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Abstract 

A numerical model is developed for simulating a single or multi–story Double Skin Façade integrating 

Photovoltaics (DSF-PV). The DSF-PV can co-generate solar electricity and heat while it also allows 

daylight to be transmitted to the interior space. The buoyancy-driven air flow inside the cavity may be 

assisted by a fan to cool down the photovoltaics while providing natural or hybrid ventilation to adjacent 

zones. Automated roller shades are also implemented in the model and help regulate heating and 

cooling loads but also control the daylight levels in the indoor space. A parametric analysis for different 

control strategies for the airflow within the cavity and the roller shading devices is performed with the 

purpose to apply the proposed methodology to minimize the heating and cooling demand of the DSF-PV 

system. In addition, a parametric analysis for different adjacent zones floor areas is performed. The 

simulations show that a DSF-PV system can supply approximately 120kWh/façade area/year covering 

the yearly electricity demand of the adjacent office if the floor area is approximately less than 3 times 

larger than the floor area. 
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Nomenclature   

A Heat exchange surface area (m2) g Glazing 

C Thermal capacitance (J/K) in Indoor air 

Cd Discharge coefficient for the orifice (-) ins Insulation 

Cf Flow Coefficient (m2.5kg-0.5) int Interior 

cp Specific heat capacity (kJ/kgK) mech Mechanical 

Cp Pressure coefficient (-) n Node of the thermal network 

d Profile angle (o) nat Natural 

D Hydraulic diameter (m) OPV Opaque photovoltaic 

E Total emissive power (W/m2) out Ambient 

f  Surface view factor (-) ov Overhang 



  

F  View factors (-) PV Photovoltaic 

H Height (m) rad Radiation 

h Heat transfer coefficient (W/m2K) rol Roller blind 

I Solar radiation flux (W/m2) sh Shade/Shading 

J Radiosity (W/m2) sky Sky vault 

K Thermal conductivity (W/mK) sp Set-point 

L Room length (m) spd Spandrel 

ṁ Mass flow rate (kg/s) stc Standard test conditions 

Nu Nusselt number (-) STPV Semi-transparent photovoltaic 

PV Photovoltaic th Thermal 

Q̇ Thermal load (W) uspd Upper spandrel 

R Thermal resistance (K/W) w Wind 

Re Reynolds number (-) wd Window 

Rs Roller position (%) wg  Referred to water vapour gain 

S Solar energy (W)  wi Interior wall section 

Ṡ Interreflected Solar Radiation (W) wl Wall 

T Temperature (K) wo Exterior wall section 

t Time (s) z Building adjacent zone number 

V Velocity (m/s)   

W Room width (m) Greeks letters 

y Distance (m) α Absorption factor (-) 

  αs Surface azimuth (o) 

Superscript/Subscripts αs Solar altitude (o) 

air Air of the cavity ε Emissivity (-) 

ca Cavity η Photovoltaic efficiency (-) 

db Dry bulb air θ Wind direction (o) 

dir Direct μ Dynamic viscosity (Ns/m2) 

el Electricity  Air density (kg/m3) 

ext Exterior 𝜚 Reflectivity (-) 

f Façade σ  Stefan-Boltzmann constant  

fl Floor  (5.67 10-8 W/m2K4) 

mlt Multiple interreflections   

Abbreviations   

AH Auxiliary Heater EER Energy Efficiency Ratio 

BIPV/T Building Integrated Photovoltaics  HP Heat Pump 

 Thermal NZEB Net Zero Energy Building 

CFD Computational Fluid Dynamics PLR Part Load Ratio 

CH Chiller PV/T Photovoltaic Thermal 

COP Coefficient Of Performance SHCG Solar Heat Gain Coefficient 

DSF Double Skin Façade STPV Semi -Transparent Photovoltaic 

DSF-PV Double Skin Façade integrating    

 Photovoltaics   



  

1 Introduction 

In the recent years, the growing concerns about the energy consumptions in buildings has led the 

research community toward the development of sustainable building energy policies (e.g. EPBD, etc.) 

and the promotion of the next generation buildings, such as net zero-energy building (NZEB) [1]. In order 

to reach the NZEB goal, the use of innovative building concepts and materials, along with the 

implementation of energy efficient and renewable technologies are becoming more and more relevant 

[2]. Energy efficiency technologies are required to effectively exploit renewable energy sources and to 

also avoid the mismatch between the produced renewable energy and the building load profiles, 

especially in the case of solar energy [3], [4]. To this twofold aim, advanced Double Skin Façades (DSFs) 

were identified as one of the most promising responsive building elements (i.e. IEA–ECBCS Annex 44, 

[5]) and have gained an increasing attention [6]. DSFs became an important architectural building 

element due to their high potential to provide energy, comfort, aesthetic and structural advantages, as 

well as to provide space for integrated PV panels [7]. Therefore, DSFs are one of the buildings key new 

features, especially in case of high-rise buildings which can efficiently take advantage of their wide 

exposed envelope area for the exploitation of the solar energy.  

A DSF normally consists of an exterior and an interior skin separated by a ventilated air cavity used as air 

channel (Figure 1) [8]. This cavity is considered as a buffer zone and it is located between the exterior 

skin and the insulated interior one of a newly built or a renovated building. In the case of retrofits, the 

addition of an external layer may also be a cost effective measure to improve the energy efficiency of 

the building as it can be used to integrate photovoltaics [7]. The cavity of the DSF can also create a 

microclimate around the building, adding climate resilience to it and making it possible to adapt to 

weather changes. Also the temperature differences inside the cavity can facilitate natural ventilation or 

hybrid ventilation [9] and it can be used for heat recovery purposes, reducing in this way the heating or 

cooling loads of the building. The addition of an external layer can improve acoustic comfort and protect 

the building from wind or rain penetration [9]–[11]. In particular, to avoid rain penetration, one simple 

type of DSF (i.e. rain screen wall) applies pressure equalization for which airflow and pressures inside 

the cavity are important [12]. DSFs also provide the opportunity to use operable windows and at the 

same time extend the usable indoor space area near the window. The integration of photovoltaics (PVs) 

on the exterior skin, along with the implementation of controlled shading devices within the cavity of a 

DSF, gives the opportunity to design an energy positive DSF façade. This can be achieved by the 

generation of electricity through integrated PVs, the control of solar heat gains and by the extraction of 

heat from the PVs and the shading device by the air flowing within the cavity. 

In order to improve the energy and comfort performance of DSFs, diverse effective system geometries 

and airflow concepts [8] as well as novel integrated designs [13] have been recently investigated. The 

available studies on the DSF performance show that façade design, building and site parameters are 

identified to be the most important parameters influencing the performance of the DSF [14]. 

Simulations of a naturally ventilated multi-story DSF were held investigating the impact that the 

orientation of the building, the wind direction and the different strategies have on the performance of a 

DSF[15]–[17]. The adoption of integrated thermal mass aimed to improve the energy performance of 

DSFs was also studied [18], [19]. DSF also has showed a significant potential for daylight control and 

energy savings through the use of shading devices like louvers or blinds [20]–[23]. Nevertheless, the 



  

available literature shows that the research was mainly focused on the ventilation of the DSF, whereas 

wind effects, daylighting and integration of photovoltaics have not been extensively studied yet [10].  

The majority of the studies available in the literature that analyze the airflow inside the cavity use 

computational fluid dynamics (CFD) analysis. CFD tools are used to predict the airflow and the 

temperature inside the cavity of the DSF [24] and to simulate the free and forced convection between 

the air and the skins of the DSF [25]. CFD simulations are also held in order to characterize the airflow 

around the shading devices implemented within the cavity of the DSF [26]. The most studied shading 

device implemented in a DSF is venetian blind, and several analyses were carried out to assess its impact 

on the airflow and heat transfer [27]–[29].  

The heat transfer phenomena in an airflow window with building integrated PV/T [30], and the 

optimization of the performance of a DSF with integrated opaque photovoltaics [31], were extensively 

studied. Whilst electrical, thermal, and visual performances of a semitransparent thin-film PV facade 

were studied by several authors [32]–[35], DSF with integrated semi-transparent photovoltaics were 

only recently analyzed [36], [37]. The annual overall energy performance, energy-saving and daylighting 

potential, of a ventilated DSF were numerically simulated by means of Energy Plus. Simulations and 

sensitivity analyses about the air cavity width and ventilation modes were carried out for a cool-summer 

Mediterranean climate zone [38].  

Computer based numerical simulations have been extensively used with the aim to predict the thermal 

performance of DSF under different environmental conditions. Diverse numerical methods have been 

used, reviewed and discussed [39].The analysis of the state of the art shows that there are no standard 

procedures, adopted by researchers, for reporting and comparing the obtained simulation results, thus 

further research is required with the purpose to compare all models with the same experimental test. In 

addition, the produced studies and models are mainly focused on the energy performance and thermal 

behavior of the DSF itself, whilst there is a need to develop energy simulation models capable to assess 

the active and passive effects of the DSF on a whole building level [14], [39].  

In order to assess the effects of DSF on the building energy consumptions and comfort, different 

mathematical models are coupled to building energy and airflow models or specific simulation software 

[16], [40], [41]. Although such software are often proved to be a good choice between simulation 

accuracy and simulation time [42], a lack of whole building simulation tools including advanced DSF is 

highlighted. It is also noted the need of models which are flexible with respect to the development of 

suitable operation strategies and the implementation of specific mathematical models [43], [44]. Such 

tools could be adopted by building designers and researchers for detailed and rapid numerical analyses 

on advanced DSFs, especially during the design phase of NZEBs [1].  

In this framework a mathematical model is purposely developed in order to analyze and optimize the 

design of advanced DSFs integrating photovoltaics and actively controlled shadings (DSF-PV). Such a 

model is capable to assess the potential that an innovative DSF-PV has on the energy and visual 

performance of the building. To this aim, the developed flexible, customizable and scalable 

mathematical model allows one to: i) study novel operation strategies (i.e. natural mechanical and 

hybrid ventilation, shadings control, heat recovery, etc.) ii) perform suitable parametric analyses for 

identifying the set of design and operating parameters (including optical thermal and flow properties of 

the DSF) which optimize the DSF energy, thermal and visual comfort performances.  



  

2 Modeling 

In this paper an innovative Double Skin Façade integrating Photovoltaic panels (DSF-PV) on the exterior 

skin of the façade and shading devices within the cavity is modeled. The developed mathematical 

model, based on a detailed transient finite difference thermal network, is capable to assess the active 

and passive effects of a DSF-PV on the thermal and visual comfort and energy consumptions of the 

building in which the system is integrated.  

The model also allows the user to perform a parametric analysis, useful for designers to assess the effect 

of the considered design and operating parameters (design, geometry, optical, thermal and flow 

properties, etc.) on the performance of the DSF. By means of this procedure, optimal energy efficiency 

solutions and building design scenarios can be detected. The parameters that can be changed are 

reported in Table 1. 

The developed model gives the opportunity to be used for pre-feasibility studies, in the early stages of 

the design of a building or of retrofit projects, integrating in this way the PV/T technology in buildings. 

The integrated with photovoltaics DSF takes full advantage of the cavity and especially of the wind and 

buoyancy driven air flow inside the cavity, which serves the system in two ways: i) absorbs the heat from 

the integrated PV in order to decrease their temperature and hence, improves their electrical efficiency; 

ii) utilizes the preheated air as a source for natural or hybrid ventilation (heating or cooling) for the 

building. In addition, the air at the top of the cavity can be introduced to the HVAC system as preheated 

air, in order to reduce the energy consumption, or it can be introduced directly into the building if the 

comfort levels of the occupants are satisfied, for free heating purposes. The modeled cavity also 

includes automated roller shades, which help to regulate the heating and cooling space loads and 

control the daylight levels in the indoor space.  

The mathematical numerical model for the assessment of the energy performance of a multi-story DSF-

PV has been implemented in MatLab (Mathworks). The whole façade, and, similarly, the wall of a multi-

story building are designed as multiple strips made of different materials, e.g. semi-transparent, 

transparent, and opaque elements. Control volumes are formed between the strips on the exterior skin 

and those on the interior. The mass entering the control volume is equal to the mass leaving it and in 

the absence of work and heat transfer, the energy within the control volume remains constant. 

Automated roller blinds are located in the middle of the cavity and the air can flow on both sides of the 

shading device placed within the cavity (Figure 1).  

2.1 Positioning of the PV on the Exterior Skin 

The position of the semi-transparent photovoltaics on the DSF-PV is of great importance due to the 

shading that they provide and the possible blocking of the view. The concept of three section façade 

[46] is applied for the exterior skin of the developed DSF-PV. The façade in this way is discretized into 

three different sections starting from the bottom: the spandrel, the viewing section and the daylight 

section. The opaque photovoltaics (OPV) are integrated on the exterior skin at the spandrel section and 

the semi-transparent (STPV) at the daylight section. The same height of the spandrel sections is taken 

into account for the exterior and interior skin facades. In order to take advantage of the shading that the 

photovoltaics provide to the interior skin and furthermore to the interior zone, the height of the STPV 



  

(HSTPV) is defined by the optimal length of an overhang. The length of an overhang is calculated so that 

the direct solar radiation is blocked from entering the room on April 15 [47]. Then the part of the 

overhang that exceeds the length of the cavity is projected on the exterior skin in order to calculate the 

height of the STPV (HSTPV), having in this way the same effect that an overhang would have (equations 

1 and 2) (Figure 2). In addition, because the STPV does allow a part of the solar radiation to be 

transmitted to the inside, the daylighting levels of the interior space can be improved.  

𝐿𝑜𝑣 =
(𝐻𝑤𝑑 + 𝐻𝑢𝑠𝑝𝑑)

𝑡𝑎𝑛 𝑑
 

(1) 

𝐻𝑆𝑇𝑃𝑉 = tan(𝑑) ∗ (𝐿𝑜𝑣 − 𝐿𝑐𝑎) (2) 
Where H represents the height of the window and the upper spandrel and L the length of the overhang 

and the cavity. Starting by the initial design configuration of the exterior skin, it is possible to determine 

the position of the photovoltaics which optimizes the visual and thermal comfort (providing shading to 

the adjacent indoor zones), while increasing the electrical efficiency of photovoltaics. 

2.2 Transmittance of STPV and Glazing 

The calculation of the solar radiation incident on any tilted surface is carried out by taking into account 

the solar geometry equations [47]. Thus, starting by solar radiation and solar geometry data (e.g. direct 

normal and diffuse solar radiation, latitude and longitude), imported to the model, the direct and diffuse 

solar radiation are calculated for the vertical surface of the DSF-PV. The modeling of the transmittance 

of the semi-transparent photovoltaic and the glazing is determined by their properties. The extinction 

coefficient and the refractive index are used in order to calculate the angle of refraction and the 

component reflectivity. These two parameters are used in order to determine the transmittance, 

reflectance and absorbance of the semi-transparent photovoltaics and the glazing. The semi-transparent 

photovoltaic is modeled under the assumption that has a uniform transmittance. For this reason, the 

extinction coefficient (K) times the glazing thickness of the semi-transparent photovoltaic is given by:    

𝐾𝑆𝑇𝑃𝑉𝐿𝑆𝑇𝑃𝑉 = −𝑙𝑜𝑔(𝜏𝑆𝑇𝑃𝑉) (3) 

which is a function of the overall normal transmittance of the STPV (τSTPV). The same principals are 

used in order to model the effective transmittance and absorption of the glazing at the exterior skin and 

double pane window at the interior skin [48].  

2.3 Shadows 

The opaque and semi-transparent photovoltaics integrated on the exterior skin, as well as the roller 

blind that is implemented within the cavity, provide shading to the building and therefore significantly 

affect the energy balance of the system. The solar radiation is treated by separating the direct and 

diffuse sources. To address the direct light, the shadow is calculated by the upper and the lower point of 

the photovoltaic panels or of the roller blind. The vertical distance between the upper or the lower point 

of the photovoltaic panels and the shade that they provide is given by equation (4) and is a function the 

cavity width Lca the solar altitude βs and the surface azimuth as: 



  

𝑦𝑠ℎ =
𝐿𝑐𝑎 𝑡𝑎𝑛 𝛽𝑠
𝑐𝑜𝑠 𝑎𝑠

 
(4) 

The area between these points is fully shaded in the case of the opaque photovoltaics and partially 

shaded in the case of semi-transparent photovoltaics and the roller (Figure 3). If the photovoltaics 

integrated on the exterior skin shade the roller blind, then the effective transmittance of both of them is 

calculated for the interior skin. Because the method of control volumes is used for the energy balance 

and the points where the shadow begins and ends don’t always align with the beginning and the end of 

each control volume, the percentage of the area that is shaded is multiplied with the percentage of the 

overall transmittance of photovoltaics and roller to give us the total shade at each control volume. As 

the number of control volumes in which the DSF-PV is subdivided along the vertical direction increases, 

the upwards or downwards movements of the roller blinds along the cavity can be controlled via 

smother movements (i.e. simulating a dimming control). In this model, the height of the blind, and its 

thermal and optical properties can be either defined by the user or assessed as a function of the energy 

or comfort criteria. The existence of a roller blind affects the flow of the air inside the cavity, the thermal 

balance and the shading to the interior skin, as well as the daylight of the indoor zone.  

2.4 Thermal Network  

The simulation model of the DSF-PV takes into account all of the heat transfer processes, based on a 

nodal approach. On each node, the heat balance equation is solved and includes heat transfer due to 

convection, conduction and radiation. Due to the implementation of the roller blind at the middle of the 

cavity, two sets of explicit finite difference equations are obtained for each node of the adopted thermal 

network. The first set of equations is used in the case where there is not a roller blind, or the roller blind 

is folded, taking into account only one airflow inside the cavity (Figure 4), whereas the second set is used 

when the roller blind splits the cavity into two smaller cavities. This results into two airflows, one in 

front of the roller blind and one behind it (Figure 5). 

The thermal resistance of the roller blind is considered negligible while it is assumed that no air passes 

through the shade and the air flow at the two sides of the roller blind are assumed to be equal [26]. 

In order to capture the gradient of the air temperature along the cavity, each element of the multi-story 

DSF-PV (i.e. the façade, the two air channels, and the wall) is subdivided, along the vertical direction, in 

n equal control volumes (i.e. n is suitably selected to enhance the accuracy of the simulation results), 

whose temperatures are calculated through the energy balance method. The multi-story building 

adjacent to the DSF-PV is also subdivided in z different perimeter thermal zones. Therefore, in each time 

step t, for each z-th perimeter zone and for each n-th control volume of the façade, the corresponding 

energy balance equation is calculated as: 

∑
𝑇𝑓,𝑖 − 𝑇𝑓,𝑛

𝑅𝑓,𝑖

𝑛+1

𝑖=𝑛−1

+
𝑇𝑑𝑏 − 𝑇𝑓,𝑛

𝑅𝑒𝑥𝑡,𝑛
+
𝑇𝑎𝑖𝑟,𝑛 − 𝑇𝑓,𝑛

𝑅𝑐𝑎.𝑒𝑥𝑡,𝑛
+ �̇�𝑓,𝑛 + �̇�𝑟𝑎𝑑,𝑛 + �̇�𝑓,𝑚𝑙𝑡 = 0 (5) 

Where Rf is the resistance between each node at the exterior layer on the vertical direction, Rext and 

Rch.ext are the resistances between the façade and the outdoors and between the façade and the air 



  

within the cavity respectively, while Q̇ is the thermal load and Ṡ is the incident solar radiation due to 

interreflection within the cavity and are explained later in the paper. 

The wall separating the cavity from the indoor space is modeled with two nodes: an exterior (facing the 

cavity) and an interior (facing the indoor space). Thus, n sections (along the vertical direction) for each of 

these surfaces and n resistive thermal nodes for each story are taken into account. For such nodes, the 

boundary conditions are the air flowing within the cavity and the indoor air, respectively. Similarly to 

equation (5), for each perimeter building zone and for each n-th section/node of the exterior and 

interior wall surfaces, the corresponding energy balance equations are calculated as: 

𝑇𝑎𝑖𝑟,𝑛 − 𝑇𝑤𝑜,𝑛
𝑅𝑐𝑎.𝑖𝑛𝑡,𝑛

+
𝑇𝑤𝑖,𝑛 − 𝑇𝑤𝑜,𝑛

𝑅𝑤𝑙,𝑛
+ �̇�𝑤𝑜,𝑛 + �̇�𝑟𝑎𝑑,𝑛 + �̇�𝑤,𝑚𝑙𝑡 = 0 

(6) 

𝑇𝑤𝑜,𝑛 − 𝑇𝑤𝑖,𝑛
𝑅𝑤𝑙,𝑛

+
𝑇𝑖𝑛,𝑘 − 𝑇𝑤𝑖,𝑛

𝑅𝑖𝑛𝑡,𝑛
+ �̇�𝑤𝑖,𝑛 = 0 

(7) 

Here, Q̇wo,n and Q̇wi,n represent the effective transmitted solar radiation incident on the exterior and 

interior surfaces of the wall and R represents the resistance between the layers of the DSF-PV. These 

include the diffuse solar radiation and the net (transmitted and/or absorbed) beam solar radiation, 

suitably calculated by taking into account the cast shadows due to the façade surfaces and the roller 

blinds (section 2.3). The solar beam radiation, Ṡmlt, absorbed as diffuse after many reflections by the 

surfaces facing the cavity (i.e. façade, roller sides, interior skin), is calculated by following the procedure 

presented in detailed in the next sections [49]. The radiative heat transfer is calculated by taking into 

account the incident solar radiation and the long wave radiation exchange among the sky vault and the 

exterior surfaces (equation (8)) and among the interior surfaces comprising the DSF cavity (equation 

(9)). To this purpose, the view factors and the radiosities of all sections constituting the cavity were 

properly calculated, as discussed in the next sections. The radiative terms are calculated as: 

�̇�𝑓,𝑛 = [𝛼𝑓,𝑛𝐼𝑓,𝑛 + 𝜀𝑛𝜎𝑓(𝑇𝑠𝑘𝑦
4 − 𝑇𝑓,𝑛

4 )]𝐴𝑛 (8) 

�̇�𝑟𝑎𝑑,𝑛 = 𝐴𝑛∑
𝜀𝑖

1 − 𝜀𝑖
(𝐸𝑛 − 𝐽𝑖)

𝑁

𝑖=1

 
(9) 

Where E is the total emissive power, J is the radiosity and ε is the emissivity of each layer of the 

DSF-PV. 

The wind and buoyancy-driven air flow in the cavity is assumed to be quasi-steady and for each of the n 

control volumes in which each air cavity is discretized, an energy balance is written. It must be noted 

that the air temperature of the cavity inside the DSF-PV describes the radiation exchange, convection 

and mass transfer, including the identification of the heat transfer coefficients.  

As reported in previous studies, the temperature profile in a ventilated cavity is exponential [31]. Thus, 

with the aim to avoid the use of an air temperature profile, the change of energy of each control volume 



  

is assumed equal to the energy transferred to the air by convection. This leads, after solving a first order 

differential equation of air temperature [31], to the expression: 

𝑇𝑎𝑖𝑟,𝑛 = exp (−
𝑅𝑐𝑎.𝑒𝑥𝑡,𝑛

−1 +𝑅𝑐𝑎.𝑖𝑛𝑡,𝑛
−1

ṁ𝑐𝑝,𝑎𝑖𝑟
)𝑇𝑎𝑖𝑟,𝑛−1 + 

+[1 − 𝑒𝑥𝑝 (−
𝑅𝑐𝑎.𝑒𝑥𝑡,𝑛

−1 +𝑅𝑐𝑎.𝑖𝑛𝑡,𝑛
−1

ṁ𝑐𝑝,𝑎𝑖𝑟
)](

𝑅𝑐𝑎.𝑒𝑥𝑡,𝑛
−1𝑇𝑓,𝑛 +𝑅𝑐𝑎.𝑖𝑛𝑡,𝑛

−1𝑇𝑤𝑜,𝑛

𝑅𝑐𝑎.𝑒𝑥𝑡,𝑛
−1+𝑅𝑐𝑎.𝑖𝑛𝑡,𝑛

−1 ) 

(10) 

Different boundary conditions are taken into account and no air leakage is assumed in the DSF-PV cavity. 

It is also assumed that uniform solar radiation is incident on clean exterior surfaces and PV modules are 

operating at their maximum power point condition.  

𝑃𝑒𝑙 = 𝑛𝑝𝑣𝐼𝑓,𝑛𝐴𝑛 
(11) 

Where 𝑛𝑝𝑣 is the PV efficiency, assumed linearly decreasing with the increasing operating temperature 

[50], taking into consideration the photovoltaic module efficiency at standard test conditions, the 

photovoltaic module temperature coefficient (βPV) and the cell temperature under standard test 

conditions (Tstc).  

𝜂𝑃𝑉 = 𝜂𝑠𝑡𝑐[1 − 𝛽𝑃𝑉(𝑇𝑃𝑉 − 𝑇𝑠𝑡𝑐)]  (12) 

For each z-th indoor space adjacent to the DSF-PV system, its indoor air is assumed as uniform and 

perfectly mixed. In order to assess the transient effects induced by the thermal mass, a transient lumped 

parameters heat transfer model is taken into account [51]. Thus, a finite difference thermal network 

formulation is used to solve equations at each node in which the floor is discretized. Numerical 

simulations are based on a transient lumped parameters heat transfer model; this type of model 

enables accurate simulation of transient effects induced by thermal mass. This entails that for each z-th 

zone, the differential equations describing the energy rate of change of each temperature node of the 

floor nodes (fl), and of the air node, (in), are solved by explicit finite difference method as follows [1]: 

𝑇𝑓𝑙,𝑧
𝑡 = 𝑇𝑓𝑙,𝑧

𝑡−1 +
𝛥𝑡

𝐶𝑓𝑙,𝑧
(�̇�𝑓𝑙,𝑧 +∑

𝑇𝑤𝑖,𝑘 − 𝑇𝑓𝑙,𝑧
𝑡−1

�̅�𝑟𝑎𝑑,𝑛

𝑁

𝑘=1

+
𝑇𝑖𝑛,𝑧 − 𝑇𝑓𝑙,𝑧

𝑡−1

�̅�𝑓𝑙,𝑖𝑛𝑡
) 

(13) 

𝑇𝑖𝑛,𝑧
𝑡 = 𝑇𝑖𝑛,𝑧

𝑡−1 +
𝛥𝑡

𝐶𝑖𝑛,𝑧
(�̇�𝑖𝑛,𝑧 +∑

𝑇𝑤𝑖,𝑘 − 𝑇𝑖𝑛,𝑧
𝑡−1

�̅�𝑟𝑎𝑑,𝑛

𝑁

𝑘=1

+
𝑇𝑓𝑙,𝑧 − 𝑇𝑖𝑛,𝑧

𝑡−1

�̅�𝑓𝑙,𝑖𝑛𝑡
) 

(14) 

�̅�𝒓𝒂𝒅 and �̅�𝒇𝒍,𝒊𝒏𝒕 are the radiative thermal resistances between the internal wall surfaces and the 

floor and between the internal wall surfaces and the indoor air, respectively. �̇�𝒇𝒍 is a heat source 

at node fl, whereas �̇�𝒊𝒏 is thermal power to be added to or subtracted from the z-th zone to maintain 

the indoor air temperature at the desired set-point. In order to determine �̇�𝒊𝒏, the indoor air 

temperatures are firstly calculated in a free-floating regime and then, where heating or cooling is 



  

required, the energy required to maintain the final zone temperature at the set temperature is 

iteratively assessed. 

2.5 Radiosity method 

The modeled exterior skin of the DSF-PV consists of three different sections having an opaque, glazing 

and a semi-transparent photovoltaic (Figure 1). The opaque photovoltaics are expected to perform in 

higher temperatures than the semi-transparent ones, and both the photovoltaics to have higher 

temperatures than the glazing. This lack of uniformity on the exterior skin has an effect on the long 

wave radiation heat exchange and eventually in the solar radiation absorbed within the cavity, which 

must be accurately taken into account. In addition, in the case where the roller blind is implemented in 

the middle of the cavity, the radiation exchange between some areas of the exterior and the interior 

skins are interrupted. 

For assessing the radiative heat transfer within the cavity and the solar radiation absorbed by the 

surfaces of the cavity after multiple reflections, all view factors were properly calculated. The complexity 

of the radiative model developed for the DSF-PV is mainly because it follows the number of the chosen 

control volumes which demarcate strips along the width of both skins of the DSF subdividing each 

surface in N sub-surfaces.  

In the implemented model, the double area integration approach is taken into account for the 

calculation of the fundamental expression for a view factor between isothermal, black-body, diffusely 

emitting and reflecting surfaces [52]. Each n-th surface is sub-divided into Nx × Ny rectangular elements 

(i.e. Nx divisions along the horizontal edge and Ny divisions along the vertical edge) of the same area.  

𝐹𝑖→𝑗 =
1

𝜋𝐴𝑖
∑∑

cos𝜗𝑖 ∙ cos 𝜗𝑗

𝑟𝑖𝑗
2

𝑁𝑦

𝑗=1

𝑁𝑥

𝑖=1

∆𝐴𝑖∆𝐴𝑗 (15) 

Where r represents the distance between the two surfaces and the cosines ϑi and ϑj denote the angles 

between r and the respective normal vectors. The appropriate number of divisions (Nx × Ny) is previously 

selected such as the difference between the analytical solution of the view factor between the two 

parallel plates of the DSF [53] and the sum of the n-th view factors calculated by the equation 15 is 

lower than a specified tolerance.  

The view factors between the façade and the reradiating surfaces at the edges of the cavity are 

calculated according to the geometric correlations for parallel equal rectangular plates and adjacent 

rectangles [54]. In the cases of the presence of the obstructing roller blind located within the cavity, the 

view factor between interrupted subsurface are set to be equal to zero. Therefore, in order to 

determine the view factor between two interrupted cavity sub-surfaces, a suitable algorithm was 

implemented. Specifically, depending on the roller blind position into the cavity, the two extreme pairs 

of sub-surfaces of the cavity facades connected by virtual lines are defined by means of geometric 

considerations.  

The bottom and top of the cavity, as well as the side surfaces, were assumed to be adiabatic and 

reradiating with a floating temperature distribution. On each sub-surface the radiosity, 𝐽𝑛, is assumed to 



  

be uniform, and the radiative heat flux (Q̇rad,n in equation 9) is related to its temperature (i.e. emissive 

power, 𝐸𝑛) and to 𝐽𝑛, as it follows: 

𝜎 ∙ 𝑇𝑓,𝑛
4 = 𝐽𝑛 +

1 − 𝜀𝑛
𝜀𝑛

∙ ∑𝐹𝑛→𝑘 ∙ (𝐽𝑛 − 𝐽𝑘

�̅�

𝑘=1

) (16) 

In order to determine the unknown radiosities and temperatures of all the sub-surfaces and surfaces, 

with �̅� = 2 ∙ 𝑁 + 4 of the cavity, a system of �̅� linear algebraic equations, in a matrix form, is solved 

[53]. 

The solar beam radiation absorbed as diffuse after many reflections by the exterior skin, the interior skin 

and the roller sides is calculated by following the procedure presented by Athienitis and Stylianou [49]. 

The total beam radiation absorbed after many reflections by a n-th surface is given by: 

𝑆𝑚𝑙𝑡 = 𝐴𝑛∑𝐹𝑛𝑘
𝑑 ∙ 𝜚𝑘 ∙ 𝐼𝑑𝑖𝑟 ∙ 𝑓𝑤,𝑘

�̅�

𝑘=1

 (17) 

Where the portion of the glazing surfaces directly illuminating the k surface,𝑓𝑤,𝑘, is defined starting by 

the knowledge of the cast shadows (as reported in Section 2.3). The transfer factor,𝐹𝑛𝑘
𝑑 , is calculated as 

the fraction of diffuse solar radiation emitted by surface k which is absorbed by surface n and is 

calculated as: 

𝐹𝑛𝑘
𝑑 = 𝐴𝑎𝑏𝑠 ∙ 𝐹𝑛𝑗 ∙ (𝐼𝑗𝑛 − 𝜚𝑗 ∙ 𝐹𝑗𝑘) 

(18) 

where 𝐴𝑎𝑏𝑠 is a diagonal matrix with the surfaces absorptance equal to its diagonal, 𝐹𝑛𝑗 is the view 

factor, 𝐼𝑗𝑛is the identity matrix.  

2.6 Heat transfer coefficients  

The local Nusselt numbers (Nu) are used in order to represent the convective heat transfer coefficients 

along the cavity height. Nusselt number correlations developed by Liao et al. [30] for the façade and 

internal side are used:  

𝑁𝑢𝑐𝑎.𝑒𝑥𝑡 = (0.011𝑅𝑒 + 62.856)𝑒
−0.475

𝐻

𝐿𝑐𝑎 + (2.766𝑥10−3)𝑅𝑒 + 5.58                                         (19) 

𝑁𝑢𝑐𝑎.𝑖𝑛𝑡 = (0.109𝑅𝑒 − 124.34)𝑒
(−1.635𝑥10−5𝑅𝑒−0.593)

𝐻
𝐿𝑐𝑎 + (4.098𝑥10−3)𝑅𝑒 + 3.896 (20) 

By using the definitions of Nusselt and Reynolds number, the local convective heat transfer coefficients 

were calculated.  

𝑁𝑢 =
ℎ𝑐𝑎𝐷𝑐𝑎

𝐾𝑎𝑖𝑟
  (21) 

𝑅𝑒 =
𝜌𝑎𝑖𝑟𝑉𝑎𝑖𝑟𝐷𝑐𝑎

𝜇
 

(22) 

The exterior convective heat transfer coefficients caused by the wind are calculated based on the 

equation developed by Emmel (2007).  

ℎ𝑜𝑢𝑡 = 5.15𝑉𝑤
0.81  𝜃 ≤ 22.5𝑜 

(23) 
ℎ𝑜𝑢𝑡 = 3.34𝑉𝑤

0.84  22.5𝑜 < 𝜃 ≤ 67.5𝑜 



  

ℎ𝑜𝑢𝑡 = 4.78𝑉𝑤
0.71 67.5𝑜 < 𝜃 ≤ 122.5𝑜 

ℎ𝑜𝑢𝑡 = 4.05𝑉𝑤
0.77 122.5𝑜 < 𝜃 ≤ 157.5𝑜 

ℎ𝑜𝑢𝑡 = 3.54𝑉𝑤
0.76 𝜃 > 157.5𝑜 

 

Where Vw is the wind velocity that has been adjusted for height above ground. This general equation is 

not taking into account the surface roughness. 

2.7 Flow network 

Taking into consideration the temperature distribution of the air inside the cavity, as well as the wind 

velocities and directions, the airflow inside the cavity can be easily determined by means of the 

simulation model. Moreover, it is also possible to manually set a desired airflow rate inside the cavity, 

enabling in this way the mechanical ventilation which assists the stack and wind effects. In fact, the flow 

of the air inside the cavity can be naturally and mechanically driven. The airflow inside the cavity caused 

by natural effects such as stack and wind effects:.  

𝛥𝑃𝑛𝑎𝑡 = 𝛥𝑃𝑡ℎ + 𝛥𝑃𝑤 (24) 
Pressure difference due to stack effect related to the temperature difference between the ambient 

temperature and the temperature of the air within the cavity is given by: 

𝛥𝑃𝑡ℎ = 0.5𝜌𝑎𝑖𝑟𝑔𝐻𝑐𝑎 [
𝑇𝑚𝑐𝑎 − 𝑇𝑜𝑢𝑡

𝑇𝑐𝑎
]𝑇𝑚𝑐𝑎 − 𝑇out ≥ 0 

(25) 

𝛥𝑃𝑡ℎ = 0.5𝜌𝑎𝑖𝑟𝑔𝐻𝑐𝑎 [
𝑇𝑚𝑐𝑎 − 𝑇𝑜𝑢𝑡

𝑇𝑜𝑢𝑡
]𝑇𝑚𝑐𝑎 − 𝑇out < 0 

(26) 

Where Tmca is the average temperature of the air inside the cavity. The pressure drop due to wind 

effect is given by the equation: 

𝛥𝑃𝑤 = 𝛥𝐶𝑝0.5𝜌𝑎𝑖𝑟𝑉𝑤
2 (27) 

For this equation, the velocity of the air measured at a height of 10m above ground is used. The 

pressure coefficients, determined experimentally by Lou et al. [56] for twelve wind angles over 360o, are 

used in order to calculate, via interpolation, the difference between the pressure coefficients at the 

exterior and the interior skin of the DSF-PV (𝛥𝐶𝑝). 

𝑉𝑐𝑎,𝑡ℎ =
𝐶𝑑
𝐴𝑐𝑎

√𝛥𝑃𝑛𝑎𝑡𝛥𝑃𝑛𝑎𝑡 ≥ 0 

 
(28) 

𝑉𝑐𝑎,𝑡ℎ = −
𝐶𝑑
𝐴𝑐𝑎

√|𝛥𝑃𝑛𝑎𝑡|𝛥𝑃𝑛𝑎𝑡 < 0 

 
(29) 

The used orifice equation employs a discharge coefficient of Cd = 0.62 for a flow through sharp edged 

rectangular objects. 

The total pressure drop caused by thermal, wind and mechanical systems is described by:  

𝛥𝑃𝑡𝑜𝑡 = 𝛥𝑃𝑛𝑎𝑡 + 𝛥𝑃𝑚𝑒𝑐ℎ (30) 
If natural airflow inside the cavity does not reach the desired airflow rate, then the fans at the top of the 

DSF-PV start to operate. 



  

The pressure drop due to the mechanical system is calculated by the equation: 

𝛥𝑃𝑚𝑒𝑐ℎ = (
𝑉𝑐𝑎𝐴𝑐𝑎
𝐶𝑓

)

2

− 𝛥𝑃𝑛𝑎𝑡 
(31) 

2.8 Energy Calculation 

The electricity consumption for heating and cooling purposes is calculated by taking into account the 

electricity consumption of air-to-water heat pumps/chillers that either supply or remove heat from the 

perimeter zones. In the simulation model, the Coefficient Of Performance (COP) and the Energy 

Efficiency Ratio (EER) of the selected heat pump/chiller devices vary as a function of the occurring 

operating conditions as defined by the manufacturers. Specifically, COP and EER are calculated as a 

function of the part load ratio, the ambient temperature and the temperature of the condenser or the 

evaporator, by following a lookup data approach [57]. The amount of electricity needed for the 

operation of the heat pump, 𝑃𝐻𝑃/𝐶𝐻, is calculated by the heating or cooling demand, Q̇in, as: 

𝑃𝐻𝑃/𝐶𝐻 =
Q̇in

𝐶𝑂𝑃/𝐸𝐸𝑅
 (32) 

A simple radiosity daylight model [58] is used to assess the illuminance levels on the work-plane and the 

energy consumed in order to artificially light this area with lumps. When daylight is not enough to meet 

the set-point selected (300 lx), dimmable LED lighting that provides additional light to reach the required 

illuminance on the work-plane is assumed. The equation (33) is used to calculate the electricity 

consumed for the artificial lighting of the work-plane by using the average illuminance on the work-

plane. 

𝑃𝑙𝑎𝑚𝑝𝑠 =
(𝐸𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 − 𝐸𝑎𝑣𝑒𝑟𝑎𝑔𝑒)𝐴𝑤𝑜𝑟𝑘𝑝𝑙𝑎𝑛𝑒

𝑛𝑙𝑎𝑚𝑝𝑠
 (33) 

The difference between the desired illuminance set-point and the average illuminance on the work 

plane are calculated for each time step and for the cases where the daylight is not adequate to light the 

room during the working hours, the lamps are assumed to be operating. The electricity consumption 

due to the lighting system is calculated by taking into account dimmable LED lightning lamps with a 

luminous efficacy of 100lm/W.  

An important fraction of the electricity consumption comes from the operation of the fans that assist 

the flow inside the cavity. The amount of the electrical power due to fans operation is calculated starting 

by the assessment of the pressure drop due to the mechanical system, 𝛥𝑃𝑚𝑒𝑐ℎ, the air flow rate (�̇�𝑐𝑎), 

and the fan efficiency (𝑛𝑓𝑎𝑛), as: :  

𝑃𝑓𝑎𝑛 =
�̇�𝑐𝑎𝛥𝑃𝑚𝑒𝑐ℎ

𝑛𝑓𝑎𝑛
 (34) 

3 Validation procedure 

Experimental values from previous studies are used for the verification of the simulation model [59]. For 

this comparison the experiments held on a test-hut built up in Concordia University (Montreal, Canada) 



  

and collected in March 2004 are used. Simulations were carried out by taking into account the same 

boundary conditions considered by Liao et al. [59]. The physical features of the considered opaque PV 

modules are reported in Table 2. The opaque PV panels that are integrated on the exterior skin are 

located at a distance of 0.1 m from the insulated interior wall (both of them have a height of 1 m). 

For validation purposes a comparison is carried out between the experimental and the simulated results 

related to the temperature of the opaque PV panel (Tpv) and the interior wall (Tins). The results of this 

analysis are presented in Table 3. A good agreement between predicted and experimental results is 

obtained (the detected error is within a range of 1.5°C). The only exception is observed when the 

incident solar radiation is significantly high. In this case the temperature difference between predicted 

and measured results is lower than 4oC. Note that such differences do not drastically affect the 

calculated efficiency of the PV panels. In particular, being the simulated temperatures higher than the 

measured ones, a conservative underestimation of the calculated PV electricity production is obtained 

by equations (11) and (12).  

This difference could be credited to the accuracy and precision of the measuring instruments, the 

unknown insulating value of the experimental set-up and also to the unknown wind velocity occurring 

during the experimental procedure.  

4 Case study 

A set of simulations is suitably carried out, in order to show the capabilities of the simulation model to 

assess the energy performance, to found out advantages and drawbacks of the modelled innovative 

DSF-PV. The simulation were performed over a time horizon of one year for the heating dominated 

climate of Montreal (Canada). A one-hour time step was selected, compatible with the Typical 

Meteorological Year data files (TMY) used as a source for the weather input data. The simulated DSF-PV 

operates for a perimeter office building, where the indoor conditions follow a normal weekday schedule 

from 08:00 to 18:00 and the temperature is free to fluctuate between 21 and 24°C. The operation of a 

HVAC system is required in order to maintain the indoor air temperature within such range. The 

simulations are carried out by assuming two-pipe fan-coils to be the building terminal units, with supply 

temperatures of 45 °C for the heating mode and 7 °C for the cooling mode.  

A Double Skin Façade integrating Photovoltaic panels (DSF-PV) is implemented on the South façade of a 

reference building. The area covered by the opaque PV panels (OPV)  is about 55% of the total south-

facing surface, with a nominal OPV efficiency of 20%. The reference office building described by Reinhart 

et al. [60] was used for the design of the interior zone. In each indoor space it is assumed that the plug 

load factor is 3.55 W/m2. Each workstation is 12.5 m2, all the occupants use notebooks and one printer is 

assigned for every ten occupants [61]. A three floor office building with a rectangular East-West oriented 

shaped plant (3.6  8.2 m) is taken into account for the simulations. The height of each intermediate 

floor of the building is 2.8 m. The bottom spandrel is 1.0 m high, the window is 1.5 m high, and the 

upper spandrel is 0.3 m high, for a window-to-wall ratio of 55%. The investigated range of the air cavity 

thickness of the integrated DSF-PV is between 0.1 and 0.6 m. The roller blind is placed in the middle of 

the DSF-PV air cavity. The solar transmittance of the roller is set to 10% and the related reflectance is 

50%. The investigated solar transmittances of the semi-transparent PV panels (STPV) are 30%, 50% and 



  

70%. In this analysis, the roller blind is implemented at the viewing section, i.e. it starts directly 

underneath the STPV panels integrated at the exterior skin and can expand downward till the spandrel 

section, as shown in Figure 6.  

In this study, a multi-story DSF-PV model was simulated by taking into account different roller set-ups, 

aiming at analyzing the effect of the adoption of the motorized blinds on the energy performance of the 

DSF-PV. The shading effects of the roller can be simulated for different positions along the cavity. Here, 

five different shading positions (Rs) are modelled. One set-up refers to the roller blind completely 

shading the viewing section (RS = 100% shading), another one refers to a rolled-up roller blind (RS = 0% 

shading), as shown in Figure 6. In addition, three modulated positions (Rs = 25%, 50% and 75%) are also 

considered. Here, it is possible to observe that the downward movement of the roller blind is allowed 

along the window viewing section only, without directly shading the daylight one.  

To assess the impact of the velocity of the air flowing inside the DSF-PV cavity (V) on the system 

performance, different set-points (i.e. Vsp between 0.3 and 1 m/s) were taken into account. Different 

ventilation modes of the air flowing inside the cavity such as natural, mechanical and hybrid regimes can 

be simulated. If the natural ventilation is not capable to meet the required velocity, the stack and wind 

effects are boosted through the mechanical ventilation system. For the simulated fan driven ventilation 

system, an average electrical efficiency of the fan 𝑛𝑓𝑎𝑛, equal to 70% is assumed.  

Different operating strategies are taken into account in the developed case study according to the fan 

operation and roller blinds layouts. Specifically, three air flow modes can be alternatively simulated and 

applied in different scenarios: i) air flow assisted by fans (MVent); ii) natural convection flow (NVent); iii) 

no flow (Closed). According to such occurrences ten different operating strategies for the DSF-PV are 

implemented in the code (Table 4). In addition, five different strategies have been developed for the use 

of the roller blinds, based only on the heating and cooling needs of the adjacent to the DSF-PV zone 

(Table 5). Additional strategies will be developed by taking into consideration the illuminance levels on 

the work-plane, as a result of the shading provided by the roller blind.  

The heat recovered by the DSF-PV air cavity is exploited to enhance the COP of the heat pump (HP), with 

the aim to minimize its seasonal variation. During winter the DSF-PV is coupled with the evaporator side 

of the air-to-water HP to reduce space heating demand. DSF preheated air is mixed with outdoor air, 

prior to entering the heat pump, to ensure adequate airflow to the evaporator. For the selectable heat 

pump / chiller, heating and cooling capacity and performance data are assessed as a function of the 

water and air inlet temperatures. Simulations are carried out by taking into account an inverter driven 

reversible heat pump with a COP ranging between 1.35 and 5.20, and an EER ranging between 2.74 and 

9.74. These data are estimated based on manufacturers and, for the carried out analysis, are provided 

for the CLIVET WSAN-XIN 101 (Excellence series) HP, which can operate under part load conditions. The 

equipment’s water flow rate are set at constant value, whereas air flow rates can be also varied as a 

function of the part load conditions. Nevertheless, the selected heat pump /chiller is not allowed to 

operate at less than 40% of its maximum capacity. Outside the operation limit conditions (PRL, 

temperatures, etc.), HP performance are not affected by the compressor inverter frequency and the air 

flowrate remains unchanged. Finally, during the heating mode, if the HP air inlet temperature is lower 

than minimum allowed temperature, or the HP capacity is not sufficient to supply the space heating 

requirements, an electrical back-up is turned on. The heat pump performances provided by 

manufactures’ are in accordance with the standard EN14511 (2013, Air conditioners, liquid chilling 



  

packages and heat pumps with electrically driven compressors for space heating and cooling), including 

defrost cycles losses.  

5 Results and discussion 

The results obtained through the simulation of the developed mathematical model are analyzed and the 

influence of the main design and operating parameters on the system energy performance is discussed. 

5.1 Thermal analysis: general considerations and roller blind effects 

In Figure 7 the temperatures of the air cavity as a function of time and cavity length (for a three floor 

building façade) is shown for a sample summer day (July 7th). Simulations are carried out for Vsp = 0.5 

m/s and Rs = 0% (i.e. rolled up blinds).  

An air cavity temperature growth is obtained by increasing the height of the building façade. Higher 

temperature increments (steeper temperature gradients) are observed in correspondence of the 

opaque photovoltaic (OPV) panels within the façade. This result is due to the higher temperatures of the 

OPV panels versus the rest of the exterior skin. 

The effects of roller blinds on the air cavity temperatures are shown in Figure 8, where the case fully 

rolled down blinds (Rs = 100%) is presented. By comparing Figure 7 and Figure 8 it is possible to observe 

that the roller blinds contribute to a certain increase of the air cavity temperature, especially in 

correspondence of the OPV panels where remarkable air temperature growths are detected. As 

expected, simulation results also show that for a given incident solar radiation, the lower the inlet air 

temperature, the higher the temperature difference between the air at the bottom inlet and the upper 

outlet louvers. It should be noted that the outlet louvers are not shown in the figures for sake of brevity. 

In Figure 9, the time histories of the average temperatures of the opaque (Topv) and semi-transparent 

PV (Tstpv) panels, as well as the average temperatures of the ambient air (Tout) and cavity (Tair) are 

reported together with the façade incident solar radiation (Itot) for four typical summer days (June 29th - 

July 2nd). The obtained results are referred to a minimum velocity set-point of the air flowing within the 

cavity (Vsp) set to 0.5 m/s during daytime (from 8:00 to 18:00, beyond such time interval the cavity is 

considered to be naturally ventilated only). In Figure 9 it is possible to observe that in the building 

perimeter zone the indoor air temperature is maintained to the cooling set-point (24°C) between 8:00 to 

18:00 whilst is in free floating during the rest of the time. The maximum incident solar radiation on the 

building façade (Itot) ranges between 200 and 450 W/m2, whereas the ambient temperature fluctuates 

between 11 and 33°C. As expected, the temperatures of the PV panels and air cavity are strongly 

affected by these parameters. The temperature peaks of both the PV panels (i.e. opaque OPV and semi-

transparent STPV) almost correspond to the peaks of the façade incident solar radiation. In summer, 

Topv approaches 40°C, being averagely 15°C higher than the ambient air temperature.  Conversely, 

Tstpv is remarkably lower than Topv because of the lower STPV panels’ absorptance with respect to the 

one of the OPV panels (the reported results are referred to a transmittance of STPV panels equal to 

30%). 



  

The obtained air cavity temperature (Tair) increment is low and almost follows the fluctuation of the 

ambient temperature (Tout) being only weakly influenced by the incident solar radiation (Itot). This 

result is due to the minimum velocity set-point for the air flowing within the cavity (Vsp = 0.5 m/s). 

During the night, the temperature of the PV panels is slightly lower than the temperature of the 

ambient/cavity air. This result is due to the infrared radiation exchanges between such high emissivity 

surfaces and the sky vault. 

5.2 Parametric analysis 

The results of a suitable parametric analysis carried out are reported in this section. The analysis aims to 

identify the parameters that minimize the heating or cooling energy peaks and demands, while 

maximize the electricity production of the building integrated PV panels (BIPV). 

5.2.1 Air flow control effect 

The above described strategies that combine natural, mechanical and hybrid ventilation modes in the air 

cavity of the double skin façade were simulated for a cavity thickness (Lca) equal to 0.5 m without using 

roller blinds (Rs = 0%). Figure 10 reports the average yearly electricity consumption per floor necessary 

for heating and cooling, calculated for all the above mentioned airflow and fan operation strategies 

(presented in Table 4). 

For the heating dominated climate zone of Montreal (Canada), and from the energy efficiency point of 

view, Strategy 10 (Table 4) is shown to be the optimal. In fact, when the indoor zone requires to be 

heated, the air cavity closes and, the double skin façade acts as a buffer thermal insulating zone. 

Conversely, when cooling is needed, the cavity is ventilated through fans in order to reach the velocity 

set-point (Vsp) of 0.5 m/s. For the considered climatic conditions, the selected minimum air cavity 

velocity set-point cannot be reached only by the pressure difference due to thermal buoyancy and wind. 

The additional pressure difference has to be provided by fans, which assists the stack and wind effects. 

Finally, in the mid-season, when the room indoor air temperature is between the heating and cooling 

set-points (21 and 24oC respectively), the cavity is naturally ventilated. The second preferred strategy, 

according to the energy performance, is Strategy 7 (Table 4). Here, the difference between the average 

temperature of the air within the cavity (Tca) and the temperature of the air within the room is used to 

determine when the cavity will be mechanically assisted and when it will be closed. Almost similar 

energy performances are presented by strategies 3, 8 and 9 where a yearly electricity demand always 

lower than 611 kWh/m2 is achieved. 

During the heating season, the waste heat from the double skin façade can be recovered and supply the 

evaporator of the considered heat pump with the outlet air from the DSF-PV, enhancing in this way its 

COP. As a function of the selected fan operation strategy, different HP performances can be achieved. In 

Figure 11, three sample days (January 19th – 21st) are presented, showing the differences of an hourly 

COP for the cases of i) heat recovery mode ii) reference mode. In the heat recovery mode, air from the 

DSF-PV is delivered to the HP evaporator by taking into account the fan Strategy 5 (table 4) and in the 

reference mode, the evaporator is supplied by outdoor air only. At the upper side of Figure 11, the 

yearly variations of the COP for such operation modes are also displayed. Results are obtained by taking 

into account velocity set-point (Vsp) and cavity thickness (Lca) equal to 0.5 m/s and 0.5 m, respectively. 



  

The COPs calculated for Strategy 5 are significantly higher than those achieved without heat recovery 

and the maximum increment of COP ranges from 0.25 to 0.5.  

The obtained COP versus the outdoor air temperature (Tout), calculated for the Strategy 5 fan 

operation, compared to the reference case, is shown in Figure 12. The spread of the COP is due to the 

different part load ratios and supplying air temperatures (in case of DSF heat recovery) which can occur 

at the same Tout. From Figure 12, it is possible to notice an overall increase of the COP calculated in 

case of Strategy 5 with respect to the reference case.  

The percentage difference of the COP increases up to a maximum value of 50% and is achieved at very 

low temperatures (lower than -15°C). It ranges from 20 to 35% for ambient temperatures from -10 to 

8°C and it becomes negligible for Tout higher than 12°C. The COP trend obtained with Strategy 5 is 

similar to those achieved for Strategy 1 and 4, under the same simulation assumptions. The air flow 

leaving the DSF is supplied to the HP evaporator only if it has temperatures higher than Tout that occur 

mainly during daily hours. On the contrary, there is no significant increase for the COP for Strategy 7, as 

shown in Figure 12. In fact, the COP trend achieved through Strategy 7 is similar to that of the reference 

case (with the exception of few points around Tout 10°C). This is due to the weather conditions which 

rarely allow the cavity outlet air temperature (Tca) to surpass the indoor air temperature (Troom). Note 

that for Strategy 7 the DSF cavity is always closed for Tca ≤ Troom (Table 4). This can be also observed by 

analyzing the percentage distributions of occurrences of the COP, calculated for all the investigated fan 

operation strategies, reported in Table 6. The percentage frequency of the COP falling within the interval 

3.5 – 4.5 increases from 3.4% for the reference case to 12.7% for Strategy 1, 4 and 5. For this interval, 

the maximum is detected for Strategy 2 (13.5%), due to the higher temperatures of air flowing through 

the naturally ventilated cavity. On the other hand, Strategy 2 requires the use of the auxiliary heater 

(AH) for about 0.6% of the heating time, while Strategy 7 and 8 show the highest percentage frequency 

distribution related to the AH (about 3.7%). This is due to the lower airflow ventilation rates obtained by 

the naturally ventilation mode vs. the mechanical /hybrid ones. 

For all the above described simulation results, the heat pump was suitably sized by taking into account 

the thermal load of the simulated three-floor building. The selected HP is capable to operate at severe 

outdoor winter conditions, providing remarkable heating capacity at low evaporating temperatures (i.e. 

varying from -20 to 18 °C). As the selected heat pump is not allowed to operate at less than 40% of its 

maximum capacity, it could be interesting to analyze the system performance when multiple running 

heat pumps are considered, with the aim to exploit the heat recovery by taking advantage of part load 

operation (PLR). 

5.2.2 Roller blind control effect 

According to the roller blind shading strategies presented in Table 5 the calculated average yearly 

electricity consumption per floor necessary for heating and cooling is reported in Figure 13. The results 

of the carried out case-investigation refer to an air cavity thickness (Lca) equal to 0.5 m and to a three-

floor DSF-PV building.  

The most convenient roller blind strategy to minimize the electricity used for heating and cooling 

demands is Strategy 5 (Table 5). By such roller blind operation strategy, the roller blinds are open during 

the daytime of the heating season (Rs = 0%) and closed during the daytime of the cooling one (Rs = 



  

100%) and always closed during the night (Rs = 100%). In this case, the calculated electricity 

consumption is about 603 kWh/y. With the exception of Strategy 4, the remaining ones require 

electricity consumptions higher than 606 kWh/y.  

In addition, the incident solar radiation reaching the window area of the interior surface of the DSF was 

investigated for five different roller blind layouts. The window shaded viewing portion was varied by 

taking into account an Rs equal to 25%, 50%, 75% and 100% and the case where no roller blind was 

considered within the cavity of the DSF-PV (Rs = 0%). The results of this analysis are shown in Figure 14. 

The effect that the opaque and semi-transparent PV panels as well as the roller blinds have on the 

incident solar radiation on the interior skin of the DSF can be observed in terms of percentage incident 

solar radiation.  

Such incident solar radiation is almost blocked during the summer months, avoiding the overheating 

effects. For example in June, by modulating the roller blind from RS = 0% to RS = 100%, the transmitted 

solar radiation ranges from 14% to 8%. Conversely, during winter, solar heat gains can enter the room. 

For example in January, by modulating roller blinds from RS = 0% to RS = 100%, the transmitted solar 

radiation ranges from 68% to 29%. Although the roller blinds shade the window viewing section, there is 

sufficient incident solar radiation at the top daylight section of the interior skin. In this way, glare effects 

can be avoided whereas occupants’ visual comfort and room daylight autonomy are increased. 

5.2.3 Air cavity thickness effect 

In the developed simulation model the top floor of the DSF-PV is simulated in a different way versus the 

two bottom floors. For the top floor, the shading from the top of the DSF-PV is also taken into account. 

Regarding the electricity consumption for lighting, the related difference detected between top and 

intermediate floor is reported in Figure 16 as a function of the air cavity thickness (Lca). The results are 

referred to a three-storey building DSF-PV with a 30% visible transmittance semi-transparent PV panels 

without a shading device implemented within the cavity (RS = 0%). In addition, an air cavity velocity set-

point of 0.5 m/s, Strategy 10 for the fan operation and Strategy 5 for roller blind control are simulated. 

In this figure, it can be observed that for a small cavity thickness (Lca = 0.1 m) the electricity consumption 

for artificial lights is almost the same for all the simulated building floors. In this case the transmitted 

solar radiation is practically equivalent for all the building floors. By increasing the cavity thickness, 

lower solar radiation is obtained for the top floor and, thus, a growth of the electricity demand for 

lighting is observed. At the maximum air cavity thickness simulated (Lca = 0.6 m) the calculated 

difference between the electricity consumption for the top and intermediate floors reaches about 

12.5%, as shown in Figure 15, which also shows the electricity consumption due to artificial lights at the 

top and intermediate story as a function of the cavity thickness. 

In Figure 16 the calculated average yearly electricity consumption per floor required for heating, cooling, 

artificial lights and air cavity fans are reported as a function of the cavity thickness. In the same figure, 

the overall electricity demand is also depicted. In Figure 17 it can be observed that the increase of the 

air cavity thickness implies a growth of the related air flow rate. For this reason, higher building 

envelope thermal losses are obtained (decreasing buffer zone effect of the air cavity), with a consequent 

increase of the heating demand and a slight decrease of the cooling demand. The increase of the air 

flow rate requires higher electricity consumption of the air cavity fans and the overall yearly electricity 



  

presents a weak growth as the cavity width increases. In addition, the highest electricity consumption is 

detected for the building heating, because of the considered heating dominated climate of Montreal 

(Canada),  

5.2.4 Electricity balance for different perimeter zone floor areas 

In Figure 17 the electricity balance between the building consumption and the PV panels production is 

reported as a function of the semi-transparent PV panel transmittances (0.3, 0.5 and 0.7) and the floor 

area of the building perimeter zone. In this analysis, the area of the PV panels area is constant, since the 

width of the façade does not change, whilst the indoor space depth varies. By increasing this parameter, 

a growth of the electricity consumption due to space heating, cooling, daylighting and appliances is 

obtained. In Figure 17, it can be observed that a building exportation of electricity can be always 

reached for building perimeter zone areas lower than 27 m2. Such threshold (correspondents to a PV 

panel transmittance of 70%) can be increased for lower PV panel transmittances. Since the obtained 

electricity production of the PV panels is about 26.3 kWh/m2year, the overall energy balance throughout 

the year is always positive.  

The yearly electricity consumptions due to heating, cooling, lighting, fans and plug loads are reported in 

Table 7 and in Figure 18. Also in this case, such results are referred to unshaded windows, Vsp equal to 

0.5 m/s, Strategy 10 for fan operation, and Strategy 5 for roller blind control.  

Of the total electricity consumption, 42% is due to heating, 37% is for plug loads while about 10% is for 

cooling and lighting. It is noteworthy to observe that the electricity consumption due to the air cavity 

fans is less than 1%. In addition to the low fan speed (Vsp = 0.5 m/s), such result is due to the closed DSF-

PV cavity during the heating period (fan operation Strategy 10). 

6 Conclusion 

In this paper a numerical model of a Double Skin Façade integrating opaque and semi-transparent PV 

panels (DSF-PV) is presented. The paper also includes a detailed description of the mathematical 

equations and of the procedure followed in order to simulate the thermal and energy performance of 

the multi-story DSF-PV system. With the aim to show the capability of the numerical model, a set of 

simulations was carried out for a winter week and a whole year by taking into account different DSF 

cavity fan operation strategies and roller blind set-ups. A particular attention was paid to the 

assessment of the influence of the roller blind operation on the thermal and energy performances of the 

double skin façade. 

Simulations were carried out for a high-rise office building equipped with this innovative DSF-PV system 

for the weather climate of Montreal (Canada). The obtained simulation results show that: 

 the solar radiation is almost blocked during the summer months by the opaque 

photovoltaics integrated at the exterior skin, preventing overheating effects; 



  

 the integrated photovoltaic panels can provide significant amount of energy to heat or cool 

the interior adjacent zones, by supplying approximately 26.3 kWh/m2year of solar 

electricity;  

 by suitably reducing the PV panel transparencies, the amount of electricity production can 

be sufficient to balance the energy consumptions throughout the year due to space heating, 

cooling, daylighting and appliances. For the investigated building perimeter zone, the use 

of semi-transparent PV (transmittance 70%), allows reaching the nearly zero energy goal 

for an indoor space area up to 27 m2. 

Finally, the developed simulation model allows assessing the performance of a double skin façade 

integrated with photovoltaics, in order to aid the design of net-zero energy buildings. The simulation 

model also allows performing parametric and sensitivity analyses and it can be used for pre-feasibility 

studies at the design phase of new buildings or for retrofit projects. 
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Figure 1. Sketch of the double façade section (one floor) 



  

 

 

 

Figure 2. Photovoltaics act as overhangs 
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Figure 3. Shadows from the exterior skin to the interior. Fully shade from the opaque and 

partially-shade from the semi-transparent photovoltaic. 

 
Figure 4. Thermal Network where there is no roller blind, having one airflow 
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Figure 5. Thermal Network where there is a roller blind, having two airflows 
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Figure 6. Examined shading configurations 



  

 

Figure 7. Air cavity temperature vs. the hours of the day and the façade height for a sample 

summer day (July 7th) and for Rs = 0% (no shading) 

 

Figure 8. the hours of the day and the façade height fo a sample summer day (July 7th) and for 

Rs = 100% (full shading)  
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Figure 9. Time history of the OPV and STPV panels, ambient and cavity air and incident solar 

radiation for four sample summer days (June 29th - July 2nd) 
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Figure 10. Building electricity consumption related to the airflow and fan operation strategies 

presented in Table 4 

 

Figure 11. Hourly trend of heat pump COP for different heat recovery options, i.e. exhaust air 

modes (Strategy 5, Table 4) and outdoor air mode. 
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Figure 12. Heat pump COP vs. outdoor air temperature for different fan operation strategies 

 

Figure 13. Building electricity consumption for heating and cooling for different roller blind 

control strategies 
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Figure 14. Percentage of the incident solar radiation reaching the window area at the interior 

surface of the double skin façade 
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Figure 15. Electricity consumption of the building artificial lights as a function of the cavity thickness 
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Figure 16. Yearly electricity consumption per floor required for heating, cooling, artificial lights 

and air cavity fans as a function of the air cavity thickness 
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Figure 17. Electricity balance as a function of the semi-transparent PV panels transmittances 

and building perimeter zone area 

 

 

Figure 18. Percentage of the electricity consumption under Strategy 10 and Vsp = 0.5 m/s 
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Table 1. Input parameters of the numerical model 

Design 

parameters 

Number of floors 

Optical 

properties 

STPV transmittance 

Position of PV Roller shade transmittance 

Position of roller blind Glazing transmittance 

Interior skin design PV efficiencies 

Geometric 

parameters 

HOPV/H Hspd/H 

Thermal 

properties 

Roller emissivity 

Hg/H Hwd/H Glazing emissivity 

HSTPV/H Huspd/H SHCG 

Lca/H Hrol/Hg Insulation of the room 

W H COP of the heat pump  

Site 

properties 

Location of the building 

Flow properties 

Reynolds number 

Orientation of the DSF-

PV 
Velocity 

 

Table 2. PV panel design parameters 

Parameters Value 

Nominal power under STC 320 W 

Temperature coefficient of PV efficiency β 0.5% 

Reference temperature for PV efficiency 25oC 

PV electrical efficiency at Tref 20% 

 

 

 

Table 3. Comparison of experimental and predicted temperatures under quasi-state conditions 

March 

2004 

Tout 

(°C) 

Average  

velocity  

(m/s) 

Incident solar 

radiation 

(W/m2) 

Measured Simulated 

Tpv 

(°C) 

Tins  

(°C) 

Tpv 

(°C) 

Tins  

(°C) 

10th 3.4 0.3 768.0 35.7 19.1 34.3 22.1 



  

22th -11.4 0.4 944.0 21.7 6.1 25.5 6.3 

29th 9.7 0.4 714.0 34.5 23.6 35.5 22.8 

30th 10.8 0.3 712.0 37.5 25.9 37.9 27.7 

 

 

Table 4 Simulated strategies for the airflow and the fan operation 

 Alway

s 
Day Night Tca > Troom Tca < Troom 

Heatin

g 

mode 

Coolin

g 

mode 

Else 

Strategy 1 MVent        

Strategy 2 NVent        

Strategy 3 Closed        

Strategy 4  MVent NVent      

Strategy 5  MVent Closed      

Strategy 6  NVent Closed      

Strategy 7    MVent Closed    

Strategy 8    NVent Closed    

Strategy 9      Closed MVent NVent 

Strategy 10      Closed MVent  

Table 5. Simulated strategies for the control of the roller blind with shading (Rs = 100%) or 

without (Rs = 0%) 

 Alway

s 

Heatin

g 

mode 

Coolin

g 

mode 

Day and 

Tca > 

Troom 

Day and 

Tca < 

Troom 

Day and 

heating 

mode 

Day and 

cooling 

mode 

Else 

Strategy 

1 
0%        

Strategy 

2 
 0% 100%      

Strategy 

3 
   100% 0%   0% 

Strategy 

4 
   100% 0%   

100

% 

Strategy 

5 
     0% 100% 

100

% 

 

Table 6. Percentage frequency distribution (%) of COP occurrences calculated for the 

investigated fun operation strategies and no heat recovery modes. 



  

 HP  AH  

COP intervals 
4.0 – 

4.5 
3.5 – 4.0 3.0 – 3.5 2.5 – 3.0 2.0 – 2.5 1.5 – 2.0 1.0 – 1.5 – 

Strategy 1 0.2 12.7 21.9 14.9 27.2 20.8 2.3 0.0 

Strategy 2 0.3 13.5 22.1 14.5 27.3 19.4 2.4 0.6 

Strategy 4 0.2 12.7 21.9 14.9 27.2 20.9 2.3 0.0 

Strategy 5 0.1 12.7 21.9 14.9 27.1 20.9 2.4 0.0 

Strategy 7 0.0 3.9 21.8 14.5 29.4 23.8 2.8 3.7 

Strategy 8 0.0 3.9 21.8 14.5 29.4 23.8 2.8 3.7 

no heat recovery 0.0 3.4 22.2 14.5 29.4 23.8 2.8 3.7 

 

Table 7. Electricity consumption of the building perimeter zone 

 (kWh/year) 

Heating 481.1 

Cooling 126.7 

Artificial lights 112.3 

Fan 1.8 

Plug loads 420.8 

Total electricity consumption 1142.7 

 

 

 

 

 


