chosen such that the model results for 𝑇𝑚∗ = 0
are equal to Solar Keymark measurement values of a commercially available PVT collector [11].

Table 1 Model parameters

Variable
𝑈𝑓𝑟𝑜𝑛𝑡,𝑐𝑜𝑛𝑣
ℎ𝑐𝑎
𝑘
𝛿𝑝
𝑊
𝐷
𝐶𝑏
ℎ𝑓𝑖
𝜎
𝛼
𝜖

Description
Front side convective heat
transfer rate
Heat transfer coefficient
between absorber sheet and
PV layer
Heat conductivity of the
absorber sheet
Thickness of absorber sheet
Separation absorber pipes
Diameter absorber pipe
Bond conductance absorber
sheet/pipe
Internal heat transfer
coefficient absorber pipe
Boltzmann constant
Absorption coefficient PV
layer
Emissivity

Value

Unit

2.8

[W/(m2K)]

297

[W/(m2K)]

236

[W/(mK)]

5*10-4
0.08
0.01

[m]
[m]
[m]

100

[W/(mK)]

300

[W/(m2K)]

5.67*10-8

[W/(m2K4)]

0.85

[-]

0.9

[-]

The results of the model calculation are shown in Figure 3. The collector efficiency values are compared with the
values computed from the Solar Keymark Test of the mentioned PVT collector. It can be seen that the computed
overall performance of the collector field is similar to the measurement. The model results show that for
𝑇𝑚∗ < 0.02 all efficiency curves slightly exceed the measured reference. This indicates that at the corresponding
temperature levels, the very low level of buoyancy driven flow inside the channel leads to less heat loss on the
back side than the free convection present on the experimental test bench. For higher values of 𝑇𝑚∗ the calculated
efficiency of the PVT collectors mounted on a backside air channel drops below the reference measurement for
all depths of the air channel. This can be explained by the increasing air flow due to natural convection that is
caused by the larger temperature difference between ambient air and the collector.
On the right hand side of Figure 3 the corresponding average values for the convective heat transfer coefficient
between the collector and the air inside the channel is shown. It can be seen that increased temperature differences
lead to increased flow and thereby to increased heat transfer rates. In addition, according to the model, the
convective heat transfer inside the air channel is increasing for smaller air gap depths.

Figure 3 Model results for the inclined PVT field with ventilated back side.

6. Conclusion
We extended the standard Hottel-Whillier-Model to uncovered photovoltaic-thermal collectors. In addition to
previous publications we formulated the model equations such that different temperature levels for the front side
and the back side of the collector can be used. Based on this extended model for the PVT collector, we modelled
a PVT installation with ventilated back side. For the PVT field model we used a simple discretization in the flow
direction for both the PVT collector field and the flow in the back side air channel.
The model of the PVT installation with ventilated back side was used to investigate the effect of free convection
in an air channel at the back side of a PVT field. The calculations showed that the presence of a ventilated air gap
at the back side of the PVT field leads to an increased heat transfer rate especially in the case of high temperature
differences between the ambient air and the collector. The effect was found to be increasing for smaller air gaps
down to a depth of 5 cm. For systems in which the PVT collectors are used to collect ambient heat, such an
installation can be used to enhance the system performance.
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