
 

On the effect of pressure coefficient source on the energy
demand of an isolated cross-ventilated building
Citation for published version (APA):
Vasaturo, R., van Hooff, T., Gillmeier, S., Blocken, B., & van Wesemael, P. J. V. (2024). On the effect of
pressure coefficient source on the energy demand of an isolated cross-ventilated building. Building and
Environment, 255, Article 111436. https://doi.org/10.1016/j.buildenv.2024.111436

Document license:
CC BY

DOI:
10.1016/j.buildenv.2024.111436

Document status and date:
Published: 01/05/2024

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 07. Jul. 2024

https://doi.org/10.1016/j.buildenv.2024.111436
https://doi.org/10.1016/j.buildenv.2024.111436
https://research.tue.nl/en/publications/709be434-3fa5-4db2-ad8b-7f8c7a93fa0e


Building and Environment 255 (2024) 111436

Available online 19 March 2024
0360-1323/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

On the effect of pressure coefficient source on the energy demand of an 
isolated cross-ventilated building 

R. Vasaturo a,*, T. van Hooff a, S. Gillmeier a, B. Blocken b,c, P.J.V. van Wesemael d 

a Building Physics and Services, Department of the Built Environment, Eindhoven University of Technology, Eindhoven, the Netherlands 
b Institute of Mechanical, Process and Energy Engineering, School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, Scotland, United Kingdom 
c Building Physics and Sustainable Design, Department of Civil Engineering, KU Leuven, Leuven, Belgium 
d Architectural Urban Design and Engineering, Department of the Built Environment, Eindhoven University of Technology, Eindhoven, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Large eddy simulation 
Natural ventilation 
Building energy simulation 
Wind pressure 

A B S T R A C T   

Natural ventilation is a simple and effective measure to both reduce the cooling demand of buildings and 
improve the indoor air quality. In the prediction of heating and cooling demands by means of building energy 
simulations (BES), the use of pressure coefficients (Cp) from databases as input for the airflow network model is 
the common approach. Cp values for the same building typology may differ according to the adopted database 
and are generally unavailable for buildings with complex geometry. Employed Cp values may lead to differences 
in BES results. This manuscript presents a comparison, for different wind directions, between the Cp distributions 
and mean values on the facades of a detached building obtained with full-scale CFD – Reynolds-averaged Navier- 
Stokes (RANS) and large eddy simulation (LES) – simulations, from a database and from wind-tunnel experi
ments. The obtained pressure coefficients are used in the BES of a naturally ventilated building and the energy 
demand difference between the four approaches is quantified. Four climate zones (tropical, dry/desertic, 
temperate, continental) are considered. Although, in terms of accuracy of Cp prediction, LES outperforms RANS 
for all the wind directions considered, annual cooling energy demand is found to be relatively insensitive to the 
source of Cp for the current case study, while predicted peak cooling values differ up to 10.8%. On the other 
hand, the prediction of annual heating energy demand in cold climates varies up to 3% depending on the Cp 
source employed for BES simulations.   

1. Introduction 

Natural ventilation can be an effective, cheap and simple method to 
reduce the cooling demand and the indoor air temperature, and to in
crease thermal comfort and the indoor air quality of the indoor envi
ronment [1]. A substantial reduction of cooling demand and overheating 
hours can be achieved when this measure is applied. The effects of 
natural ventilation on the energy demand of several building typologies 
have been assessed by a variety of studies employing building energy 
simulation (BES), for instance Pino et al. [2], Ramponi et al. [3], Wang 
and Chen [4], van Hooff et al. [5,6], Pierangioli et al. [7], and Vasaturo 
et al. [8], and computational fluid dynamics (CFD). For example, Cheng 
et al. [9] used CFD to build a methodology for the estimation of natural 
ventilation coefficients and natural ventilation potential of single- and 
cross-ventilated flat-roofed buildings. In BES, the effect of natural 
ventilation can be assessed using airflow network (AFN) models. These 

models divide internal spaces into single zones (nodes), for which 
pressure, airflow, temperature and humidity are calculated. In Ener
gyPlus [10], a validated [11] AFN model is present based on the work of 
Walton [12]. This model uses the wind pressure coefficients on the 
building facades as input. The pressure coefficients (Cp) can be obtained 
from either primary or secondary sources. Cóstola et al. [13] defined 
full-scale measurements (e.g., Ref. [14,15]), wind-tunnel scale mea
surements (e.g., Ref. [14,16,17]) and CFD (e.g., Ref. [18–20]) as primary 
sources, and databases [21,22] and analytical models (e.g., Ref. [23–25]) 
as secondary sources. Databases are compilations of pressure coefficients 
collected from a single or multiple sources [13]. In particular, the 
database published by Liddament [21] includes, among the others, data 
for low-rise buildings with two length-to-width ratio (1:1 and 2:1), in 
sheltered and unsheltered conditions, based on the compilation of the 
wind-tunnel data reported in the Air Infiltration and Ventilation Centre 
proceedings [26]. 

* Corresponding author. 
E-mail address: r.vasaturo@tue.nl (R. Vasaturo).  

Contents lists available at ScienceDirect 

Building and Environment 

journal homepage: www.elsevier.com/locate/buildenv 

https://doi.org/10.1016/j.buildenv.2024.111436 
Received 3 August 2023; Received in revised form 13 March 2024; Accepted 17 March 2024   

mailto:r.vasaturo@tue.nl
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2024.111436
https://doi.org/10.1016/j.buildenv.2024.111436
https://doi.org/10.1016/j.buildenv.2024.111436
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2024.111436&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Building and Environment 255 (2024) 111436

2

According to de Wit [27,28], the input of Cp is one of the principal 
causes of uncertainty in BES calculations with AFN, thus affecting the 
computed energy consumption and thermal comfort. Although 
wind-tunnel data are the most used primary source of Cp, values of Cp 
from databases are most widely employed in BES including AFN models 
[13]; this is a straightforward approach, since no preliminary calcula
tions or experiments have to be performed. As a matter of fact, mean Cp 
values from databases are given for each building facade depending on 
certain parameters, such as building geometry and wind direction (e.g. 
Ref. [21]). However, a limitation of this approach is the unavailability of 
pressure coefficients for buildings with a more complex geometry, which 
are generally not present in the database. In addition, different data
bases may show different Cp values for buildings with the same geom
etry and configuration [13]. Such limitations are applicable to the 
Heijmans ONE building [29], which was investigated in the previous 
work of Vasaturo et al. [8], for which Cp values from a database [21] 
have been used; as a matter of fact, the Heijmans ONE building is 
characterized by an asymmetrical gable roof. Hence, a possible solution 
is represented by obtaining Cp values from CFD and subsequently using 
them as input for the AFN. In the literature, this process is referred to as a 
coupling between CFD and BES. Tian et al. [30] reviewed and classified 
the CFD/BES coupling mechanisms: internal coupling, where CFD and 
BES have a single solver, and external coupling, where CFD and BES 
solvers remain separate, but the data are exchanged between the two 
simulations (statically or dynamically). Other reviews of CFD/BES 
coupling were reported in the literature (e.g., Ref. [31,32]), while a 
comprehensive review of coupling strategies between urban microcli
mate and building energy models, including CFD/BES, was performed 
by Sezer et al. [33]. Chen et al. [34] suggested that the impact from 
small scale (indoor airflow) to large scale (outdoor airflow) can be 
neglected if the opening area does not exceed 20% of the facade. This is 
referred to by the authors as the one-way approach. 

Most of the studies reported in the literature focus on the use of CFD/ 
BES coupling for the improved prediction of building performance (e.g., 
Ref. [35–41]), while others use BES to compare the values of some key 
ventilation parameters with those obtained employing CFD, when 
wind-tunnel or full-scale tests cannot be performed. For example, Asfour 
and Gadia [42] compared their CFD results with the outcomes of an AFN 
model, in terms of airflow rate, for various building geometries. Zhai et al. 
[36] reported differences up to 10% in the prediction of heating and 
cooling demands for an office building, due to the improved prediction of 
convective heat transfer coefficients. Similarly, Zhai and Chen [43] re
ported, for an auto-racing facility, a difference in cooling demand of 39% 
between coupled and uncoupled simulations. Mochida et al. [38] inves
tigated the cooling load of a cross-ventilated building by means of a static 
one-way coupling between CFD and BES. Cóstola and Alucci [44] and 
Wang and Wong [45] ran RANS simulations to compute Cp values to be 
used as an input to the AFN of a building energy simulation. In particular, 
Cóstola and Alucci [44] found differences in mean and hourly airflow rate 
up to 120% and 600%, respectively, when employing Cp values from 
databases or CFD. Wang et al. [46] demonstrated the capabilities of the 
software CONTAM 3.0, a multizone building airflow and contaminant 
transport simulation tool, for a low-rise residential building. In particular, 
Cp values at the building surface, computed using RANS simulations, 
allow for an improvement in the prediction of air infiltration. Charisi et al. 
[47] investigated the effect of Cp from different sources, including data
bases and CFD, on the BES results of a low-rise, pitch-roofed building, and 
showed that using Cp from CFD led to the most accurate results in terms of 
infiltration rate. Moreover, several authors (e.g., Ref. [20,48–51]) showed 
that large eddy simulations (LES) outperform Reynolds-averaged 
Navier-Stokes (RANS) in the prediction of pressure coefficients on 
building facades, especially for lateral and leeward facades. On the other 
hand, for simulations of wind flow around buildings, the computational 
cost of LES is much higher than RANS (e.g. Ref. [52]). 

To the best knowledge of the authors, the problem of the impact of 
the source of Cp values on the energy consumption of a cross-ventilated 

building with a complex geometry has only been partially addressed in 
the literature. In addition, for the considered building typology, no 
sensitivity analysis involving at the same time pressure coefficients (to 
be employed in BES) from LES, RANS, wind tunnel experiments and 
database has been carried out in previous research. In the present 
manuscript, BES simulations are performed using Cp values from (I) a 
database [21] of Cp values for an unsheltered, low-rise building, with a 
length-to-width ratio of 2:1, (II) wind tunnel data, and (III) CFD (both 
RANS and LES). Thus, a one-way static CFD/BES coupling, according to 
the classifications of Tian et al. [30] and Chen et al. [34], is adopted. The 
aim of the work is to assess the effect of the source of Cp values on the 
heating and cooling demands of the Heijmans ONE building for four 
different climates (tropical, dry/desertic, temperate, continental). In 
Section 2 the geometry of the building and the wind-tunnel setup are 
briefly summarized. Section 3 presents the numerical setup and the re
sults of the CFD simulations in terms of pressure coefficients on the 
building. In Section 4 the setup and the results of the building energy 
simulations are presented for the Heijmans ONE building for four 
different climate zones. Sections 5 and 6 present discussion and con
clusions, respectively. 

2. Experimental setup 

The wind tunnel measurements on the model building are carried out 
in the Wind Tunnel Laboratory of the Eindhoven University of Tech
nology (TU/e). The test section of the TU/e wind tunnel is 3 × 2 m2 (W 
× H). This wind tunnel can be used to generate both atmospheric 
boundary layer (ABL) profiles and uniform flows. The model building is 
based on the Heijmans ONE building [29], a lightweight semi-portable 
building commercialized by Heijmans B.V., a construction services 
company from the Netherlands. The commercial target group of the 
Heijmans ONE building are young professionals living in peripheral 
urban areas who rent the house for a competitive price [53]. Main pe
culiarities of the building are the high energy efficiency, the compact
ness and, as far as the geometry is concerned, the asymmetrical gable 
roof (Fig. 1). The model building is made of PMMA with a scale factor of 
1:40 with respect to the full-scale building (Figs. 1-2a), resulting in a 
reduced-scale building height, width and length of 13.75 cm, 7.50 cm 
and 20.25 cm, respectively. 

The neutral ABL velocity profile in the wind tunnel is obtained using 
both vortex generators and surface roughness elements (Fig. 2). To 
determine the incident flow characteristics, i.e. the vertical profiles of 
mean velocity and turbulence intensities in the empty wind tunnel at the 
location where the building would be positioned [54], streamwise (u), 
lateral (v) and vertical (w) velocity components are measured using a 
Series 100 Cobra probe at a sampling frequency of 1000 Hz for a 
duration of 120 s. The setup, shown in Fig. 2, results in an incident flow 
profile of mean (time-averaged) streamwise velocity components (U) 
that can be described by a logarithmic law with a reduced-scale aero
dynamic roughness length of z0 = 0.01 m. This roughness length cor
responds to a moderately rough terrain roughness classification [55], 
which is in line with the intended site characteristics of such buildings. 
The incident mean streamwise refence velocity (UH) at the building 
height (H) is 6.86 m/s, and the Reynolds number based on H is 6.2 ×
104. The corresponding streamwise turbulence intensity (TIU) profile is 
shown in Fig. 2e and can be approximated by the following expression 
(e.g. Ref. [56]) 

TIU = ae

(
− b z

H

)

(1)  

with a = 27.89 and b = 0.1935. 
The angles of attack (Fig. 2), α, tested in the wind tunnel are 0◦, 

±45◦, ±90◦, ±135◦, 180◦; in order to test the different wind directions, 
the building is rotated by means of a turntable. The blockage ratio, 
defined as the ratio between the frontal area of the building and the 
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cross-section of the wind tunnel, is well below the recommended 
threshold of 3% (e.g. Ref. [57]) for all the wind directions considered. 
Pressure is measured on the model building by means of 128 taps, with a 
diameter of 1.55 mm each. For this, two Scanivalve MPS4264 pressure 
scanners with 64 transducers each are employed for simultaneous 
recording of surface pressures. Data are sampled at 800 Hz for 3 min for 
each wind direction. The experimental uncertainty (determined by 
means of repetition measurements) in terms of pressure coefficient is 
±0.07. 

3. CFD simulations 

3.1. Computational domain and grid 

The CFD simulations reported in the present manuscript are per
formed on the full-scale building immersed in a neutral ABL. Hence, the 
dimensions of the building in the computational domain are the same as 
reported in Fig. 1. Given the symmetry of the building along a cross- 
sectional plane parallel to the front and back facades, CFD simulations 
are performed for only five building orientations (i.e., wind directions) 
instead of eight. The wind directions are α = 0◦, ±45◦, ±90◦ (Fig. 2). 
The computational domain used for the CFD simulation with zero angle 
of attack are LD × WD × HD = 16.5H × 10.4H × 5H in the longitudinal, 
lateral and vertical direction, respectively (Fig. 3a); there are minor 
differences in the domain size for different building orientations, as 
shown in Fig. 3b and c. The distance of the inlet and outlet planes from 
the building walls is 5H for inlet and lateral boundaries, respectively, in 
order to comply with the best practice guidelines (e.g., Ref. [57–59]). 
The adopted distance from the outlet boundary is 10H for all the 
simulations. 

A non-conformal grid is used to discretize the computational domain 
(Fig. 4). As shown in previous studies (e.g. Ref. [60]), the computational 
effort can be greatly reduced using this meshing technique without 
compromising the accuracy of the simulation. In particular, the domain 

is divided into two subdomains (Ω1, Ω2, Fig. 3). A non-orthogonal 
structured grid composed of hexahedral elements is used in the major
ity of the cases. Nevertheless, given the complex building geometry, an 
unstructured grid with tetrahedral elements is employed locally in the 
subdomain Ω1 for the cases with α = ±45◦. For the case with α = 0◦, the 
coarse grid resulted in a total amount of 10.5 million cells (6.1 million in 
Ω1, 4.4 million in Ω2, see Table 1; Fig. 5a). The minimum and maximum 
cell size employed to discretize the building are 0.01 m and 0.04 m, 
respectively, while the maximum cell size in the Ω1 domain is 0.2 m. The 
average y+ on the building surface is 119 (for the case with α = 0◦). 

In addition, a finer grid of 29.1 million cells (Fig. 5b) is adopted in 
order to assess the grid resolution; in this case, the minimum and 
maximum cell edges on the building and the maximum cell edge in the 
Ω1 domain are halved with respect to the coarse grid. In order to set up 
the computational domain for different wind directions, the building is 
rotated and the Ω1 subdomain is adjusted accordingly (Fig. 3c); this 
solution is adopted in order to keep the flow at the inlet boundary 
perpendicular to the boundary itself, since the vortex method is used as 
inflow generator for LES. As a matter of fact, in ANSYS Fluent [61] the 
VM does not provide accurate turbulence generation when oblique flow 
at the inlet is present. 

3.2. Boundary conditions 

The vertical profile of mean streamwise velocity at the inlet of the 
computational domain is obtained from fitting the experimental data. 
Specifically, a logarithmic law is employed 

U(z)=
u∗

ABL

κ
log

(
z + z0

z0

)

(2)  

In Eq. (2), κ = 0.42 is the von Kármán constant, u∗
ABL = 0.304 m/s the 

ABL friction velocity, z0 = 0.01 m the aerodynamic roughness length 
and z the vertical coordinate. The reference wind speed of the undis
turbed flow is Uref = 5 m/s at a reference height of href = 10 m. Note that 

Fig. 1. Full-scale building. Dimensions in m. Dashed triangled windows are openable, with an opening area of 0.9 m2.  
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although the reference speed and height are different from experimental 
values, the results are reported in dimensionless form (Cp) and the flow 
is considered to be Reynolds number independent (e.g. Ref. [62,63]), 
therefore, they are not affected by the chosen reference values. A 
zero-shear stress condition is imposed at the lateral and upper bound
aries of the domain, whereas at the outlet plane a zero-diffusion flux 
condition is employed (as in, e.g. Ref. [64]). The wall boundary condi
tion is applied to building walls and ground surface. The commercial 
software ANSYS Fluent 15 [61] is used to run the CFD simulations. The 
vortex method [65–67] is used as inflow turbulence generator with a 
number of vortices of 190 (e.g., Refs. [68–73]). The choice of this 
method is based on the results shown in previous ABL research [64,74], 
according to which this method offers the best combination of 

computational cost and accuracy among the inflow generators imple
mented in ANSYS Fluent 15. Turbulence kinetic energy and dissipation 
rate profiles imposed at the inlet for the generation of synthetic turbu
lence are those reported in Eqs. (3) and (4) [75]: 

k=
(
u∗

ABL

)2

̅̅̅̅̅̅
Cμ

√ (3)  

ε(z)=
(
u∗

ABL

)3

κ(z + z0)
(4)  

where Cμ is a model constant equal to 0.09. 

Fig. 2. a) Wind-tunnel scale model building; b) experimental setup (in the wind tunnel test section); c) facade naming and angle of attack conventions for the model 
building, d) incident mean streamwise velocity profile and fitted logarithmic law; e) incident vertical profile of streamwise turbulence intensity (a = 27.89; b 
= 0.1935). 
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3.3. Numerical settings 

LES and RANS approaches are used to obtain the flow field. As for 
LES, the non-iterative time advancement (NITA) scheme is employed to 
combine both accuracy and computational cost, as reported in the 

literature (e.g., Refs. [60,64,74,76,77]). The fractional-step scheme is 
used for pressure-velocity coupling [61,78–82]. In order to prevent 
unwanted oscillations of the numerical solution, the bounded central 
differencing scheme is employed for the momentum equation. Finally, 
second-order schemes are used for pressure interpolation, subgrid ki
netic energy and time advancement. A constant time step size is set to 
obtain a maximum cell convective Courant number lower than 1, i.e., 
7.5 × 10− 4 s for the simulations with the coarse grid and 5.0 × 10− 4 s for 
the simulation with the fine grid. The kinetic energy transport (KET) 
subgrid-scale model [83] is used for all simulations. The LES calcula
tions are initialized using the RANS results. The RANS simulations 
employ second-order schemes and the realizable k-ε [84] turbulence 
model, with scalable wall functions. To avoid initialization effects, the 
LES calculations are run for a period of about 5 flow-through times 
before sampling statistics. The sampling period, sufficient to achieve the 
statistical convergence of the solution, determined by observing the 
values of mean pressure and mean velocity at specific points in the 
domain, corresponds to about 15 domain flow-through times. Both LES 
and RANS results are eventually compared to the pressure coefficients 
obtained in the wind tunnel. 

3.4. Results 

The results are reported along horizontal and vertical lines on the 
building facades. In particular, horizontal lines are taken at z/H = 0.47; 
vertical lines are taken in the middle of the right and left facades, while 
for the front and back facades those lines connect the top vertex to the 
ground surface. The pressure coefficient, Cp, is defined as follows 

Cp =

(
P − Pref

)

0.5ρU2
ref

(5)  

where P is the static pressure at a given point on the building, Pref is the 
reference static pressure and 0.5ρU2

ref is the reference dynamic pressure, 
taken in the undisturbed flow at the reference height, href. 

3.4.1. Grid sensitivity study 
As previously mentioned, the results of CFD simulations on two 

different non-conformal grids (coarse and fine) are evaluated in order to 

Fig. 3. a) Schematic of the computational domain for 0◦, b) ±90◦ and c) − 45◦ wind directions. Ω1 and Ω2 indicate the two subdomains.  

Fig. 4. View of the computational grid (coarse grid; 11.4 million cells) for the 
model building at − 45◦ wind direction. 

Table 1 
Number of cells for each subdomain. 0◦ wind direction.  

Subdomain coarse grid fine grid 

Ω1 6.1 × 106 18.2 × 106 

Ω2 4.4 × 106 10.9 × 106 

total 10.5 × 106 29.1 × 106  
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assess the effect of the grid resolution. The topology of the two grids is 
reported in Section 3.1. The results are compared along horizontal 
(Fig. 6) and vertical lines (Fig. 7) in terms of Cp for all the building fa
cades for α = 0◦. For most of the locations considered the differences are 
limited, except for some locations at the lateral facades. Quantitatively, 
along the horizontal lines the mean absolute deviation between coarse 
and fine grid is 8%, while for the vertical lines it is 11%. It must be noted 
that for most values considered, the higher deviation in percentage is 
attributable to the small values of CP involved. On the other hand, the 
mean absolute deviation is 0.025 for horizontal lines and 0.033 for 
vertical lines; these values are below the experimental uncertainty re
ported in Section 2. 

In addition, the LES index of quality (LES IQ) by Celik et al. [85], 
defined as the ratio between the resolved and the total turbulence ki
netic energy (Eq. 6), is evaluated for three lines around the building for 
the two grids. 

LES IQ=
kres

ktot
(6)  

Pope [86] recommended that at least 80% of the turbulence kinetic 
energy should be resolved, while Celik et al. [85] considered a value of 
LES IQ of 0.80 ± 0.05 acceptable. The LES IQ is higher or equal to 0.75 
for the majority of the locations considered for lines b and c, while lower 
values are present along line a and, in general, locally (Fig. 8). As a 
further example, average values of LES IQ in a longitudinal plane 
crossing the roof ridge, bounded by lines at h/4 from all three sides of 
the building, are 0.76 for the coarse grid and 0.79 for the fine grid. 
Furthermore, locally higher percentages of turbulence are resolved by 
the coarser grid compared to the fine grid; this possibility was reported 
in other studies and attributed to the effect of the grid resolution on the 
values of the resolved strain rate tensor [60,85]. Hence, giving the minor 
differences in terms of both Cp values and LES IQ values, the coarse grid 
is deemed adequate for the present case and therefore adopted for all the 
wind directions considered in the present study. 

3.4.2. Validation study 
LES and RANS results are compared with experimental wind-tunnel 

data for horizontal (Fig. 9) and vertical lines (Fig. 10) in terms of Cpts for 
all the building facades (for each wind direction). As well-known and 
previously reported in literature, it is expected that the Cp provided by 
LES are more accurate than those obtained using RANS (e.g., Ref. [13, 
20,48–51]). In order to assess the results, two validation metrics are 
adopted; the first one is the factor of observation FAC1.3 defined as [87]. 

FAC1.3 =
1
N

∑N

i=1
ni with ni =

⎧
⎨

⎩

1 if 0.77 ≤
Pi

Oi
≤ 1.3

0 otherwise
(7)  

Pi and Oi are the predicted and observed data, respectively. On the other 
hand, the hit rate [87] is used, which is defined as 

h =
1
N

∑N

i=1
ni with ni =

⎧
⎪⎨

⎪⎩

1 for
⃒
⃒
⃒
⃒
Pi − Oi

Oi

⃒
⃒
⃒
⃒ ≤ Dh or |Pi − Oi| ≤ Wh

0 otherwise
(8)  

Dh and Wh are the allowed relative and absolute deviations. In the 
present study, Dh = 30% and Wh = 0.07, equal to the uncertainty of 
experimental data. For α = 0◦ and α = ±90◦, RANS and LES results are 
comparable for the windward facade; on the other hand, an over
estimation of the pressure coefficient is present for all the other facades. 
Along all the horizontal lines, the hit rate values, calculated for each 
wind direction, are higher than or equal to 0.88, while the FAC1.3 is 
higher than 0.70 (Table 2). In particular, for α = 0◦ an underestimation 
of the pressure coefficient is observed for the windward facade, and, on 
the other hand, an overestimation is present for the other facades; 
however, Fig. 9 shows that for most of the locations considered, the LES 
results fall within the uncertainty of the experiments (represented by the 
error bars in the Cp plots). As expected, RANS results differ significantly 
from the experiments, with both a hit rate and a FAC1.3 equal to 0.21. 
Similarly, for α = ±45◦, RANS results are closer to the experiments for 
the two windward facades, while the pressure coefficient is largely 

Fig. 5. Lateral cross-section of the computational grid: (a) coarse grid (10.5 million cells); (b) fine grid (29.1 million cells); 0◦ wind direction.  

Fig. 6. Cp on the building along horizontal lines (taken at z/H = 0.47) for α = 0◦. Comparison between coarse and fine grid.  
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overpredicted for leeward facades. The validation metrics are both 
lower than 0.25, while they are satisfactory for LES (h = 0.88, FAC1.3 ≥
0.79 for both wind directions). It is worthwhile to notice that the Cp 
values near the windward corner (i.e., the corner between the short and 
long windward facades for oblique wind directions) are erroneously 
predicted with both numerical techniques. For α = ±90◦, an excellent 

agreement is found for LES for all the facades, as confirmed by the 
validation metrics in Table 2. As observed for α = 0◦ as well, the pre
diction of Cp obtained using RANS is satisfactory for the windward 
facade, but not for the lateral and leeward ones (Fig. 9). 

The results for the vertical lines are reported in Fig. 10 and Table 3. 
For the 0◦ wind direction the most significant difference is observed for 

Fig. 7. Cp on the building along vertical lines for α = 0◦. Comparison between coarse and fine grid.  

Fig. 8. LES IQ along three lines around the building. Comparison between coarse and fine grid.  
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Fig. 9. Cp on the building along horizontal lines for 5 wind directions. Comparison between CFD and experiments.  
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Fig. 10. Cp on the building along vertical lines for 5 wind directions. Comparison between CFD and experiments.  
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the front facade. As a matter of fact, the experimental data show that the 
point where the Cp reaches its maximum value is located at z/H ≈ 0.8. 
CFD simulations predict different results according to the numerical 
technique employed. For RANS, this point is located above z/H = 0.9. 
For LES, the predicted Cp values increase towards the bottom, while they 
are underpredicted in the upper part of the front facade. 

In addition, for the 0◦ case the Cp values are overpredicted for lateral 
facades, particularly in the lower part of the building (z/H < 0.3), while 
a satisfactory agreement is obtained for the back facade when LES is 
used. The hit rate for LES is 0.74, while a FAC1.3 of 0.60 is obtained; 
those values decrease to 0.26 for RANS. For the α = ±45◦ cases the 
underprediction of Cp for the front facade is also displayed by LES. In 
spite of that, validation metrics show the adequacy of the predicted 
results with LES; as a matter of fact, the hit rates are 0.88 and 0.79 
(Table 3). When RANS is used, a considerable overprediction of Cp is 
obtained for leeward facades, due to the RANS inaccuracy in simulating 
flow separation zones and vortex shedding [88]. Finally, for α = ±90◦

cases, the LES results are generally satisfactory; a general slight over
prediction of Cp is present; this prediction becomes significant for the 
lower part of the leeward facade (left for α = − 90◦, right for α = +90◦). 

On the other hand, for these wind directions the RANS results largely 
overpredict the Cp for most of the facades. Consequently, the values of 
validation metrics are far from the ideal value when this numerical 
technique is employed, and CFD simulations cannot be considered as 
validated. 

The area-averaged pressure coefficients from experiments, CFD and 
databases [21] for the front and back facades are reported in Figs. 11 and 
12. The facade-averaged experimental Cp value is determined by aver
aging the 25 values corresponding to the measurement locations, while 
for CFD the values are averaged over the entire facade. These values are 
relevant since they are used as input for the BES described in Section 4. 
The facade-averaged Cp values obtained using RANS overpredict the 
experimental values for all wind directions; a satisfactory agreement is 
obtained for the front facade at α = 0◦, while larger differences are found 
for the other facades, possibly due to the inaccurate prediction of flow 
separation zones by RANS, as previously reported. In that respect, LES is 
in closer agreement with experiments than RANS for the back facade, 
and for the front facade with α = ±90◦, while facade-averaged Cp values 
are underpredicted for α = 0, ±45◦. Both experiments and LES results 
differ from the Cp values from Liddament [21] by a maximum of 20% for 
α = 0◦; the difference increases above 50% for α = 45◦, whereas minor 
differences are found for ±90◦ (up to about 3% for experiments and 12% 
for LES). 

Similarly, for the back facade the Cp values predicted by LES are in 
good agreement with experiments, while they are largely overestimated 
by RANS also for the case of zero angle of attack. For the case with zero 
angle of attack, taking Liddament’s data database as reference, experi
mental values of facade-averaged Cp differ by up to 30%; the difference 
rises to 40% when LES is employed, while it is always higher than 50% 
for RANS. 

It is important to notice that pressure coefficients from Liddament 
[21] are valid for a low-rise building with a length-to-width ratio of 2:1, 
which is lower than the one of the Heijmans ONE building (2.7:1). In 
addition, Heijmans ONE has a gable roof, while coefficients in the 
database are valid for a flat roof. These considerations might explain the 
differences with both experimental and LES data. 

4. BES simulations 

4.1. Building geometry and numerical setup 

The BES simulations are performed with the non-commercial open- 
source tool EnergyPlus [10]. The building geometry is identical to the 
one adopted for the CFD simulations, which is based on the 
semi-portable and semi-energy autarkic building Heijmans ONE [29]. 
This building was also used for the BES reported in Vasaturo et al. [64] 
and can be classified according to ISSO [89] as lightweight since the 
thermal mass, equal to 14 kg/m2, is lower than 20 kg/m2. 

Table 2 
Validation metrics for all wind directions. Horizontal lines.  

α[◦] Approach FAC1.3 HR ideal value 

0 RANS 0.21 0.21 1 
LES 0.71 0.96 

− 45 RANS 0.25 0.25 1 
LES 0.79 0.88 

45 
RANS 0.08 0.12 

1 LES 0.83 0.88 

− 90 
RANS 0.33 0.37 

1 
LES 1 1 

90 RANS 0.25 0.29 1 
LES 1 1  

Table 3 
Validation metrics for all wind directions. Vertical lines.  

α[◦] Approach FAC1.3 HR ideal value 

0 
RANS 0.26 0.26 

1 LES 0.60 0.74 

− 45 
RANS 0.26 0.26 

1 
LES 0.84 0.84 

45 RANS 0.16 0.16 1 
LES 0.79 0.79 

− 90 
RANS 0.21 0.21 

1 LES 0.89 0.95 

90 
RANS 0.21 0.21 

1 LES 0.89 0.89  

Fig. 11. Facade-averaged Cp employed in BES from different sources. Front facade.  
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Low-emissivity glazing (HR++ [90]) is present on front and back fa
cades, whereas glazing is absent on lateral facades. In addition, a 
backdoor is present (Fig. 1). The specific distribution of glazing results in 
a clear relation between solar heat gain and building orientation, with 
consequences for the energy consumption of the building [8]. 

Given the open connection between the two floors of the building, it 
is modeled in BES as a single zone. The floor is made of different layers, 
including (outer to inner layer): particleboard panel, polyurethane 
foam, particleboard panel, PVC panel. The short facades are modeled 
using timber cladding, air cavity, particleboard panel, polyurethane 
foam, particleboard panel. For the long facades and the roof, steel 
cladding is used instead of timber cladding. The building envelope 
thermal characteristics are reported in Table 4. 

Ventilation rate (0.9 dm3/sm2, corresponding to 1.1 h− 1), tempera
ture setpoints and internal gains (for appliances and occupancy) are the 
same as adopted by Vasaturo et al. [64] and set according to the Dutch 
national guidelines [89,91] and building code [92], and in accordance 
with recommendations by ASHRAE [93]. The algorithms employed to 
model the convective heat transfer coefficients are those from Montazeri 
and Blocken [94] for external surfaces and TARP [95] for internal sur
faces. The adopted time step is 10 min. An ideal system is assumed for 

the HVAC system, i.e., in order to meet the heating and cooling loads, a 
sufficient quantity of conditioned air is supplied to the building [10]. 

Four climate zones, classified according to Köppen and Geiger [98] 
are considered for the present work. The simulations are therefore 
performed for different cities with different climates: Acapulco (Mexico, 
tropical climate, zone A), Riyadh (Saudi Arabia, dry/desertic climate, 
zone B), Beek (Netherlands, temperate climate, zone C) and Toronto 
(Canada, continental climate, zone D). The EPW weather files are 
downloaded from EnergyPlus. 

Eight building orientations (N, NE, E, SE, S, SW, W, NW) are simu
lated. Natural ventilation is applied as a passive measure to reduce 
cooling demand, so that the building is cooled by the income of fresh air 
from the external environment. The effects of natural ventilation are 
simulated in EnergyPlus using its validated AFN model [10,11]. The 
windows in Fig. 1 are opened when Tzone > 23◦ and Tout < Tzone, but only 
from 08:00 to 20:00 h. Pressure coefficients for front (Fig. 11) and back 
(Fig. 12) facades are taken from four different sources: Liddament [21], 
experiments, LES, RANS. 

4.2. Results 

The BES results for the cross-ventilated building using different 
pressure coefficient sources are reported in this section. The annual 
heating and cooling energy demands of the building computed using 
pressure coefficients from Liddament [21] are taken as base case, since 
this is the most often employed method in the literature. 

Results shown in Table 5 are averaged over all the building orien
tations considered. For the tropical (A; Acapulco) and dry/desertic (B; 
Riyadh) climate, where the total energy demand is exclusively or mostly 

Fig. 12. Facade-averaged Cp employed in BES from different sources. Back facade.  

Table 4 
Thermal characteristics of the building envelope adopted in the BES simulations.  

Thermal resistance (opaque surfaces) 5.0 m2K/W 
Thermal transmittance of glazing 1.2 W/m2K 
Solar heat gain coefficient 0.4 

Short-wave reflectivity 
0.3 (timber cladding [96]) 
0.4 (steel cladding [97]) 

Long-wave emissivity 0.9  

Table 5 
Annual energy demand for the case-study building in different climate zones. Differences (in Δ%) refer to the results obtained using Cp from Liddament [21].  

Climate zone [98] Cp source heating [Δ%] cooling [Δ%] total [Δ%] 

A (tropical) 

Liddament [21] 

no heating needed 

(311.4 kWh/m2) (311.4 kWh/m2) 
Experiments 

<1% <1% LES 
RANS 

B (dry/desertic) 

Liddament [21] (4.9 kWh/m2) (151.9 kWh/m2) (156.8 kWh/m2) 
Experiments − 2.0% 

<1% <1% LES − 4.1% 
RANS − 4.1% 

C (temperate) 

Liddament [21] (109.4 kWh/m2) (6.8 kWh/m2) (116.2 kWh/m2) 
Experiments − 1.4% <1% − 1.3% 
LES − 2.8% <1% − 2.7% 
RANS − 3.0% +1.5% − 2.8% 

D (continental) 

Liddament [21] (158.4 kWh/m2) (15.6 kWh/m2) (174.0 kWh/m2) 
Experiments − 1.6% +1.9% − 1.3% 
LES − 2.7% +2.6% − 2.2% 
RANS − 2.8% +2.6% − 2.3%  
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(97%) constituted by the cooling demand (311.4 and 151.9 kWh/m2 for 
the base case, respectively) a modest impact (<1%) on the annual 
cooling (and total) energy demand is observed when different Cp sources 
are used with respect to the base case. That can be explained by the fact 
that the outdoor air temperature is larger than the indoor temperature 
(Tout > Tzone) for most of the day, hence the role of natural ventilation as 
adaptation measure is marginal with respect to the air conditioning for 
these two cases. For climate zone C (temperate; Beek), for which the 
cooling energy demand is very low (6.8 kWh/m2), the impact of the 
source of Cp is not quantitively relevant; as a matter of fact, when Cp 
values from LES and experiments are used, the differences in cooling 
demand are lower than 1% with respect to the base case, while a slightly 
higher deviation (+1.5%) is obtained when Cp values from RANS are 
used. Similarly, for the continental climate (D; Toronto), where the 
impact of cooling demand is also modest (15.6 kWh/m2), the difference 
between the base case and the results obtained using experimental 
(+1.9%), LES and RANS (+2.6% for both) Cp values is limited. In 
particular, no differences are observed between RANS and LES cases. In 
conclusion, from the results obtained so far it is possible to state that, for 
the present case, the impact of the Cp source on the cooling demand is 
negligible. 

The annual heating energy demand is zero for climate zone A, 
modest for zone B (4.9 kWh/m2, about 3% of the total) and more sub
stantial for climate zones C and D (109.4 and 158.4 kWh/m2 for the base 
case, respectively) for which it constitutes over 90% of the total demand. 
For temperate and continental climate, it is therefore important to notice 
that the impact of the source of Cp values on the heating demand is not 
negligible for an accurate quantification of the energy consumption. As a 
matter of fact, using Cp from experiments results in a difference of 
− 1.4% for climate zone C and − 1.6% for climate zone D. These differ
ences are higher when CFD is used (about 3%). That can be explained by 
the fact that the opening model used in EnergyPlus assumes the presence 
of cracks when windows or doors are closed. In particular, four cracks 
are generated along the opening. The crack equation [10] used to 
compute the air mass flow due to the cracks, Q, is 

Q=KC(ΔPc)
n (9)  

Crack flow is therefore a function of the pressure difference across the 
crack ΔPc. The other factors in Eq. (9) are the crack factor, K, the air flow 
exponent, n, and the product of temperature correction factor times the 
air mass flow coefficient, C. The pressure coefficients of the facades 
influence ΔPc, which therefore influences the crack flow and eventually 
the heating demand. In order to demonstrate that, two simulations are 
performed using different Cp sources but removing the effect of cracks; 

in that case no difference is found in terms of heating demand. Despite 
the large differences in terms of pressure coefficients, results obtained 
using RANS and LES as Cp sources are similar for zones B, C and D. This is 
attributable to the large overestimation of Cp values with RANS tech
nique on both front and back facades, which causes a net effect (ΔPc) on 
the crack flow (Eq. (8)) similar to the LEs case. In addition, a reduced 
difference is obtained between the case with experimental Cp values and 
the base case. 

The impact of Cp source on peak loads is reported in Table 6. The 
effect on peak cooling loads is negligible for most of the cases consid
ered, except for climate zone B, for which differences, averaged over all 
the orientations, by up to 10.8% and, for specific orientations, by up to 
20%, are found with respect to the base case. For example, when the 
building is oriented towards south, using LES and RANS as Cp sources 
reduces peak loads by 19.1% and 20%, respectively, while a reduction of 
15.6% is observed when experimental Cp values are adopted. This is 
attributable to the effect of heat addition by infiltration, which is higher 
when pressure coefficients from database are used. Similarly, for climate 
zone D, for which the peak heating load is the highest among the climate 
zones considered, variations of peak loads are observed due to a larger 
amount of heat removed by infiltration when database coefficients are 
used; nevertheless, differences averaged over all the orientations are 
lower than 2%, with respect to the base case, when other Cp sources are 
employed. For specific orientations, e.g., SW, reduction of peak loads 
differs by up to 3.4% when Cp from RANS and LES are used; similar 
results (− 3.3%) are obtained with experimental pressure coefficients. 

The impact of the orientation of the Heijmans ONE building on 
annual heating and cooling energy demand is reported and discussed in 
detail in the work of Vasaturo et al. [64]. In general, given the peculiar 
distribution of glazing on the building (mostly on the front facade), the 
highest value of heating energy demand is found when the building faces 
north due to a reduced solar heat gain through windows and glass door. 
For the same reason, the minimum heating demand occurs when the 
building is oriented towards the south. This is visible, for instance, in the 
radial plots shown in Fig. 13, where the results of heating demand for 
the continental climate zone (the case with highest heating demand) are 
displayed. RANS results are very close to LES and therefore not reported. 
In agreement with Table 4, the calculated heating demand when ex
periments (Fig. 13b) and CFD (Fig. 13c) are used as Cp sources is lower. 
The observed lower values for heating demand are almost homoge
neously distributed among the 8 building orientations. 

As far as the cooling energy demand is concerned, the tropical 
climate zone is taken as an example to examine the impact of sources of 
Cp values for different orientations. An important factor is the latitude 
and, as consequence, the solar inclination during the year and during the 
day [8]. The highest value of cooling demand is found when the building 
orientations are E and W (Fig. 14). That is caused by the larger amount 
of solar radiation that enters the building with respect to the other di
rections. In particular, the solar radiation enters though the front (E) or 
back (W) facade during the early hours of the day and on the opposite 
facade in the late afternoon (when the solar inclination is low). For 
higher latitudes, e.g., for climate zone C, the highest value of cooling 
demand is found when the building faces SE and SW as already reported 
in Vasaturo et al. [64]. Similarly, to heating demand, the lower cooling 
demand obtained when using experiments or CFD is homogeneous for 
all the building orientations considered. 

In conclusion, for both annual heating and cooling it is possible to 
state that the impact of building orientation is not significantly affected 
by the adopted Cp source. 

5. Discussion, limitations and future work 

5.1. Discussion 

The results shown in Section 3, where the prediction of pressure 
coefficients on the Heijmans ONE building is performed by means of full- 

Table 6 
Peak heating and cooling demands for the case-study building in different 
climate zones. Differences (in Δ%) refer to the results obtained using Cp from 
Liddament [21].  

Climate zone [98] Cp source peak heating [Δ%] peak cooling [Δ%] 

A (tropical) 

Liddament [21] 

no heating needed 

(3.52 kW) 
Experiments − 0.6% 
LES − 1.2% 
RANS − 1.2% 

B (dry/desertic) 

Liddament [21] (2.13 kW) (3.27 kW) 
Experiments +1.4% − 7.5% 
LES <1% − 10.2% 
RANS <1% − 10.8%  

C (temperate) 

Liddament [21] (3.65 kW) (2.14 kW) 
Experiments 

<1% LES 
RANS 

D (continental) 

Liddament [21] (4.67 kW) (2.45 kW) 
Experiments − 1.8% 

<1% LES − 1.9% 
RANS − 1.9%  
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scale CFD simulations, confirm that the prediction of Cp with RANS is 
satisfactory only for the windward facade and only when the facade 
itself is perpendicular to the wind direction. For the other facades a large 
overprediction of Cp is obtained. Employing LES results in a more ac
curate prediction of pressure coefficients for most locations considered; 
however, local discrepancies are present, especially in critical flow 
points like facade corners, where the flow separates and subsequently 
reattaches to the building. In terms of average values, for all the lateral 
and leeward facades for all the wind directions considered a closer 
agreement is found for LES than for RANS. In conclusion, LES out
performs RANS for this kind of prediction, as previously reported in the 
literature for other building geometries (e.g., Ref. [13,20,48–51]). 
However, it is important to notice that the grid used for RANS simula
tions is the same of LES, i.e., a non-conformal grid, which has been 
successfully used for LES applications (e.g. Ref. [60]), but not for RANS 
applications, for which the guidelines suggest a limited ratio between 
two consecutive cells [57,58]. As an example, Montazeri and Blocken 
[18] showed that an acceptable agreement between experiments and 
CFD (RANS) is obtained for an isolated, square, medium rise building 
without balconies not only for the windward facade, but also for the 
leeward facade, provided that the wind direction is perpendicular to the 
windward facade. Similarly, Xing and Mohotti [17] obtained a satis
factory agreement in terms of mean pressure coefficients for a gable roof 
building using RANS. A further limitation of the present study is that LES 
simulations in this manuscript consider only one subgrid-scale (SGS) 
model and one inflow turbulence generator. Comparative studies are 
present in literature regarding the effect of SGS models [19] and inflow 
generators [99] on the mean pressure distribution on buildings. It should 
be noted that a previous study by the authors [74] showed that the used 
inflow generator (vortex method) was the most effective option, 

combining computational cost and accuracy for a cross-ventilated 
building. The employed SGS model (KET) resulted the most accurate 
among those considered in their study. 

With respect to the wind-tunnel tests, it is worthwhile mentioning, as 
a limitation, that the number of pressure taps employed (128) does not 
allow for a complete characterization of the pressure on the building. As 
a consequence, pressure field characteristics in critical zones (e.g., de
tached flow, maximum pressure location) might not have been fully 
captured. 

Fig. 13. Effect of the building orientation on the heating demand (in kWh/m2) for the building in the climate zone D. From left to right, results obtained using as Cp 
source: (a) Liddament [21]; (b) experiments; c) LES. 

Fig. 14. Effect of the building orientation on the cooling demand (in kWh/m2) for the building in the climate zone A. From left to right, results obtained using as Cp 
source: (a) Liddament [21]; (b) experiments; c) LES. 

Table 7 
Average values over eight orientations of infiltration rates for different climate 
zones. Differences (in Δ%) refer to the results obtained using Cp from Liddament 
[21].  

Climate zone [98] Cp source Infiltration rate [Δ%] 

A (tropical) Liddament [21] (0.10 h− 1) 
Experiments − 7.4% 
LES − 11.8% 
RANS − 12.5% 

B (dry/desertic) Liddament [21] (0.46 h− 1) 
Experiments − 7.9% 
LES − 14.1% 
RANS − 14.9% 

C (temperate) Liddament [21] (0.37 h− 1) 
Experiments − 7.8% 
LES − 15.2% 
RANS − 16.0% 

D (continental) Liddament [21] (0.51 h− 1) 
Experiments − 6.9% 
LES − 13.1% 
RANS − 13.9%  
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BES results reported in Section 4 demonstrate that the choice of Cp 
for the present case does not significantly influence the cooling demand 
when natural ventilation is employed. As a matter of fact, for tropical 
and dry/desertic climate zones, where most of the energy demand is due 
to cooling, the impact is lower than 1% with respect to the base case (Cp 
from database). Nevertheless, for the dry/desertic climate zone, a sig
nificant impact of Cp source on peak cooling load is found due to dif
ferences in the predicted values of heat addition by infiltration. For 
colder climates, a slightly higher impact of the Cp source on the annual 
cooling energy demand is found, which is, however, limited in absolute 
terms, given the limited cooling demand for those type of climates. 
Moreover, in Table 7, the impact of the Cp source on infiltration rates, 
which includes the contribution of natural ventilation, is reported. 
Although the predicted values might vary, according to the climate zone 
considered, from − 6.9% to − 16% with respect to the base case, the 
impact of the Cp source in absolute terms is limited for the case under 
examination. For cases with more and/or larger openings the impact of 
the Cp source on the energy demand could become more pronounced; 
future studies are recommended on this aspect. 

On the other hand, the impact of Cp source on the heating demand is 
more relevant than the cooling demand due to the presence of cracks; 
the crack flow is directly influenced by the Cp. As a result, for the cli
mates with higher heating demand (climate zones C and D), a difference 
of up to 3% is found. Although this discrepancy might appear limited, 
the uncertainty due to the source of Cp values must be taken into account 
for a correct assessment of the BES results when the heating demand is 
computed. For example, in Vasaturo et al. [64] it is shown that – with the 
same building, climate, and Cp coefficients from Liddament [21] – 
increasing the thermal resistance of the envelope to 6.5 m2K/W reduces 
the heating demand by 8%. In comparison, the impact of source of Cp 
values on the computed heating energy demand is a bit less than half 
with respect to a measure to reduce heating demand such as increasing 
the thermal resistance. 

In conclusion, it seems reasonable to state that, for this construction 
typology (low-rise building with gable roof) and the climate zones 
considered, the impact of the numerical technique is of paramount 
importance for the prediction of Cp, but the source of Cp values itself 
does not significantly influence the results in terms of annual cooling 
demand. Hence, if the aim of the BES is the prediction of the annual 
cooling demand, or the annual heating demand is not relevant, Cp from 
databases could be used as source at first. However, it must be noted 
that, for dry/desertic climates, the Cp source does impact the estimated 
peak cooling load. For the accurate prediction of heating demand in cold 
climates at least the uncertainty due to the adopted Cp source must be 
taken into account. For complex building geometries, for which no data 
on pressure coefficients are available, if the principal aim of the CFD 
simulation is to provide average Cp as input for the subsequent BES 
simulation, it is recommended to run a less computationally demanding 
RANS simulation as a first step, rather than LES or performing experi
ments. Conversely, if the objective of the simulation is the accurate 
prediction of Cp distributions, LES is recommended, possibly with ex
periments to validate the numerical results. 

5.2. Limitations and future work 

Some limitations of the study presented in this paper, a part of which 
will be addressed in future work, are reported below. 

• The impact of the Cp source on other relevant parameters for a res
idential building (e.g., natural flow rates and overheating) is not 
addressed in this study.  

• The use of more advanced multizone simulations tools, such as 
CONTAM, in combination with CFD was out of the scope of this 
paper but is an interesting research direction for future work.  

• Surface-averaged Cp coefficients are employed in BES, while 
choosing local Cp values might have an impact on the results, as 

discussed by Wang et al. [46] for the CONTAM software. A more 
detailed analysis of spatial variation of Cp and its effects on BES will 
be presented as part of future work.  

• The use of multizone models for the assessment of cross-ventilation 
flows has its shortcomings, however, it is also not feasible to run 
CFD simulations for all cases. Furthermore, the aim of the current 
study is not to analyze whether the flow rates are accurately pre
dicted in EnergyPlus; in fact, the present work merely assesses the 
effects of different Cp sources on the predictions of airflow and en
ergy use by a multizone model. Future work could focus on the ac
curacy of cross-ventilation flow predictions in multizone models and 
how CFD can be used to improve accuracy.  

• A larger influence of the Cp source might be obtained in studies of 
more complex buildings in urban areas. Further studies are needed in 
that respect. 

6. Conclusions 

In the present work the impact of the source of pressure coefficients 
on the BES results of an isolated lightweight naturally ventilated 
building is assessed in terms of annual energy demand for heating and 
cooling. In particular the following conclusions can be made.  

• Full-scale CFD results obtained using RANS and LES techniques are 
compared with experimental results on a reduced-scale (1:40) 
building. Numerical results from LES agree well with the wind tunnel 
data in terms of Cp on all locations considered, while RANS largely 
overpredicts Cp for lateral and leeward facades. The same consider
ation applies to the average pressure coefficients. Experimental and 
LES mean Cp of the front facade deviate from database coefficients by 
up to 50% for oblique wind directions, and up to 30% for α = 0◦. 
Lower differences are found for the other wind directions. For the 
back facade, the differences are up to 40% for α = 0◦ and lower for 
the other wind directions.  

• For the considered building typology, as a first step employing Cp 
data from databases is acceptable for predicting cooling demand by 
means of BES when natural ventilation is present, and AFN is used. If 
no data are available, RANS is still the best cost-effective choice to 
obtain mean Cp, since the difference in terms of estimated cooling 
demand using Cp from LES is negligible.  

• The effect of Cp source is more significant for cold climates, where 
the annual heating demand is prevailing, since the crack flows 
depend on the pressure difference between the external and internal 
zones. If data from a database are employed, a possible uncertainty 
must be taken into account in the annual heating demand calcula
tion, which is quantified to be 3% for the present building.  

• The effects of Cp source on peak cooling loads are relevant for dry/ 
desertic climate (up to 10.8%) and, to a lesser extent, on peak heating 
loads for continental climate (up to 1.9%). 
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