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Abstract 
Local communities in low latitude countries rely on rising 
levels of energy use which is essential to achieve their 
economical growth and social development. The 
promotion of clean energy would be a crucial task to be 
accomplished in such contexts. The main purpose would 
be to limit any additional contributions toward a growing 
global carbon footprint that causes different patterns of 
climate and environmental uncertainties. Low latitude 
communities have important levels of solar irradiation 
both enduring and powerful. The integration of 
photovoltaic panels within their built environment seems 
to be an important step towards yielding cleaner energy in 
particular through building integrated photovoltaics 
(BIPV). Though widely implemented, BIPV still not a 
very common strategy to tackle some of the issues above. 
In order to promote a more efficient approach on the 
implementation of BIPV, a research was carried out in 
areas such as potential, optimization and environmental 
impact. In this research paper, further highlights were 
brought on rooftop photovoltaic panels (PVs) and local 
temperatures. The model highlights their effects on 
outdoor air temperature, convetcion and thermal 
stratification near ground within the surface layer and it 
based on a two way coupling. The coupling involves 
efficient energy balance and kinetic turbulent modelling. 

Introduction 
Meteorologists and scientists developed numerical 
models for temperature predictions in order to assess 
overheating effects on health, thermal comfort Gagge et 
al. (1986) and building energy. Most of these models 
misrepresent the complexity of real physical processes 
near the surface. The development of new numerical 
methods allowed such physical modelling to be 
undertaken Bakkali et al. (2015). Zhai et al. developed 
new approaches to couple energy simulation and 
computational fluid dynamics (CFD) with better 
computational performance, thermo-physical urban 
parameterisation and iterative computing process Zhai et 
al. (2002). This type of modelling does not only aim to 
bring answers on urban meteorology and building energy 
but it also aims to implement comprehensive assessment 
frameworks with regards to urban warming and climate-
sensitive design Ashie and Kono (2011) and Kikegawa et 
al. (2003). Yaghoobian and Kleissl developed an indoor-
outdoor building energy simulator to study urban 
modification effects on building energy use Yaghoobian 
and Kleissl (2012). Bouyer et al. developed a 
microclimatic coupling as a solution to improve building 

energy simulation in urban context Bouyer et al. (2011). 
Salamanca et al. developed a building energy model 
coupled with an urban canopy parameterisation for urban 
climate simulations Salamanca et al. (2010). Mochida et 
al., Huang et al. and Tanimoto et al. developed methods 
that consider interactions between indoor/outdoor 
building climates and energy demand Mochida et al. 
(2006), Huang et al. (2015) and Tanimoto et al. (2004). 
Our model presented in this paper, aims to develop this 
area of work with the target to inform decision makers 
about the potential implications of urban meteorology 
and local climates on health and building energy. 

Numerical Method 
The numerical method is based on a two - way coupling 
physical model involving energy balance and RANS CFD 
modelling. The energy balance model calculates three-
dimensional irradiation between different urban surfaces 
with high spatial and time resolutions. The calculation of 
convection is very detailed and emphasizes thermal 
stratification within urban canopies and street canyons. 
Conduction through different construction materials is 
taken into account. Furthermore, indoor energy balance is 
estimated within the model in every time step allowing 
the process to be very iterative. Local weather and spatial 
data is inputted along some other pre-processed and 
calculated parameters such as view factors of different 
built surfaces. Output results comprise the calculation of 
surfaces’ temperature, spatially heterogeneous air 
temperature, convection and air flow patterns due to 
changes in the thermal environment, three-dimensional 
irradiation between urban surfaces, indoor building 
thermal loads and so on and so forth. Many research 
looked at the impact of BIPV in the Photovoltaic Heat 
Island effects (PVHI). Some of them concluded that PV 
involves an increase in temperatures Greg A. et al. (2016) 
and in contrast other research proved that temperatures 
decreased due the implementation of PVs Ma S. et al. 
(2017). The model presented hereafter could help in 
clarifying such discrepancies. The novelty about our 
numerical method lays on a sophisticated model 
encompassing highly iterative computation between 
RANS based computational fluid dynamics and outdoor 
energy balance modelling involving detailed estimation 
of outdoor three-dimensional irradiation. This is a very 
relevant tool that could help in clarifying any 
inconsistencies and especially those related to the 
implementation of photovoltaic panels within the built 
environment if whether they would increase or decrease 
local temperatures. The tool will bring more insights on 
the effect of PVs on convection and outdoor air 



temperatures. The software used was developed by Dr 
Yasunobu Ashie at Building Research Institute in Japan. 

Governing equations 
. Outdoor energy balance equation at each solid surface 
patch i 

0=++++++ iEiHiGLiRiLSiRiS                                 (1) 
 
. Building indoor thermal loads 
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. Continuity Equation 
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. Equation of Motion 
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. Transport Equation of Energy 
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. Transport Equation of Water Vapour 
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. Transport Equation of Turbulent Energy 
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. Transport Equation of Turbulent Energy Dissipation 
Rate  

GV
∂
∂t (ρε ) +

∂
∂x j

(GAρεu j ) =
∂
∂x j

GA µ+
µT
σε

( ) ∂ε∂x j
"
#$

%
&'
+ GV

ε
k (Cε1Pk + Cε3Gk

−Cε2ρε + Cpε1ρFk )

                                                                                      (8) 
 

2
juiudaCiF = , ( )32judaCkF = , 

εµρµ
2kCT =  

jx
iu

ijk
ix
ju

jx
iu

TkP ∂

∂
−

∂

∂
+

∂

∂
=

⎥⎦
⎤

⎢⎣
⎡ ⎟

⎠
⎞⎜

⎝
⎛ δρµ

3
2

, 

( )
ix
q

aM

R

vM

R

R
ig

TSc
T

ix
ig

T

T
kG ∂

∂
−+

∂

∂
= 00
Pr

µθ
θ

µ
 

 
The governing equations are compressible Reynolds-
averaged Navier-Stokes equations for the conservation of 

mass, momentum, energy, turbulence kinetic energy (k), 
and dissipation rate of turbulence kinetic energy (ɛ). The 
computational fluid dynamics (CFD) model is based on 
a standard k-ɛ model targeting the analysis of turbulent 
flows. The model incorporates the effect of the Coriolis 
force on flow motions and adiabatic processes on air 
temperature variation. Beside buoyancy effect due to 
water vapour, the model is considered as a source of 
turbulence kinetic energy. The effects of potential 
temperature, Coriolis force and buoyancy are newly 
introduced here into the code in order to depict different 
physical dynamics at city-scale. The pressure term, 
which appears in an ordinary equation of energy transfer, 
is combined with that of potential temperature and 
expressed together in the equation of energy transfer as a 
potential term. The Semi Implicit Method for Pressure-
Linked Equations Consistent (SIMPLEC) method is used 
to solve the pressure in the equation of motion so as to 
afford more numerical stability. The governing equations 
are discretised by the Finite Difference Method (FDM) 
on a Cartesian structured grid, which in this paper it led 
to a mesh size of 5 m x 5m x 5m. The FDM method is 
simple and effective for this type of grids / meshes and it 
helps in obtaining higher-order schemes. High-resolution 
grids are used and the absolute truncation error is 
relatively small.  Only advection scheme is using a first-
order upwind approach. Full advected quantities remain 
monotonic and a second-order upwind differencing 
scheme is applied involving spatial discretisation. 
Furthermore, a fully implicit method (Backward Euler 
method) is used for time discretisation. The Algebraic 
Multi-grid method (AMG-CG) [12] is used to solve 
Poisson’s equation for pressure and the backward 
difference formulas along with the matrix solver Bi-
CGSTAB. All the equations are formulated using The 
Fractional Area-Volume Obstacle Representation 
(FAVOR) method by Hirt (1993) so as to involve 
aerodynamic effects of different urban objects smaller 
than the grid. Therefore, the sub grid effect is taken into 
account. In this numerical method, the geometric 
information of the buildings and the ground surface is 
converted into volume fraction and open area ratio. The 
volume fraction is established as the ratio of the volume 
occupied by the fluid to the total volume of the mesh. The 
open area ratio is established for the six facets of the mesh 
as the ratio of the area occupied by the fluid to the total 
area of the facet. Generally, the drag generated from trees 
and urban vegetation could be taken into account in this 
model by using the parameters given in Mochida et al. 
(2008).  
 
Input and output results 
Input data includes thermo physical properties of 
construction materials, envelope construction layers, 
indoor conditions, surface patch, solar radiation, view 
factors, building data, weather data, initial boundary 
conditions, volume fraction, open area ratio and so on. 
Output results comprises outdoor air/surface 
temperatures, wind, humidity, three-dimensional 
irradiation, building thermal loads, etc (see, figure 1). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                     
Figure 1: Model description. 

 

Modelling low latitude communities 
 

 
Figure 2: The GIS of Agdal. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 3: The map of zone 2 along the matrix buildings’ 

heights. 

 



Rabat Agdal 
Rabat is the capital of the Kingdom of Morocco. One of 
the main districts in the city was chosen to run numerical 
modelling over an area of 500 m x 500 m with a mesh of 
five metres resolution in x, y and z axes. The district is 
called Agdal. Rabat shelters two million inhabitants and 
it is clear that its energy demand is increasing. Rabat has 
good potential to produce solar energy with 8 hours’ 
average of solar irradiation per day. We  chose a specific 
neighbourhood within the district (see, figures 2 and 3).  
It contains mainly housing. We used the photogrammetric 
restitution designed by the Rabat urban development 
agency. This file represents the Digital Surface Model 
(DSM) which is an elevation model that includes the tops 
of buildings, trees, power lines and any other objects.  

Meteorological data 
Global Horizontal Irradiance (GHI) represents the amount 
of solar radiation received per unit of area by a horizontal 
surface from the hemisphere above. This value is of 
particular interest to photovoltaic installations and 
includes both Direct Normal Irradiance (DNI) and Diffuse 
Horizontal Irradiance (DHI). Maroc Météo supplied us 
with meteorological data and the Research Institute for 
Solar Energy and New Energy (IRESEN) supplied us with 
solar irradiation data. For numerical modelling we 
selected the day that had the highest temperatures’ records 
which occurred on July 20th 2009 in Rabat. Air 
temperature reached 43oC at 18.00. Wind velocity was 
indeed variable during July 20th. It was 4.72 m/s at 10.00, 
13.00 and 15.00 and it dropped to 3.05 m/s at 18.00. This 
might bring additional results’ uncertainty to our model 
that will be resolved in future research. 

Construction materials 
 

 

 

 

 

 

 

 

Figure 4 and 5: Double wall partition (left) and 
Construction materials of a rooftop (right).   

In order to determine different building materials in our 
area, we have been referred to the local Unified Technical 
Document (UTD), which is a specification document that 
defines the standards for buildings’ construction works, 
benchmarks of execution and implementation within local 

rules. Thus, walls must be built in double partition, and 
the roofs must have a good waterproofing as shown in 
figures 4 and 5.  

Photovoltaic panels 
The PV panel is a stack of five layers, as schematically 
described in table 1 and figure 6. From the lower side 
towards the upper side exposed to the sun, we usually 
have a back sheet (0.1 mm thick) or glass (3 mm thick), a 
layer of an encapsulated material (typically Epoxy-Vinil-
Acetate, EVA, 0.5 mm thick), solar cells (0.16 mm thick) 
separated in their plane by few millimetres of 
encapsulated material (another layer of EVA like the 
previous one) and finally a glass cover (3 mm thick) for 
rigid PV modules. PV panels are composed of layers and 
materials with the same thermo-physical properties as the 
rest of construction materials. These layers were 
considered as extra layers located above different 
buildings’ roofs. The PV area entirely covers every roof 
and they were set horizontally although not optimized to 
harvest solar energy due to the model restrictions et this 
stage of the research. PV surface temperatures are 
expected to be lower than surrounding urban surfaces 
which involves lower air temperatures after their 
implementation. Photovoltaic panels absorb more solar 
irradiation due to a decreased albedo levels, estimated to 
~5%, while the albedo of urban surfaces on average is 
around 20%. This difference alters the energy balance of 
absorption, storage, and release of short and long wave 
irradiation. 

Table 1: Thermo physical properties of each PV cell 
layer 

Material Conductivity 
(W/m K) 

Density 
(kg/m3) 

Specific 
heat (J/kg 
K) 
 

Glasspvi 
EVA 
Silicon 
EVA 
Glasspvo 

0.78 
0.12 
168 
0.12 
0.78 

3000 
1200 
2330 
1200 
3000 

500 
1250 
677 
1250 
500 

 

pvi Means PV innermost layer. 
pvo Means PV outermost layer. 
 
 

 

Figure 6: Materials of photovoltaic panels.



Earlier results 
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Figure 7: Air temperature distributions before (left column) and after the implementation of roof PVs (right column) at 
z=1.5m in four different time slots.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



After the photovoltaic panels were implemented over the 
neighbourhood, we noticed that minimum air 
temperatures within the control volume were reduced by 
0.2 oC and maximum air temperatures raised by 0.9 oC at 
10.00. Minimum air temperatures raised by 0.2 oC and 
maximum air temperatures reduced by 0.4 oC at 13.00. 
Minimum air temperatures did not change and maximum 
air temperatures reduced by 0.15 oC at 15.00. Minimum 
air temperatures reduced by 0.05 oC and maximum air 
temperatures reduced by 0.05 oC at 18.00 (see, figure 7). 
The impact was more important at 10.00 and increased 
during the afternoon. At z = 1.5m (pedestrian level), we 
noticed that outdoor air temperatures dropped at the 
centre of the domain at 10.00 and they dropped more at 
13.00 always within the same location. We detected no 
temperature differences at 15.00 and that the centre was 
warmer at 18.00 after PVs installation (see, figure 7). 
Output results are not complete and need to be considered 
carefully. The article shows only some early results that 
will be developed in the near future. The impact of grid 
resolution on the results was not considered in this 
research. Neither mesh sensitivity studies nor the 
sensitivity at 1.5 metre height were undertaken. Water 
temperature was not considered in this modelling work. 
Radiative components allow through emissivity and 
reflectivity effects to calculate surface temperatures 
which helps in estimating convection effect after 
considering air flow. Emissivity and albedo are included 
in the stand alone energy balance model before coupling 
proceeding. 

Conclusion 
We calculated outdoor air temperatures after PVs were 
installed over building roofs within a residential 
neighbourhood in Agdal, Rabat. We observed a little 
temperature change at pedestrian level with a small 
cooling effect in the morning. However, heat increases in 
the afternoon. Temperature differences were higher in the 
morning than in the afternoon. More investigations are 
ongoing in other low latitude communities. Future 
modelling work will be carried out over longer periods. 
The numerical method presented in this article was not 
compared to other methods so far so as to measure the 
accuracy of the output results. However, an inter-model 
comparison study will be conducted versus tools such as 
Envimet, ADMS and so on. 
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Nomenclature 

iS [W/m2], Absorbed incident solar radiation from the sun and the sky at solid 

surface patch i; 

SiR [W/m2], Absorbed short wave radiation from urban surroundings at solid 

surface patch i; 

iL [W/m2], Absorbed long wave length radiation from the atmosphere at solid 

surface patch i;  

LiR [W/m2], Absorbed long-wave radiation from urban surroundings and total 

emitted long wave length radiations from solid surface patch i; 

iG  [W/m2], Conductive heat flux at solid surface patch i; 

iH  [W/m2], Sensible heat flux at solid surface patch i; 

iE [W/m2], Latent heat flux at solid surface patch i; 

Q [W/m2], Total average indoor thermal loads per building then averaged per 

m2;  

tH  [W/m2], Transient heat loads through building envelope per building 
averaged per m2; 

sH [W/m2], Solar heat loads per building then averaged per m2; 

isH [W/m2], Sensible heat generated indoor per building type then averaged per 

m2; 

!iH [W/m2], Latent heat generated indoor per building type then averaged per 

m2; 

vsH [W/m2], Sensible heat loads from ventilation per building averaged per 

m2; 

!vH [W/m2], Latent heat loads from ventilation per building averaged per m2; 

fH [W/m2], Radiated heat loads from floor per building averaged per m2; 

a [m2/m3], Leaf area density (=1.5);  

dC  [-], Drag coefficient of tree crown (=0.2); 

pC [J/kgk], Specific heat at constant pressure;  

qF , [kg/m2s] Humidity flux; 

SF , [W/m2] Convective sensible heat flux;  

f , Coriolis parameter φsin2Ω−=f ; 

Ω  [rad/s], Angular velocity;  

φ  [rad], Latitude;  

g [m/s2], Acceleration due to gravity;  

AG [-], Opening area ratio in the computational grid interface;  

VG [-], Volume fraction in the computational grid centre; 

k [m2/s2], Turbulent energy;  

! [J/kg], Latent heat of vaporisation; 

aM [kg/mol], Molecular weight of dry air;  

vM [kg/mol], Molecular weight of water vapour;  

p [Pa], Atmospheric pressure;  

P [-], Exner function;  

TPr [-], Prandtl number of turbulent flow;  

q [kg/kg], Specific humidity;  

LQ [W/m3], Anthropogenic heat (latent heat);  

SQ  [W/m3], Anthropogenic heat (sensible 

R [J/kgk], Gas constant;  



0R [J/mol.k], Universal gas constant;  

CS [-], Schmidt number  (=0.5);  

TSc  [-], Schmidt number of turbulent flow  (=0.9); 

SS [m2], Emission area of convective sensible heat;  

qS [m2], Emission area of vapour;  

T [k], Air temperature;  

iu  [m/s], i Component of wind speed;  

ju  [m/s], j Component of wind speed;  

V [m3], Volume of analysed cell;  
ε [m2/s3], Turbulent energy dissipation rate;  

ki3ε [-], Epsilon of Eddington;  

θ [k], Potential temperature;  

λ [W/m.k], Heat conductivity of air;  
µ [Pa.s], Coefficient of viscosity of air;  

Tµ [Pa.s], Coefficient of eddy viscosity;  

ρ [kg/m3], Density;  

Constants; 

0.1=kσ , 3.1=εσ , 44.11 =εC , 3.12 =εC , 13 εε CC =  )0( ≥kG , 

03 =εC  ; )0( <kG ; 

1εpC , Correction coefficient for the resistance coefficient of tree in

ε  equation (=1.8). 
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