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Electricity generation on site is a design challenge aiming at supporting the concept 
of energy-autonomous building. Many projects worldwide have promoted the instal-
lation of photovoltaic panels on urban buildings, aiming at utilizing a large area to 
produce electricity. In most cases, photovoltaics are considered strictly as electricity 
generators, neglecting their effect to the efficiency and to the thermal behaviour 
of the building envelope. The integrated performance of photovoltaic ventilated 
façades, where the photovoltaics are regarded as part of a complicated envelope sys-
tem, provides design challenges and problems that cannot be overlooked within the 
framework of the Nearly Zero Energy Building concept. In this study, a finite volume 
model for photovoltaic ventilated façades is developed, experimentally validated and  
found to have a significant convergence to measured data.
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Introduction 

The recently adopted framework for near Zero Energy Buildings (nZeb) has intro-
duced new challenges regarding not only the energy consumption of buildings but also the 
energy production through onsite renewable energy sources. To support the effort to conform 
with the nZeb requirements, a building has not only to reduce the energy consumption but also 
to produce energy. In cases when these tasks can be integrated in a single system or procedure, 
then the potential benefits are important. A recent popular way of embedding the photovoltaic 
(PV) modules is by integrating them on the building’s ventilated façades [1]. In such cases, the 
PV module beyond being an electricity producer, is also an additional external layer forming a 
double skin façade  [2]. 

Model development

As the actual thermal and energy phenomena of the examined system are quite com-
plicated, simplifications are necessary in order to approach the problem in an efficient way. 
The main assumptions of the model as explained hereafter, are the fully developed, uniform air 
cavity flow, the maximum air speed of 5 m/s, the maximum ambient temperature of 60 °C and 
that the air cavity is vertical.
* Corresponding author, e-mail: tgt@civil.auth.gr
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Physical model

The first step in the process of 
modelling the system is the do-
main discretization in areas hav-
ing the same physical phenome-
na. In the examined construction, 
there are three discrete domains 
(fig. 1): 
– (a) the PV modules where the 
main physical heat transfer mech-
anism is the thermal diffusion [9]:
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–– (b) The cavity area between the modules and the building’s wall where there is mass transfer [10]:
	 ( ) ( ) ( ) ( ), , , ,i I i I i I i IK v Cξ ξ ρ ξ ξ= 	 (2)

–– (c) The back-wall where eq. (1) is also applicable. Each of these three discrete areas is de-
scribed by three nodes which is the minimum number of required nodes. 

The energy balance of the system implements the following heat transfer mechanisms: 
(1) Solar gain (short-wave radiation gain), (2) long-wave radiation heat transfer between façade 
and sky, (3) long-wave radiation heat transfer between façade and surrounding surfaces, (4) 
long-wave radiation heat transfer between façade and ground, (5) convectional heat transfer in 
the outermost surface of the façade with the ambient air, (6) heat conduction inside the PV pan-
els, (7) electricity production from the PV panels, (8) long-wave radiation heat transfer between 
the back surface of the PV modules and the back wall, (9) long-wave radiation heat transfer 
between the wall and the back surface of the PV module, (10) convectional heat transfer be-
tween the back surface of the façade and the moving air inside the cavity, (11) convectional heat 
transfer between the wall and the moving air inside the cavity, (12) conduction heat transfer 
inside the wall, and (13) mass transfer on the air cavity from inlet to outlet.

Thermal model

The thermal phenomena of the system are highly related to the air speed and to the 
air temperature within the cavity. For this reason, the properties of the air vary in relation to its 
temperature. The formulas describing the thermal state of the system are presented hereafter.

Air properties

The air properties at specific temperature K are calculated from the following equa-
tions [11]: 
	 11 2 8 59.1 10 8.8197 10 1.0654 10airb T T− − −= ⋅ + ⋅ − ⋅ 	 (3)

	 14 3 11 2 8 61.1555 10 9.5728 10 3.7604 10 3.448 10airv T T T− − − −= − ⋅ + ⋅ + ⋅ − ⋅ 	 (4)

	 11 3 8 2 4 11.502 10 4.8574 10 1.0184 10 3.9333 10airk T T T− − − −= ⋅ − ⋅ + ⋅ − ⋅ 	 (5)

	 1/aire T= 	 (6)

	 1.00336360.77819air Tρ −= 	 (7)

Figure 1. Discretization of the model (left) and physical model 
of the examined system (right)
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	 10 4 7 3 3 2 1 31.9327 10 7.9999 10 1.1407 10 4.4890 10 1.0575 10airCp T T T T− − − −= ⋅ − ⋅ + ⋅ − ⋅ + ⋅ 	 (8)
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Sky temperature

The long-wave heat exchange radiation between the façade and the sky has been im-
plemented in the model through the sky temperature [9]:

	 ( )0.254
sky sky dp ambe T TΤ = − 	 (10)

The sky emissivity (εsky), and the dew point temperature (Tdp) are estimated from the 
Magnus-Tetens formula [12]: 

	 ( )2 30.787 0.76ln 1 0.224 0.0035 0.00028
273

dp
sky sky sky sky

T
N N Nε

  
= + + − +  
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	 (11)
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Long-wave heat transfer

The mechanism of long-wave heat transfer on the outermost surface of the façade 
is calculated through the Watlon and McClellan & Pedester formula by using an equivalent 
linearized radiation coefficient hr for each of the three factors (sky, surroundings, ground) [13]:

	 ( ) ( ) ( )'
, , ,LWR r grd surf grd r sky surf sky r air surf ambq h T T h T T h T T= − + − + − 	 (13)
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Within the cavity the linearized coefficient hr is also used to describe long-wave radi-
ation pahinomena [14]:

	 ( )3 1 14 / 1 , / 2rad m m pv wall
pv wall

h T T TσΤ
ε ε

 
= + + = +  

 
	 (17)

In this study, the emissivity of the PV surfaces are: εpv,out = 0.81, εpv,in = 0.85 and for the 
wall εwall = 0.9 (smooth concrete) [15].

Convection heat transfer on the outermost  
surface of the façade

Double façades are systems in contact to the ambient air. The interior air flow is a very 
complicated phenomenon, as it depends on the geometry and the air characteristics. To enhance 
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calculation speed and result’s accuracy, the presented model implements an average analytical 
expression of the convection heat transfer coefficient, proposed for thermal solar collector’s 
usage [16, 17]:
	 4/5 1/5

, 5.74c out air pvh u H−= 	 (18)

Convection inside the façade

The presented convection coefficients derive from literature, and have been collected 
for creating a model with extended operational and geometrical limits. In all cases, the convec-
tion coefficient is calculated from an average Nusselt number [16]:

	 NuNu /c airh k L= 	 (19)

The flow characteristics of the convection coefficient varies, according to the oper-
ational and geometrical characteristic of the façade. In the model, the assumption of a fully 
developed flow within the air cavity is made. Based on this assumption, the state of the flow is 
calculated (free, forced, or in between state) and for each of these states an additional calcula-
tion identifies the nature of flow like laminar, turbulent or transient.

Air flow

Archimedes number characterizes the flow’s main force [16]:

	 Ar Gr/Re 	 (20)

where Ar ≥ 4.0 for free flow, Ar ≤ 0.25 for forced flow and 0.25 < Ar < 4.0 for intermediate 
case. Two more dimensional numbers are required for the calculation of Ar. The Reynolds (Re) 
number and the Grashof (Gr) number:
	 ,Re /air gap Re airu L V= 	 (21)

	 ( ) 3Gr /surf air Gr airg T T L vβ= − 	 (22)

In the case of free flow, the main driven force is buoyancy and the characteristic num-
ber for this flow type is the Rayleigh number.

	 Ra GrPr= 	 (23)

For this state, there must be another control regarding the boundary layers of the flow 
near the solid surfaces. In the case of two separate discrete boundaries that do not affect each 
other, the air cavity is characterized as wide. In the reverse case, it is characterized as narrow. 
Numerically, this check is based on the ratio of façade’s length to height as it has been proved 
elsewhere [17]:

	 1/4 1/4 Ra  for wide façade, or Ra  for narrow façadeL L
H H

− −> < 	 (24)

For each of the two cases, the Ra number indicates if the flow is in laminar or turbu-
lent state [17, 18].

	 1 9 9 1210 Ra 10 for laminar flow, or 10 Ra 10 for turbulent flow< < < < 	 (25)

The wide façade case is described by two Nusselt numbers. The first one applies on 
Rayleigh number of range 10–1  < Ra < 1012 [19].
	 ( )21/6Nu 0.825 0.328Ra  H= + 	 (26)
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For the case of the narrow façade for a uniform heat flow over a plate it becomes [20].

	

1/2
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1/5
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, ,
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W H
− −
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=
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	 (27)

If the Ra limit of eq. (27) is not valid, then a general heat transfer coefficient for dou-
ble façades is used for speed limit of 5 m/s inside the façade [21].

	 ,5.23 3.9c air gaph u= + 	 (28)

Forced air flow

A flow is characterized as forced for Ar numbers less than 0.25. In this case, the di-
mensional number that describes the flow is the Reynolds number [16]:

	
Re 2300 for laminar, Re 4000 for turbulent and 

2300 Re 4000 for transient flow
< >

< <
	 (29)

The case of laminar flow, is modelled as flow within a cylindrical pipe with an equiv-
alent hydraulic diameter and the Nusselt number is constant and equal to 4.36 [21]. For the 
turbulent conditions (Re > 4000) there are two Nusselt correlations. The first one applies in the 
regime of 4000 <Re ≤ 106, known as the Gnielinski formula [22]:

	 ( ) ( )1/2 2/3Nu ( /2)(Re 1000)Pr / 1 12.7( /2) Pr 1( )d f f= − + − 	 (30)

The second, for the regime of Re > 106 and for Prandtl numbers in the range of  
0.7 ≤ Pr ≤ 160 the Nusselt number is calculated from eq. (31) [20]:

	 0.8 0.4Nu 0.023Re PrD D= 	 (31)

Finally, for the transitional flows, the Nusselt number is calculated from [23]:
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  

= +
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= = = =

	 (32)

Free and forced air flow combination

In most cases of a hybrid ventilated façade, the flow is not completely free or forced 
and the heat transfer coefficient is calculated in three stages: (a) as a complete free flow, (b) as a 
complete forced flow, and (c) as a combination of the two previous states, which is finally added 
to the calculations of the energy balance [21]:

	 1/4
4 4hctot free forcedhc hc= + 	 (33)
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Friction factor

All model surfaces are considered as smooth. This assumption is required for the fric-
tion factor calculation. The model has a common algorithm of friction factor calculation for all 
the states of forced convection. For Re < 2300, the friction is not affected by the pipe roughness 
[21] and the friction factor depends only on the Reynold number [23]:

	 64/Ref = 	 (34)

for the transient flow, the friction factor is calculated from the Bhatti and Shah formula [23]:

	
8

3/2

2.3 100.0054
Re

f
−

−

⋅
= + 	 (35)

finally, the turbulent area friction factor is related to the relative roughness of the pipe [24]:

	 pipe
pipe

ek
d

= 	 (36)

The roughness of the PV module’s back surface is considered as smooth glass, equal 
to epv = 0.0015⋅10–3 m and for the wall (smooth concrete) ewall = 1⋅10–3 m. The friction factor for 
this case is calculated from the Haaland formula [22] and with friction factor known, the pres-
sure drop in the façade can be calculated by applying the Colebrook formula [16]:

	
1.11

1/2

1 6.8 /1.8log
Re 3.7D

e D
f

  ≈ − +  
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	 (37)
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2
air duct

f
h

ufHP
D

ρ
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Closed air cavity

During the operation of a double ventilated façade, there are conditions where ventila-
tion should be avoided to prevent unnecessary thermal losses, like during winter nights. In such 
cases, a simple automation system could control the inlet and outlets to resist cold ambient air 
entering the air cavity. For these cases the model incorporates Nusselt number correlations for 
natural convection on a closed cavity. The calculation of the Nusselt number depends on some 
dimensional ratios for the façade. If H/W > 10 and 103< Raw < 107 [19] the Nusselt number is 
calculated from the following equation:

	

{ }

( )

1/3
90 1 2 3 1

1/33 0.2720.293
w

2 31.36

Nu max Nu , Nu , Nu , Nu 0.0605Ra

0.104Ra Ra
Nu 1 Nu 0.242

/1 6310 / Ra
,

W W

w

w
H W

= =

     = + =    
 +    

	 (39)

In the above equation, the characteristic length for the calculation of the Rayleigh num-
ber is the width of the cavity. For the same ratio H/W but for smaller Ra numbers, the main heat 
transfer mechanism is conduction and in this case Nu = 1. For ratio values 10 > Η/W ≥ 1 the 
Nusselt number is calculated as two separate plates geometry in a vertical orthogonal section [25]: 

	 1/4Nu 0.364 RaH
L
H

= 	 (40)

For all other cases, literature does not provide adequate formulas, and an analytical 
expression for a vertical closed cavity is adopted [25].
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Electrical model

The PV electrical characteristics are modelled with an equivalent electrical model of 
four parameters [9]. This model has been chosen due to its enhanced accuracy and due to the 
fact that all required input data are usually provided by PV module manufactures’ technical 
description sheets. It calculates the Current-Voltage (I-V) curve for each time step and through 
it, it can calculate the electrical power production. The model was refined following corrections 
from [9]:

	 ( )0 exp e
L s

pv

q V
I I I V IR

kTγ

   = − +  
    

	 (42)

	 ( )0 expsc ocI I V= −Λ 	 (43)
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	 L SCI I= 	 (46)

	 e
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q
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Λ

= 	 (47)

	 1 2 3 4
OC MP MP MP MP

SC SC OC OC SC

V I V V IM k k k k
I I V V I

 
= + + + 

 
	 (48)

	 1 2 3 45.411, 6.450, 3.417, 4.422k k k k= − = = = − 	 (49)

The four-parameter electrical model can give results only for the reference conditions 
of the module’s datasheet. To acquire reliable results for each temperature and solar radiation 
range, the following corrections should be implemented [25]:

	 pvk
a

q
γ Τ

= 	 (50)

	
,

pv

ref pv ref

Ta
a T

= 	 (51)
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I T T
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	 ( ), ,mp mp ref Voc pv pv refV V T Tβ= + − 	 (56)

The corrections of the above variables are applied in each time step of calculations by 
using the iterating Newton-Raphson method.

Integration of thermal and electrical models

The two models are integrated within the thermal model in the middle node of the PV 
module, node 2. The process is the following.
–– At the beginning of the time step, the electrical model calculates the electrical production of 

the PV modules. The PV temperature, which is required for the calculations, is the second 
node’s temperature of the thermal model that corresponds to the mid node of the PV.

–– This electrical power of the first step is added to the energy balance of thermal model on 
node 2 as an output of the system.

–– Finally, the new temperature is provided as a feedback to the electrical model and a new 
corrected power production is calculated. This ping-pong procedure is repeated in the same 
time step until a convergence limit is reached. The presented model has been programmed 
on FORTRAN language and has been implemented on the TRNSYS simulation package. 
The computational solution is based on the methodology that is presented by [7] through 
finite element analysis in one dimension. According to this methodology and based on the 
energy conservation law, the energy storage rate in a finite volume should be equal to the 
total energy rate that come through this finite volume:

	
( ) ( ) ( ) ( ) ( ) ( ),

1

, ,
N

I I i
s j I j I tt

j

C V
Q t t t K q

dt ξξ

ρ ξ ξ δ ξ
θ δ θ θ θΙ ==

=

= Ι + − Ι = − +   ∑ 	 (57)

The model, consists of three discrete areas with three nodes each (fig.1). Each node is 
based on the Crank-Nicolson scheme and is analysed in an implicit and in an explicit time that 
are joined [16]. 

Finally, the system to be solved is a 9 × 9 system. The coefficients A, B, and C are 
calculated from the physical model.

Boundary conditions

Four boundary conditions are required to solve the system. These are:
–– First node (outermost PV’s surface): the boundary condition in this node sets the ambient air 

node’s (outside of the systems boundary) temperature as given and equal to the temperature 
of the meteorological file. 

–– Seventh’s node boundary condition: the room’s air temperature (outside of the system bound-
aries) is a known temperature the can be received from the TRNSYS Building program.
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–– Eight’s node boundary condition (air inlet): the air temperature that is entering the air cavity 
is known and its value is equal either to the ambient air or to another known temperature that 
can be inserted by the TRNSYS simulation program, in case some other air loop is required.

–– Ninth’s node temperature (outlet): this is the only boundary condition that needs to be cal-
culated because the outlet temperature is not known. For the proposed model after some test 
on boundary conditions, it has been found that the energy conservation law can solve this 
problem:

	 ,
, 1 1,

pv n
n n n n

q q q
x x

ϑ ϑ
ϑ ϑ+ −

= + 	 (58)

This boundary condition states the fact that the energy that leaves from the system is 
equal to the energy transferred from the eight node to the ninth (due to mass conservation law) 
plus the energy that is added to the ninth node from the PV and the wall. The numerical solution 
of this system has some stability problems due to the different magnitudes of coefficients A, 
B, and C between the solid and fluid layers. In addition, it was found that the boundary condi-
tions, especially on the air inlet and outlet nodes, that are critical for the system solution. The 
final solution of this system is reached by using the LU decomposition method, which has been 
proved to be a stable method for all examined cases.

Experimental set-up

To support the development and the evaluation of the model, an experimental set-up 
of two, hybrid ventilated, opaque, PV façades has been constructed at UWM. These real scale 
façades are exposed in ambient air and operate in real conditions. The dimension of each test 
set-up is 1.2 × 2.5 m height and the width can vary from 0.1-0.5 m to allow for testing different 
flow states. 

In these two experimental façades, two dif-
ferent PV module technologies have been imple-
mented (monocrystalline and polycrystalline), 
both of the same size. In each part of the façade, 
one air inlet of 0.8 m × 1.2 m is located at the bot-
tom and one outlet is placed at the top of the wall 
side with dimensions 0.2 m × 1.2 m. The outlet is 
attached to a converging nozzle followed by a 1.5 
m of DN14 pipe with a fan at the end of it (one for 
each façade). Three surface temperature sensors 
on each side of each PV module is placed at the 
top, mid and bottom, and one on each solid wall. 
An air temperature and air humidity sensor (Hobo 
12bit Smart Sensor S-TMB-M002) with accuracy 
of ±0.2 °C, 2.5%, is placed at the inlet and at the 
outlet nozzle. Two hot-wire sensors (Delta ohm HD403TD) for air speed recording, one at 
the end of each pipe with accuracy ±0.2 m/s, and two pyranometers (SKS 1110, horizontal 
and vertical) measure the incident solar radiation with accuracy 5%. Next to the experimen-
tal façades, a meteorological station provides wind data, while each PV’s voltage and total 
current are recorded via Texas Instrument sensors (type NI-SCC-A10, accuracy 0.14%). Air 
temperature sensors are connected to a Hobo H22 Energy Data Logger, and the rest of sensors 
to a DL2e Data logger that store data values on a time step of one to five minutes.

Figure 2. Experimental set-up of double, 
hybrid ventilated, opaque, PV façade
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To estimate the measurement error, an analysis of the measured data is applied accord-
ing to ASHRAE guideline 2-2010 methodology for sample size less than 30. The analysis results 
show that the error on each PV surface temperature is about 0.619 °C,  0.437 °C , and 0.629 °C 
for each position of a PV module (bottom, middle, top) while for the air temperature the error is 
about 0.956 °C and for the air speed measurements the error is about 0.016 m/s and 0.041 m/s 
for the monocrystalline and polycrystalline modules, respectively.

Results

The presented results are driven from the comparison of the measured experimental 
data and the simulation of the TRNSYS implemented model. Results shows that the model 
approximates very well the physical behaviour of a double, hybrid, ventilated, opaque, façade.

Figure 3. Comparison of measured and simulation results, free flow (6 < Ar < 140)

Figures 3 and 4 present a good accuracy of the model’s results to the measured 
data. For the free flow cases, the results are less accurate than the forced or between states. 
This was expected due to the simplicity of modelling the free flow conditions in one dimen-
sion when the real problem has a much more complicated flow field and a strong buoyancy 
effect.

Figure 4. Comparison of measured and simulation results, forced-hybrid flow (0.05 < Ar < 1.1)

Conclusions

The present work analyses the physical mechanisms of a double hybrid ventilated 
opaque PV façade and proposes a simulation model aiming at predicting accurately the overall 
energy efficiency of the system, including energy production, thermal behaviour and transient 
interaction with the building envelope. The model can assist in optimising the design of similar 
constructions, by studying the interaction of the façade system and the building.

The main difference of this model, when compared to others found in literature, is the 
computation of the convection coefficients in the air cavity. The calculations are made by dif-
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ferent heat transfer coefficient formulas depending on the state of the flow. Another difference 
is the iterative way of the electrical production through the 4-parameter equivalent model that 
allows for the estimation of the electricity production in relation to the technical characteristics 
of the module in each time step. 

The accuracy of the model is evaluated by a full-scale experiment exposed to ambi-
ent conditions. Regarding surface temperatures, the accurancy is close to 0.6 °C, while for air 
temperature at the oulet of the system accurncy is slightly less that 1 °C. Better accurancy is 
achieved for the speed of the extracted air where the error is lower that 0.5 °C. The comparison 
of the model results with the experimental data shows that the model can efficiently predict the 
overall thermal behaviour of the system, especially in cases of forced or in between airflow 
states. In free flow state the model can still provide acceptable results but tends to overestimate 
the PV’s outer surface temperature.
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