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A B S T R A C T   

This study focuses on optimizing a new stack-type natural ventilation system (NVS) designed for industrial 
buildings. Forty-five different designs were formed in terms of the different NVS sizes. The formed designs were 
numerically analyzed to determine the performance of the designs. The performance of the designed system was 
evaluated by exergy analysis. Additionally, the designs were evaluated economically using the net present value 
(NPV) method. Then multi-criteria decision-making analysis was conducted to determine the optimal solution 
under the results of economic and exergetic outputs. The input values were selected as non-direct parameters to 
obtain a homogenous ventilation. As a result, it was determined that implementing this designed model would 
result in annual savings of 176,922.14 m3 of natural gas, 331.71 tons of CO2 emissions, and 0.716 GWh of 
electricity. The optimum system was determined as investable with an NPV value of 35,475.20 $ for a 20-year 
lifetime.   

1. Introduction 

Factory buildings are often characterized by their large volumes, 
making it challenging to implement ventilation systems. However, for 
the well-being and comfort of the workers, it is essential to maintain 
fresh and breathable air inside the building. Considering the increasing 
energy costs and the impacts of global warming, environmentally 
friendly and energy-efficient natural ventilation systems (NVS) can offer 
favorable solutions for the ventilation needs in such buildings. Several 
natural ventilation systems, such as single-sided, cross, wind towers, 
solar chimneys, atrium, and stack ventilation, were reported in the 
literature. These strategies are driven by two main forces: thermal 
buoyancy and wind-induced forces [1]. Thermal buoyancy-induced 
ventilation occurs through the pressure difference caused by the tem
perature difference between indoor and outdoor environments. Wind- 
induced ventilation occurs through the pressure drop at the ventila
tion section due to the wind velocity [1,2]. In actual building conditions, 
the combined effects of these two terms exist [2]. Additionally, the cli
matic conditions of the location where the building is ventilated are 
essential parameters determining the NVS’s performance. Gao et al. [3] 
investigated the stack effect of the natural ventilation by shafts. They 

concluded that NVSs were crucial to consider the performance of smoke 
exhaust under − low-pressure environments. Boccalatte et al. [4] 
investigated the effect of NVS on the energy saving of a greenhouse. 
They indicated that the biggest contribution to energy saving belongs to 
NVS. Kayapinar and Arslan [5], in their previous study, experimentally 
investigated the performance of a new stack-type NVS. They concluded 
the system could operate under winter and summer conditions with a 
higher exergy efficiency. 

From this point, optimal and effective NVS designs are a requirement 
for adequate and economical ventilation in industrial buildings. 
Computational fluid dynamics (CFD) is a successful tool considering the 
expensive and long-running experimental studies. Limited studies in the 
literature focus on CFD investigation of similar types of buildings. Wang 
et al. [6] numerically investigated the natural ventilation of titled 
channels. They indicated that natural ventilation is a successful tool 
when the slope is greater than 3%. Vaseghi et al. [7] conducted a nu
merical investigation to observe the passive ventilation of a concept 
museum building. They concluded that it is possible to reduce the indoor 
temperature by 4 ◦C in the summer. According to the study, natural 
ventilation is an effective tool for the thermal comfort of shared spaces. 
Ai et al. [8] studied single-sided natural ventilation systems driven by 
wind in buildings, focusing on isolated buildings. However, it was found 
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that the wind flow pattern around a building in an urban environment 
differs significantly from that around an isolated building due to sur
rounding buildings. Considering an urban context, this study examines 
the wind-induced single-sided natural ventilation in nearby buildings 
along a long street. The change in wind-induced ventilation was deter
mined using the CFD method for the aspect ratios (AR) of 1.0, 2.0, 4.0, 
and 6.0. As a result, it was found that an increase in the AR ratio leads to 
a decrease in the ventilation airflow rate. Ali et al. [9] conducted nu
merical investigations on the impact of angular variation in atrium walls 
on natural ventilation systems in atrium buildings. They created designs 
by altering the angular shapes of the atrium walls and performed CFD 
analysis to analyze these designs and compare the results. It was found 
that in atrium buildings with high walls, the angular variation of the 
walls enhances the bouncy effect in the upper parts of the building, 
improving thermal comfort. However, no significant changes were 
observed at the ground level. The study concluded that, in atrium 
buildings, using vertical walls instead of inclined walls is more suitable 
for natural ventilation. Xu et al. [10] conducted a study to evaluate the 
performance of natural ventilation and explore its potential for sus
tainability in a building with complex geometry. They performed CFD 
analysis to simulate the airflow inside the building. The study concluded 
that optimizing the natural ventilation system design can reduce the 
building’s energy consumption and improve indoor thermal comfort. 
Furthermore, the study demonstrated that natural ventilation can be 
effectively implemented in a building with complex geometry. In their 
study, Guo et al. [11] optimized natural ventilation systems for green 

building design using the CFD analysis method. A three-dimensional 
layout, building shapes, wind speed, and direction were considered for 
the selected street and building designs, and an optimization method 
was developed in conjunction with CFD. The study examined the in
teractions between variables such as ventilation opening size and di
rection, wind speed, and building shape to investigate their effects on 
each other. Gianpiero et al. [12] examined the CFD analyses conducted 
to investigate how wind-driven natural ventilation occurs in buildings 
and to evaluate its performance. The foundation of the study relies on 
computer-based Computational Fluid Dynamics (CFD) analyses. A CFD 
design incorporating the building geometry was created to analyze 
various scenarios generated by variable wind loads. The study results 
demonstrate that wind-driven natural ventilation can effectively occur 
in buildings. Additionally, it was concluded that the CFD analysis 
method could be used as an alternative to costly experimental tests. 
Hulsure and Maurya [13] conducted a CFD analysis on a wind-driven 
natural ventilation system for an industrial storage building in the Em
bassy Industrial Park Bilaspur, Gurugram, India. Considering different 
wind loads and environmental conditions, the behavior of the natural 
ventilation system was determined using the CFD analysis method. As a 
result, it was concluded that implementing a physical design on the roof 
ridge and adding extra air intake points on the building’s side walls were 
necessary for optimizing the system. Hooff et al. [14] identified the 
possible and impossible limitations for conducting CFD analysis on 
Amsterdam Arena stadium, which included natural ventilation, thermal 
changes, humidity, and CO2 concentration. Throughout the study, 

Nomenclature 

A Area (m2) 
E Energy, exergy (kW) 
C Cost ($) 
P Pressure (Pa) 
T Temperature (oC) 
V Volume (m3) 
Q Flow (m3/s) 
A Area (m2) 
f Unit price ($) 
R Universal gas constant (kJ/kmolK) 
R2 Coefficient of determination 
SI Sustainability index 
N Number of NVS unit 
HV Heating value of natural gas(kJ/h) 

Greek Letter 
ρ density (kg/m3) 
n Number of units 
* Average value, perkmole − fuel 
φ Humidity of air (%) 
ε Efficiency (%) 
v Speed (m/s) 
ω Specific Humidity Ratio 

Subscript 
a Air 
atm Atmosphere 
building Building 
c Operative temperature in FloEFD 
da Dry air 
cf Cash flow 
e Electricity 
ec Electric consumption 
exp Experiment 

fan Required fan instead of NVS 
in Inside 
inv Investment 
out Outside 
u Fluid velocity 
L Labor or Loss 
m Moisture, measurement, mass, 
mean Average 
ng Natural gas 
r Speed of wind or discount rate 
p Piping 
ph Physical 
s Saturated 
st Sheet metal 
sys System 
t Welding gas supply temperature 
te Natural gas turbine engine 
w Welding 
ws Welding supply 
x Exergy 
wo Worker or labor 

Abbreviations 
CFD Computational Fluid Dynamics 
CoV Covariance 
LES Large Eddy Simulation 
LMA Local Mean Age 
NPV Net present value 
NVS Natural ventilation system 
NG Natural gas 
MRT Mean Radiant Temperature 
R2 Coefficient of determination 
RANS Reynolds Averaged Navier–Stokes Equations 
PRMSE Proportional Reduction of Mean Squared Error  
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variations in environmental conditions, the number of people inside the 
stadium, humidity, and CO2 concentration were closely measured over 
three days, with data collected directly from the stadium. The analysis of 
the scaled stadium design and the experimentally obtained data under 
real conditions were used to validate the study. For the CFD analysis, the 
wind blowing around the stadium was assumed to be isothermal and 
included in the study. Huang et al. [15] conducted a numerical analysis 
that included wind effects on the Commonwealth Advisory Aeronautical 
Council steel building. They employed Computational Fluid Dynamics 
(CFD) techniques, such as Large Eddy Simulation (LES), Reynolds 
Averaged Navier–Stokes Equations (RANS) Design, and others, to pre
dict wind loads on and wind flows around the building. The primary 
objective of their study was to investigate an effective and reliable 
approach for evaluating wind effects on tall buildings using CFD tech
niques. Rafaela et al. [16] aimed to review experimental and numerical 
methodologies for investigating high airflow rate natural ventilation 
systems. A scientific framework, including experimental and numerical 
analyses, supported the study. The study’s results indicated that tem
perature, air velocity, and relative humidity values were crucial in 
validating experimental and numerical methods for high airflow rate 
natural ventilation systems. Twam et al. [17] studied the wind-driven 
natural ventilation mechanism in venturi-shaped roofs, considering 
different design designs, using wind tunnel experiments and CFD anal
ysis. Different designs were created at a scale of 1:100 and subjected to 
wind tunnel experiments. RANS and RNG k-ε designs were used for the 
CFD analysis. The study revealed that venturi-shaped roofs without 
louvers provided greater wind-driven ventilation than those with lou
vers. Additionally, louvers in the designs resulted in pressure losses 
against the wind, which reduced the ventilation force generated by the 
wind. These findings were obtained through the analysis of data ob
tained from the wind tunnel experiments and the results of the CFD 
analysis. 

Although CFD enables the analysis of the systems with less effort and 
cost, it is still hard to make a decision on the most efficient design. 
Especially for system designs such as NVSs, including non-parametric 
decision points such as homogeneous ventilation of buildings, the 
multi-criteria decision-making (MCDM) analysis would be useful to 
determine the best design [18–20]. In the literature limited studies were 
conducted on the MCDM analysis of NVSs. Yin et al. [21] investigated 
the natural ventilation through windows to measure the ventilating 
performance. They investigated the non-parametric points such as 
opening percentage, furniture locations, and window types. First, they 
analyzed the parameter effects by analysis of variance, and optimized 

the decision units by gray relational analysis. Wen et al. [22] conducted 
an optimization of underground natural ventilation through the form 
and environmental characteristics. They simulated the passive ventila
tion strategies with CFD and building energy simulators. Then, they 
optimized the parameters of cooling and heating temperatures, me
chanical and natural ventilation rates, internal window operation, and 
roof construction by a two-level method including uncertainty- 
sensitivity analysis and Pareto front method based on the genetic algo
rithm. Liu et al. [23] conducted an optimizing model for the perfor
mance of membrane energy exchangers in residential ventilation 
through influential factors. They used Pareto solutions based on a ge
netic algorithm for the factors of moisture recovery effectiveness, total 
membrane area, and operating airflows. Buonomano et al. [24] inves
tigated a new model to enhance the air quality of buildings through 
novel criteria in light of current ventilation standards addressing the 
current pandemic scenario. This new model combines the building en
ergy simulation and contagion risk assessment through the Wells-Riley 
model. Zhang et al. [25] optimized the operation of the stratum venti
lation for the heating mode. They used a CFD model verified by exper
imental data to simulate operational parameters such as thermal 
comfort, air quality, and energy efficiency. They used a technique of 
order preference by similarity to the ideal solution (TOPSIS) to obtain 
the optimal solution. Bianco et al. [26] investigated the effect of phase 
change material used in the heat recovery and ventilation system. They 
used the Pareto approach based on the genetic algorithm to optimize the 
proposed system in terms of indoor air quality and energy consumption. 

A new NVS with a structure patented by the Turkish Patent and 
Trade Mark Office with the registration no of 2019/08313 was experi
mentally performed in the previous study of authors for an industrial 
building to remove the non-breathable gases [5,27]. Since the system is 
successful for both the summer and winter conditions, the optimization 
of the new design was conducted in this study. The formed designs 
appropriate to industrial buildings were performed via CFD. The 
designed NVSs were evaluated through exergy analysis to measure the 
performance and the net present value (NPV) analysis to measure the 
economics. Finally, the observed designs were optimized by the multi- 
criteria decision-making (MCDM) method namely the efficiency anal
ysis technique with output satisficing (EATWOS). In the optimization, 
economic outputs (NPV), exergetic results, and sustainability index (SI) 
were used as the output parameters. Contrary to the conventional 
studies, the non-direct parameters were selected as the input parameters 
to obtain homogenous ventilation. In this aim, the inverse of the 
required number of NVS and the covered area were used as the inputs. 
The environmental evaluation was also performed for the best design 
under regional conditions. 

2. Material and method 

2.1. Study area 

The study area is a small-scale industrial building with frequently 
used welding manufacturing methods. The building is located in 
Bozuyuk industrial zone. The building has a volume (Vbuilding) of 
130,165.0 m3 with a width of 75 m, a length of 204 m, and a height of 
8.5 m. Due to the non-breathable welding gases, removing them from 
the building is an obligation for better employee comfort. So, a new 
concept NVS design was conducted and installed, as given in Fig. 1 
[5,28]. The building has no extra heating, mechanical ventilation, or air 
conditioning unit. The ventilation needs in both the summer and winter 
periods are just served by the new concept design NVS system. The new 
NVS was placed on the roof of the building to provide ventilation 
through the stack effect since it was designed to remove waste gases 
during production. The NVS has a structure consisting of sheet metal to 
withstand high wind loads and external physical effects such as strong 
precipitation. 

The 45 designs were formed by dimensional scaling the existing 

Fig. 1. The schematic and view of the application building and designed NVS.  
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(experimental) design, resulting in changes in geometric sizes. In this 
regard, the width (a) was arranged in different sizes to measure the 
cross-sectional flow area. Besides, the height (c) and β angle were ar
ranged in different sizes to measure inner flow characteristics. The 
length (L) was kept constant at 6000 mm. Table 1 specifies the dimen
sional characteristics of designs. 

2.2. Numerical analysis 

The numerical analysis was employed to determine the performance 

of the new concept design NVS using SIEMENS FloEFD software. The 
FloEFD software is used to model the flow and heat transfer mechanisms 
of the new concept design NVS. The Navier-Stokes, energy, and conti
nuity equations, which are formulations of the laws of conservation of 
mass, momentum, and energy for fluid flows and heat transfer problems, 
are solved using FloEFD CFD software. Moreover, laminar and turbulent 
flows may be predicted using turbulence models in FloEFD. The reason 
for choosing FloEFD CFD software in this study is that this CFD software 
is both more practical and faster in industrial applications compared to 
other widely used CFD software [29–31]. For modeling a new concept 
NVS system patented on an industrial application, this software has 
facilitated modeling in the industry. In addition, this CFD software is 
also very successful in the numerical modeling of complex problems 
[29–31]. 

The Reynolds-averaged Navier-Stokes approach (RANS) was solved 
using a pressure and density-based formulation in FloEFD. The modified 
k-ε model was selected as the turbulence model. With this model, both 
turbulence effects and viscous effects [32] that will occur at low speeds, 
as in this study, can be successfully modeled. 

2.3. Grid independency study 

The sensitivity of the physical problem solution increases with finer 
mesh. However, lengthier processing times will result from finer reso
lutions, thus it’s important to understand how fine a resolution is 
required. With faces aligned with the Cartesian coordinate system, the 
mesh cells in FLOEFD are rectangular parallelepipeds. The coordinate 
system’s axes and the geometry’s flat surfaces line up. The cells close to 
the boundary are divided by straight lines due to the geometry’s original 
curvature. There is a single-cell center for the split cells on both sides of 
the border. 

The velocity profile increases exponentially with proximity to the 
wall, whereas the velocity at the wall is zero. The researchers use a few 
thin cells near the wall to obtain these gradients; however, since wall 
functions are used in FloEFD, this is not necessary. Rather than 

Table 1 
The properties of generated designs.  

Design no a (mm) c (mm) β(o) Design no a (mm) c (mm) β(o) 

1 1200 250 90 24 500 450 110 
2 1200 350 90 25 500 250 120 
3 1200 450 90 26 500 350 120 
4 1200 250 100 27 500 450 120 
5 1200 350 100 28 500 250 130 
6 1200 450 100 29 500 350 130 
7 1200 250 110 30 500 450 130 
8 1200 350 110 31 300 250 90 
9 1200 450 110 32 300 350 90 
10 1200 250 120 33 300 450 90 
11 1200 350 120 34 300 250 100 
12 1200 450 120 35 300 350 100 
13 1200 250 130 36 300 450 100 
14 1200 350 130 37 300 250 110 
15 1200 450 130 38 300 350 110 
16 500 250 90 39 300 450 110 
17 500 350 90 40 300 250 120 
18 500 450 90 41 300 350 120 
19 500 250 100 42 300 450 120 
20 500 350 100 43 300 250 130 
21 500 450 100 44 300 350 130 
22 500 250 110 45 300 450 130 
23* 500 350 110     

*Existing design (experimentally investigated for validation) [5]. 

Fig. 2. Schematic of the mesh structure and mesh sensitivity.  
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computing the flow in this area, wall functions model the flow near the 
wall using experimental data. The number of cells utilized to cover the 
boundary layer determines the wall functions to be employed in 
FLOEFD. The flow in this study was computed using the turbulent Van 
Driest wall function hypothesis. 

The mesh generation of the flow domain of the NVS was performed 
in FloEFD commercial software (see Fig. 2). The mesh structure was 
refined in terms of the boundary layer. The effect of mesh number (mesh 
independence) was evaluated on the analysis results. Since the variation 
in the velocity is negligible after the 16,881 elements, the mesh size and 
structure with 16,881 elements in Fig. 2 was used in the numerical 
analysis. 

2.4. Model validation 

The results of the CFD model were validated with the experimental 
results of the existing system (Design 23) [5]. The existing implemented 
design was scaled to 1:1 for the CFD analysis under the conditions 
specified in Table 2. Different outdoor temperatures (Toutdoor), indoor 
temperatures (Tindoor), wind speeds (vr), and relative humidities (φ) were 
selected in this way. In the selection of these parameters, the worst 
conditions and the incidence rates were handled. So, the conditions 
nearest the worst ones with the higher frequency were considered in the 
analysis. 

For the validation, the provided airflow rates (QT,exp) obtained from 
the experimental study [5,28] regarding the specified conditions were 
compared with the airflow rate (QT,CFD) calculated by the CFD: 

QT, CFD = A.vCFD (6)  

where A is the cross-sectional area of the NVS system, and vCFD is the 
average velocity obtained by CFD. The validation results of experiments 
(QT,exp) and CFD analysis (QT,CFD) are given in Fig. 3. 

The results were statistically evaluated using the percentage root 

mean square error (PRMSE), coefficient of variance (CoV), and coeffi
cient of determination (R2) as follows [33]: 

R2 = 1 −

∑
youtput

∑
yactual

(7)  

PRMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
(

youtput − yactual
youtput

)2

na

√
√
√
√
√
√

• 100 (8)  

CoV =

⎛

⎜
⎜
⎝

∑ youtput − ŷoutput

yactual − ŷactual

na

⎞

⎟
⎟
⎠ • 100 (9)  

where youtput , yactual, ŷoutput and ŷactual are CFD output, experimental 
output, the mean value of the CFD outputs, and the mean value of the 
experimental outputs, respectively. The obtained results of the statistical 
evaluation are given in Table 3. 

According to the statistical evaluation, PRMSE, CoV, and R2 values 
were obtained as 4.14 %, 8.42 %, and 0.95, respectively. The minimum 
and maximum errors were recorded as 0.62 % and 5.57 %, respectively. 
So, the validation indicates an acceptable level of agreement. 

2.5. Energy and exergy analysis 

The energy and exergy analysis is based on the numerical results of 
this study. The balance equations were established for the control vol
umes under steady-state conditions. In this aim, the design for the 
ventilation of the space is conducted as given in Fig. 4. 

The forty-five different designs have the same operating principle, 
and the data on factors such as the number of employees in the building 
where the experimental study was conducted, and the quantity of the 
source gases were obtained from the experimental study [5,28]. 
Continuous flow conditions apply to the created ventilation designs, and 
the energy and exergy equations are provided below. The mass balance 

Table 2 
Analysis conditions for validation.  

Analysis no (n) Toutdoor(oC) Tindoor(oC) vr(m/s) φ(%) 

1  23.2  28.9  3.3  21.1 
2  22.8  28.9  2.8  26.5 
3  20.0  28.1  3.0  45.8 
4  16.7  26.9  3.0  61.2 
5  15.6  26.4  2.5  62.7 
6  14.7  26.0  2.3  64.8 
7  13.2  25.6  2.6  67.6  

Fig. 3. Model validation.  

Table 3 
Statistical evaluation of modeling.   

Statistical parameter 
PRMSE(%) CoV(%) R2 Error (%) 

Max. Min. 

Value  4.14  8.42  0.95  5.57  0.62  
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equation is constructed considering replacing the ventilated volume 
(point 2) with the fresh air from the outdoors (point 1). According to 
this, the mass balance is given by [28]: 

Fig. 4. Design of the natural ventilation system.  

Table 4 
The emissions of the NG combustion [40,41].  

Fuel Emission (mole) 
CO2 CO NOx SO2 

NG*  1.0074  0.0003  0.0254 −

*per mole-fuel. 

Table 5 
Boundary conditions for CFD analysis.  

Parameter Summer Winter 

Tin(oC) 20 20 
Tenviroment(oC) 13.24 3.42 
vr (m/s) 3.63 4.35 
φ (%) 50 50  

Fig. 5. The effect of β angle and c dimension for a = 1200 mm on the flow rate 
under summer conditions. 

Fig. 6. The effect of β angle and c dimension for a = 1200 mm on the flow rate 
under winter conditions. 

Fig. 7. The effect of β angle and c dimension for a = 500 mm on the flow rate 
under summer conditions. 
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ρa,1.Q̇T

⏞̅̅̅ ⏟⏟̅̅̅ ⏞
ṁ1

+ ṁ4 − ρa,2.Q̇T

⏞̅̅̅ ⏟⏟̅̅̅ ⏞
ṁ2

= 0 (10) 

Here ṁ1 is the mass rate of air at point 1 (kg/s), ṁ2 is the mass rate of 
air at point 2 (kg/s), and Q̇T is the volumetric flow rate in NVS (m3/s). ṁ4 

indicates the sum of the mass rates of welding gases. The welding gasses 
used in the production process are argon (ṁargin) and CO2 (ṁCO2 ). 
Welding gas consumptions were added to the calculations considering 

the annual data of Ref [5,28]. Also, the working activity in the building 
(between 08:30 am and 17:30, six days a week) was considered in the 
study. In this regard, m4 was introduced as zero (0) to calculations when 
there is no operational activity in the building. The density of the 
building air was assumed to be equal to the density of point 2 (ρa,building =

ρa,2). So, the energy balance is given by [28]: 

Q̇loss =

(

ṁ2h2

)

−

(

ṁ1h1

)

−

(

ṁargonhargon

)

−

(

ṁCO2 hCO2

)

−

(

Ẇec

)

−

(

Q̇wo

) (11)  

where Ẇec, Q̇loss and Q̇wo are the electricity consumption, heat losses 
from the building, and the heat loads occurred by the workers, respec
tively. The enthalpy values of h1, h2, hargon, and hCO2 are taken from 
Ref. [34]. The electricity consumption and heat loads were taken from 
average data by the industrial company in question [28]. ṁCO2 , ṁargon, 
and ṁair are the mass rate of CO2, argon, and moist air, respectively. 
hCO2 , hargon, , hair are the enthalpy of CO2, argon, and moist air, respec
tively. For the active working period, these values are calculated by 
[5,28]: 

hair = 0.142 • 10− 7 • T3 +0.855 • 10− 4 • T2 + +0.993 • T+ 273.31
(12)  

hCO2 = 7.94 • Tt
4 − 33.69 • 10− 6 • Tt

3 +55.18 • 10− 3 • Tt
2 +24.99

• Tt −

(
0.136 • 106

Tt

)

(13)  

hargon = 1.09 • 10− 8 • Tt
4 − 1.46 • 10− 7 • Tt

3 +2.87 • 10− 7 • Tt
2 + 20.78

• Tt −

(
3.661 • 10− 8

Tt

)

(14)  

where ωair specific humidity ratio of air (kg/kg-dry air), T is the tem
perature of air (oC), and Tt is the welding gas supply temperature, equal 
to indoor temperature. Finally, the exergy balance of the system is given 
by: 

Ėxin− Ėxout − Ėxd − ĖxQ + ĖxW + Ėxwo = 0 (15)  

where Ėxin and Ėxout are the inlet and outlet exergy of the flows, 
respectively. Exd is the destructed exergy,ExQ is the exergy due to the 

Fig. 8. The effect of β angle and c dimension for a = 500 mm on the flow rate under winter conditions.  

Fig. 9. The effect of β angle and c dimension for a = 300 mm on the flow rate 
under summer conditions. 

Fig. 10. The effect of β angle and c dimension for a = 300 mm on the flow rate 
under winter conditions. 
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heat loads, ExW is the work (electricity) exergy, and Exwo is the labor 
exergy. The chemical exergies were not included since there is no 
chemical reaction during the welding process. According to this, the 
exergy of the flow is given as: 

Ėxin = Ėxair

⏞̅⏟⏟̅⏞
point1

+ Ėxargon + ĖxCO2

⏞̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅ ⏞
point4

(16)  

Ėxout = Ėxair + Ėxargon + ĖxCO2

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
point2

(17)  

Here, Exair, Exargon and ExCO2 are the exergies of the air and gases used in 
the welding process. These exergy terms are given as [35]: 

Ėxargon = ṁargon • Cp,argon •

(

Tt − T0 − T0.ln
(

Tt

Tin

))

+Rargon • T0

• In
(

Pt

Patm

)

(18)  

ĖxCO2 = ṁCO2 • Cp,CO2 •

(

Tt − T0 − T0.

(
Tt

Tin

))

+Rargon • T0 • In
(

Pt

Patm

)

(19)  

Ėxair = ṁair •
(
Cp,air +ωair.Cvair

)
• T0

•

[(
Tin

T0

)

− 1 − In
(

Tin

T0

)]

+(1+1.6078 • ωair) • Ra

• T0.In
(

Pin

P0

)

+Ra

• T0•(1 + 1.6078 • In
(
(1 + 1.6078) • ω0

(1 + 1.6078) • ωair

)

+(1+1.6078) • ωair

• In
(

ωair

ω0

)

(20)  

with 

ωair =
0.622φPsat,T

P2 − φPsat,T
(19) 

Fig. 11. Velocity distributions for different designs under summer conditions.  
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where Rargon is is the gas constant of argon (0.208 kJ/kgK), and RCO2 is 
the gas constant of CO2 (0.188 kJ/kgK). Ex,ec, Ex,wo are the exergy of 
electric consumption of the building and the exergy of workers, 
respectively [28,35]: 

Ėxec = Ẇec (22)  

Ėxwo = nwo • 280 (23)  

Here, nwo is the number of workers in the building and taken as 15 

Fig. 11. (continued). 

Fig. 12. The effect of β angle and c dimension on Exd under summer conditions.  Fig. 13. The effect of β angle and c dimension on Exd under winter conditions.  
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people [28]. The exergy efficiency of the system and sustainability index 
(SI) are given as [20]: 

ε = 1 −
Ėxd

Ėxin
(24)  

SI =
1

1 − ε (25)  

2.6. Economic and environmental evaluation 

For the economic evaluation, net present values (NPV) analysis was 
handled since it considers the time value of the money for the lifecycle 
(20 years) of the system. NPV is defined as [36,37]: 

NPV =
∑n

t=0

Ccf

(1 + r)t − Cinv (26)  

where Ccf is the cash flow, Cinv is the investment cost, r is the inflation 
rate of 14.75 % [38] and is the related year of the system’s lifetime. The 
investment cost includes the cost of pipe (Cp), galvanized sheet (Cst), 
welding material (CW), and labor cost (CL). The initial investment cost, 
considering the salvage cost (Cs) of the system and the required fan cost 
for the conventional ventilation case at the end of the lifetime, is given as 
follows: 

Ci = Cp +Cst +CL +CW − Cs − Cfan (27)  

Cs is the 10 % sum of the other investment terms [36]. Cfan is fan cost 
(237 $/piece) when the conventional forced ventilation by fans is 
considered [39]. The annual cash flow was obtained considering a me
chanical ventilator system instead of the NVS. For an annual working 
time of 8760 h, the cash flow is defined as [5,28]: 

Ccf = Ẇe • fe • 8760 (28) 

Fig. 14. The effect of β angle and c dimension on ε under summer conditions.  

Fig. 15. The effect of β angle and c dimension on ε under winter conditions.  

Fig. 16. The variation of initial investment cost (Cinv) and the required NVS 
number (nNVS). 

Fig. 17. NPV values of designs.  
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Here, We is the required power of the fan, and fe is the unit electricity 
price (0.194 $/h). In the NPV analysis, the benefits were determined by 
considering the mechanical ventilation requirements for the exact pa
rameters of NVS. In this case, it was assumed that the required venti
lation was observed by the fans with an electrical motor of 1.1 kW (We) 
and a ventilation rate of 10,500 m3/h [30]. The system operates 2503 h 
annually considering 8 working hours per day, 6 days per week. The 
saved electricity via NVS also means a saving in natural gas (NG) con
sumption since an NG-sourced power plant supplies the company’s 
electricity requirement. The annual savings of NG (in mole) is given by 
[5]: 

nNG =
We • 2503
HV • ηte

(29) 

Here, HV is the heating value (38330 kJ/h), and ηte is the efficiency 
of the power plant (38 %). The saved NG would also decrease the 

emissions sourced by the combustion of NG in the power plant. The 
emissions that occurred by NG combustion are given in Table 4 [40,41]. 

2.7. Optimal design 

Multi-criteria decision-making (MCDM) analysis is a useful tool for 
the optimization of many systems with multi-criteria. Efficiency Anal
ysis Technique with Output Satisficing (EATWOS) is one of the most 
used MCDM techniques for energy systems [36,42,43]. In terms of the 
outputs (y) and inputs (x), the efficiency score of EATWOS is given as 
[44,45]: 

Fig. 18. EATWOS results of the proposed designs.  
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Ei =

∑J
j=1νj

⎛

⎜
⎜
⎜
⎜
⎝

1 +
yi,j̅̅̅̅̅̅̅̅̅̅
∑J

j
y2

i,j

√ − max
i

⎧
⎪⎪⎪⎪⎨
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j
x2

j

√

⎫
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⎞

⎟
⎟
⎟
⎟
⎠
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⎛
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⎝

1 +
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√ − min
i

⎧
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xk̅̅̅̅̅̅̅̅̅
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i
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k

√

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

⎞

⎟
⎟
⎟
⎟
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(30)  

where v and w are the weights input and output parameters, respec
tively. The pure numeric values of the inputs, such as temperature, and 
flow rate, which are the direct design parameters, are frequently used in 
EATWOS to make a decision on the optimal design of the energy sys
tems. However, non-direct parameters about the system related to 
building structure sometimes should be considered for better opera
tional conditions. Therefore, the input values were selected as the 
number of the required NVS (nNVS) and the bottom surface area (Abottom) 
to obtain a homogenous ventilation with a smaller location on the 
building. Since EATWOS aims for maximum output with the minimum 
input, the required number is included in the analysis as the reverse 
form (1/nNVS). The output was selected as SI, ε, and NPV. 

3. Results and discussion 

Forty-five different natural ventilation systems, designed to achieve 
the optimum ventilation design regarding techno-economic aspects, 
were analyzed under the specified boundary conditions as indicated in 
Table 5, following the validation of CFD analysis and experimental 
studies. 

90 CFD analyses were conducted using FloEFD for the 45 designs 
under the specified boundary conditions in Table 4, including both 
summer and winter. Based on the analysis results, the QT,CFD values were 
calculated for all 45 designs, considering both summer and winter 

conditions. The physical design used in the experimental study is rep
resented as the 23rd design among these 45 different designs [28]. 

The effect of dimensional parameter changes on the ventilation flow 
rate was determined through FloEFD analysis. The variations in exergy 
destruction and exergy efficiencies were also calculated for different 
ventilation designs. Fig. 5 shows the effect of β angle and c dimension on 
the flow rate for a = 1200 mm under summer conditions. Fig. 6 shows 
the effect of β angle and c dimension on the flow rate for a = 1200 mm 
under winter conditions. Similarly, Figs. 7 and 8 demonstrate the effect 
of β angle and c dimension for a = 500 mm, whereas Figs. 9 and 10 
demonstrate the effect of β angle and c dimension for a = 300 mm. 

According to Figs. 5 to 10, the highest ventilation rate was observed 
as 32.54 m3/s for Design 10 (a = 1200, c = 350, β = 130), while the 
lowest one was observed as 1.17 m3/s for Design 44 (a = 300, c = 450, β 
= 120) under the summer conditions. The highest ventilation rate was 
observed as 30.64 m3/s for Design 9 (a = 1200, c = 350, β = 120), while 
the lowest one was observed as 1.13 m3/s for Design 43 (a = 300, c =
450, β = 110) under the winter conditions. The ventilation rates are 
higher than the design models with a = 500 mm and a = 300 mm. The 
base reason for this is the increase in the cross-sectional area through 
which the air passes, resulting in an increase in ventilation rate due to 
the thermal buoyancy effect and the pressure difference caused by the 
wind. When considering Figs. 9 and 10, a moderate level of ventilation 
performance is observed. This is because of the decrease in the cross- 
sectional area through which the air passes when a = 500 mm. The ef
fects of the variations in other parameters, such as c and β, can also be 
observed through the local changes, as seen in Figs. 7 to 9. When 
considering Figs. 9 and 10, the lowest ventilation performances are 
observed. It can be concluded that the variation in the dimension 
generally has a linear effect on the changes in QT,CFD values, indicating 
that as the dimensions increase, the QT,CFD values also increase. How
ever, when considering the variations in the β angle and c dimension 
locally, it was observed that there is not always a proportional increase 
in the QT,CFD values. In the cases with β = 120◦ and height c = 350, 
reasonable results were obtained because the area between the appa
ratus close to the exit and the inclined part of the NVS relieved the flow 
exit. In some cases, there were decreases in the QT,CFD values. 

Velocity contours for different designs are given in Fig. 11. When 
these graphs are examined, as the width decreases, the flow velocity 
drawn from the environment increases, and it is directed more towards 
the outlet. When a = 300 mm, the cross-sectional area is significantly 
reduced, which also increases thermal buoyancy and wind-driven 
ventilation capabilities. The base reason for this is the increase in the 
cross-sectional area through which the air passes, resulting in an in
crease in ventilation rate due to the thermal buoyancy effect and the 
pressure difference caused by the wind. As the height increases, the fluid 
velocity and, therefore, the fluid flow rate increases. In addition, as the 
angle increases, the flow direction becomes easier, and the flow becomes 
smoother. 

The changes in the exergy destruction (Exd) and exergy efficiency (ε) 
values for the 45 different designs were determined depending on the 
dimensional parameters. Fig. 12 illustrates the effect of the variation in 
the β angle and c dimension on the changes in Exd under summer con
ditions, while Fig. 13 demonstrates the impact of the variation in the β 
angle and c dimension on the changes in Exd under winter conditions. 

When evaluating Fig. 12 and Fig. 13, it can be observed that Design 9 
(a = 1200, c = 350, β = 120) has the highest exergy destruction value 
with Exd = 22023.66 kJ/h under winter conditions, while Design 40 (a 
= 300, c = 350, β = 130) has the highest one withExd = 20136.54 kJ/h 
under summer conditions. On the other hand, Design 10 has the lowest 
exergy destruction value withExd = 12310.83 kJ/h under summer 
conditions, whereas Design 18 has the lowest one withExd = 21583.10 
kJ/h under winter conditions. The variation in exergy destruction values 
among designed models is due to the difference in the amount of dis
charged air, which depends on the required NVS. Fig. 14 illustrates the 

Table 6 
The results of economic evaluation for Design 34 (in US$).   

Years  
Present 5 10 15 20 

Investment (Cinv)  
Piping (Cp) − 4,026.07 
Sheet Metal (Cst) − 3,696.20 
Welding (Cw) − 1,696.45 
Labour (CL) − 3,631.06 
Total − 13,049.79 
Cash flow      
Benefit from 

electricity 
saving (Ccf )  

6,954.18 6,954.18 6,954.18 6,954.18 

Fan saving (Cfan) 3,081.86 − − − −

Salvage (Cs) 1,304.98 − − − −

Total Cash Flow − 8,662.95 6,954.18 6,954.18 6,954.18 6,954.18 
The Discount 

Rate (14.75 %) 
1.00 0.50 0.16 0.12 0.06 

Present value − 8,662.95 3,495.28 1,756.79 882.99 443.80 
NPV 35,475.20 

US$=15.44₤. 

Table 7 
The results of environmental evaluation.  

Saving Unit Yearly basis Lifecycle basis 

Natural Gas (NG) m3  8,846.107  176,922.138 
Electricity GWh  0.036  0.716 
CO2 ton  16.585  331.709 
CO ton  0.005  0.099 
NOx ton  0.418  8.365  
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effect of the variation in the β angle and c dimension on the changes in 
exergy efficiency (ε) under summer conditions, while Fig. 15 demon
strates the impact of the variation in the β angle and c dimension on the 
changes in ε under winter conditions. 

When evaluating Fig. 14 and Fig. 15, it can be observed that Design 
10 (a = 1200, c = 350, β = 130) has the highest exergy efficiency value 
with ε = 99.07 % under summer conditions, and Design 9 (a = 1200, c =
350, β = 120) has the highest exergy efficiency value with ε = 98.83 % 
under winter conditions. On the other hand, Design 44 (a = 300, c =
450, β = 120) has the lowest exergy efficiency value with ε = 98.23 % 
under summer conditions, and Design 18 (a = 500, c = 250, β = 110) has 
the lowest exergy efficiency value with ε = 97.94 % under winter con
ditions. The variation in exergy efficiency values among designed 
models is caused by the difference in the amount of discharged air, 
which depends on the design. As a result, NVS models designed to 
provide higher ventilation discharge are associated with higher Exin 
values, leading to higher exergy efficiency values. In the studied build
ing, which is the subject of the experimental work, it is desired to 
ventilate the total building volume (130,165.0 m3) once per hour [15]. 
According to this, the required number of NVS (nNVS) and regarding 
investment cost (Cinv) are given in Fig. 16. 

For the existing design (Design 23), the required number of units 
nNVS was determined as 9. The minimal number was determined as 3 for 
the Design 2 and 3, while the maximum was determined as 33 for the 
Design 43. The NPV values were calculated for the 45 different designs, 
considering a 20-year lifetime, and graphically represented in Fig. 17. 

For the existing design, the NPV value was calculated as 39,785.82 $ 
at the end of the 20-year lifetime of the experimental study. In the NPV 
calculation based on CFD analysis, as shown in Fig. 18, the highest NPV 
value of 43,849.15 $ was achieved for Design 3, whereas the lowest NPV 
was 24,148.30 $ for Design 43. According to economic evaluation, the 
best design was determined as Design 3 with the highest NPV value. 
However, the required number of NVS was observed as Design 3 in this 
design. Hence, local ventilation is available in the building, which does 
not allow homogenous ventilation. 

According to the exergetic evaluation, the best design was deter
mined as Design 10 with a required NVS number of 6 for the summer 
conditions, whereas the best design was determined as Design 10 with a 
required NVS number of 7 for the winter conditions. These numbers also 
cannot be enough for a homogenous ventilation. Undoubtedly, more 
NVS would be better for this aim. Another parameter was chosen as the 
covered area of the NVS on the roof. If the area and required area are 
larger, it would cause more opening area on the roof, which could lead 
to leakage streams. So, in this study, non-direct parameters of the 
required number of NVS and the covered area were used in MCDM 
analysis to determine the best efficient design to observe the highest 
exergy efficiency, NPV, and SI. The results of the EATWOS analysis are 
given in Fig. 18. 

According to EATWOS results, the most efficient case was deter
mined as Design 34 with a score of 0.9502, whereas the worst one was 
Design 3 with a score of 0.8213. The required number of NVS for Design 
34 was determined as 16, with a covering area of 28.8 m2. The exergetic 
efficiency and sustainability index were determined as 98.32 % and 
98.83 % 1.24, respectively, in this case. Table 6 presents detailed eco
nomic analysis data for a lifetime of 20 years for Design 34. 

The annual benefit was calculated as 6,954.18, considering an 
electricity price (fe) of 0.194 $/kWh [15]. Finally, the system’s NPV 
value was determined as 35,475.20 $, which means that the NVS is 
profitable for industrial buildings. The saved emissions were determined 
based on the saved electricity obtained from the NG-fueled plant, as 
given in Table 7. 

According to Table 6, NG saving of 176,922.14 m3 during the system 
lifetime of 20 years is possible. This saving also means avoidance of 
331.71 tons of CO2, 0.10 tons of CO, and 8.37 tons of NOx. 

4. Conclusion 

In this study, the natural ventilation of an industrial building was 
numerically investigated through a newly designed stack-type ventila
tion system (NVS) first in the literature. CFD analysis was performed to 
optimize the NVS design by generating different NVS designs. The per
formance of the designs was evaluated by exergy analyses. The eco
nomic evaluation was also performed via net present value (NPV) 
analysis. The performed designs were optimized through multi-criteria 
decision-making (MCDM) analysis. In the optimization, non-direct pa
rameters were included into MCDM to obtain a homogenous ventilation 
of the industrial building. The following conclusions were drawn from 
the study:  

1. The highest NPV value was determined as 43,849.15 $ for Design 3 
(a = 1200, c = 450, β = 90), whereas the lowest NPV was determined 
as 24,148.30 $ for Design 43 (a = 300, c = 350, β = 100). The NPV 
value of the experimentally investigated one (Design 23; a = 300, c 
= 350, β = 100) was determined as 39,785.82 $.  

2. The designs with the highest exergy efficiency are observed for 
Design 10 (a = 1200, c = 350, β = 130) with ε = 99.80 % under 
summer conditions and Design 9 (a = 1200, c = 350, β = 120) with ε 
= 99.64 % under winter conditions. The designs with the lowest 
exergy efficiency are observed for Design 40 (a = 300, c = 350, β =
130) with ε = 98.23 % under summer conditions and Design 18 (a =
500, c = 250, β = 110) with ε = 97.94 % under winter conditions.  

3. The maximum required number of NVS was determined for Design 3 
(a = 1200, c = 350, β = 90) with a covering area of 21.60 m2. The 
minimum required number of NVS was determined for Design 43 (a 
= 300, c = 250, β = 130) with a covering area of 59.40 m2.  

4. The most efficient design was determined for Design 34 (a = 300, c 
= 250, β = 100) with an NPV value of 35,475.20 $. The minimum 
required number of NVS was determined for Design 16, with a 
covering area of 28.80 m2. The exergy efficiency is observed as 
98.32 % for summer and 98.83 % for winter conditions.  

5. Design 34 can provide ventilation for the total building volume once 
per hour in both summer and winter conditions. This implementa
tion enables a saving of 176,922.14 m3 of natural gas consumption. 
In this way, it is possible to prevent the emission of 331.71 tons of 
CO2 from an environmental perspective. 
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