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A B S T R A C T   

This study investigates a new stack-type natural ventilation system (NVS) designed for small and medium-scaled 
industrial buildings. The NVS was designed and constructed for the disposal of the welding gases to obtain 
suitable working conditions from the thermal comfort point of view. The NVS system was analyzed by time 
stepped exergy analysis based on experimental data observed for a yearlong measurement. The experimental set- 
up was established to determine the ventilation throughout the wind speed measurements, temperature, and 
relative humidity measurements. Besides, the NVS was economically evaluated by the net present value (NPV) 
method. The exergy efficiency of the system was recorded ranging between 65 and 95% depending on the 
external conditions such as wind speed and outdoor temperature. With annual ventilation of 6,850.80 m3/h, it 
was determined that an annual saving of 12,092.20 m3 of natural gas, 1045.11 tones of CO2 emission, and 0.0345 
GWh electricity was available. The system was found investable with an NPV of 18,576.61 $ for a lifetime of 20 
years.   

Introduction 

Industrial buildings are increasing day by day as a result of the 
development of the industry and the increase in the need for production. 
The most crucial need of industrial production is the necessary infra
structure conditions. Disposal of harmful gases that result from pro
duction processes is one of these necessities since it directly affects 
employee comfort and health. So, ventilation systems to increase indoor 
air quality are inevitable. Since the application and operation of air 
conditioning systems for industrial buildings are relatively expensive, 
these systems are not preferred in small and medium-scale industrial 
buildings. 

Several natural ventilation strategies such as single-sided, cross, 
wind tower, solar chimney, atrium, and stack ventilation were reported 
[1]. There are two main driving forces in all these kinds of strategies: 
thermal buoyancy- and wind-induced. Thermal buoyancy-induced 
ventilation occurs by the differential pressure sourced by the tempera
ture difference between the indoor and outdoor. The wind-induced 
ventilation occurs by the differential pressure sourced by the pressure 
drop at the ventilation cross-section due to the wind velocity [2–4]. 
Under the actual conditions of a building, the coupled effects of these 
two terms exist [5]. Also, the climatic conditions of the location of the 

ventilated building are an essential parameter that determines the per
formance of the NVS. Li and Chen [6] determined five climatic zones, 
namely severe cold areas (zone 1), cold areas (zone 2), hot summer and 
cold winter areas (zone 3), hot summer and warm winter areas (zone 4), 
moderate areas (zone 5), depending on the winter and summer condi
tions in their study. They concluded that Zone 5 has the most consid
erable financial savings and cooling potential, whereas Zone 1 was 
recommended as the first for seasonal ventilation strategies. 

In this context, natural ventilation systems (NVSs) are an energy and 
cost-efficient ventilation strategy. Many studies about the NVS applied 
to several building types exist in the literature. Espinoza et al. [7] 
analyzed the impact of the ventilator configuration on the internal 
airflow pattern in a three-span Mediterranean greenhouse. The results 
show that the airflow pattern in the greenhouse depends on the distri
bution of the ventilation surface and the ventilation obstruction. The 
study conducts that the double-sided ventilation system improves 
airflow patterns. Hulsure and Maurya [8] conducted a numerical anal
ysis of the application of an NVS for an industrial warehouse building 
with a length of 145 m, a width of 75 m, and a height of 6 m. It was 
concluded that an NVS installed on the roof ridge increased the venti
lation rate by 8%. Gil-Baez et al. [9] investigated experimentally and 
numerically the indoor air quality parameters and energy use for the 
NVS located on the school buildings under mild climate conditions. A 
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primary energy saving of about 18–33% was reported to supply the 
required indoor environmental quality (IEQ) norms in the study. 
Mukhtar et al. [10] investigated the design strategies of the NVSs in 
underground buildings. They indicated that there are limited passive 
designs to improve thermal comfort and reduce energy consumption 
under the required IEQ. Dorizas et al. [11] investigated the performance 
of the NVS for a school building experimentally. They indicated that 
external conditions, such as wind speed, significantly affect the system’s 
operational performance. Su et al. [12] established an evaluation 
method based on thermal comfort for testing the NVS. With this aim, 
they investigated an office building equipped with a single NVS. They 
conducted that the system is enough to obtain the basic requirements of 
the thermal comfort conditions. Shi et al. [13] investigated the green 
roof and natural ventilation systems for office buildings. They indicated 
that the optimal design could save energy by 12.2%. Chen et al. [14] 
proposed a control strategy based on the prediction of an hour-head 
model for natural ventilation systems in passive buildings. In compari
son to the traditional control strategy, they reported an increase in the 
ventilation rate by 56.3% via a data-driven prediction model. In the 
study, they aimed to maximize natural ventilation to achieve near-zero 
energy consumption. Gilvaei et al. [15] investigated a novel passive 
system for the natural ventilation of a building. They aimed to reduce 
the energy consumption of the mechanical ventilation system by hy
bridizing a wind-catcher, a heat exchanger, and an evaporative cooling 
system in a residential building. They reported an electricity saving of 
0.0194 kWh/m2 in comparison to the split air conditioner. Shaeri et al. 
[16] proposed a new wind chimney for the natural ventilation of coastal 
buildings. They reported an increase of 117.9% in the ventilation rate 
compared to the building without the wind chimney. Tognon et al. [17] 
investigated the hybrid ventilation control systems for different building 
types and climates. They reported that it was available to reduce the 
sensible heat by up to 31%, latent heat by up to 30 %, and fan 

absorptions by up to 86%. Xie et al. [18] investigated the effects of lo
cations of rural residential buildings on natural ventilation. They re
ported that hilly terrains and the distance between the buildings as well 
as the winter and summer conditions affects the natural ventilation. Li 
et al. [19] investigated the night ventilation schemes for mechanical and 
natural ventilated buildings. They reported that it was available to 
reduce energy consumption by up to 15.29% through natural ventila
tion. He et al. [20] investigated the efficiency enhancement of natural 
ventilation by the roof window in an active house building. They re
ported that the ventilation efficiency enhancement by the roof window 
was 1.62 times higher than the mechanical ventilation. Song et al. [21] 
investigated the effects of window openings at different heights on 
natural ventilation. They indicated that cross ventilation with stack ef
fects was the most efficient natural ventilation mode. They reported that 
it was available to save energy by 5.6 kWh/m2 for the optimal natural 
ventilation mode. Ma’bdeh et al [22] investigated the different natural 
ventilation retrofitting for a classroom. Solar chimney assisting a wind 
tower was determined as the best natural ventilation technique. By this 
system, it was reported that it was available to achieve an energy saving 
of 39% in comparison to a split air condition system. 

Although natural (or passive) ventilation is commonly used wittingly 
or unwittingly in all buildings; it is vital to design the NVS for adequate 
ventilation in industrial buildings. In this study, a new stack-type NVS 
was designed for a medium-scale industrial building. By this new NVS, it 
was aimed to obtain zero energy consumption as well as the disposal of 
the non-breathable gases resulting from the production processes for 
suitable working conditions. An experimental set-up was established to 
determine the ventilation throughout the wind speed measurements, 
temperature, and relative humidity measurements. The experiments 
were recorded on an hourly basis for one year. Accordingly, time step
ped exergy analysis based on the hourly data was conducted to deter
mine the performance of the NVS for the first time. So, the exergy 

Nomenclature 

A Area (m2) 
E Energy,Exergy (Kj/h) 
C Cost ($) 
Cd Discharge coefficient 
P Pressure (Pa) 
T Temperature (oC) 
V Volume (m3) 
Q Flow (m3/s) 
h Height (m) 
A Area (m2) 
U Uncertainty 
f Unit price ($) 
X Observations 
R Universal gas constant (kJ/kmol K) 
N Number of NVS unit 

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

Subscripts 
a Air 
atm Atmosphere 

building Building 
da Dry air 
cf Cash flow 
e Electricity 
ec Electric consumption 
in Inside 
out Outside 
L Labor or Loss 
m Moisture, measurement, mass 
ng Natural gas 
r Speed of wind or discount rate 
p Piping 
ph Physical 
s Saturated 
st Sheet metal 
sys System 
t Number of measurement 
te Natural gas turbine engine 
w Welding 
ws Welding supply 
x Exergy 
wm Water moisture 
wo Worker 

Abbreviations 
NPV Net present value 
NVS Natural ventilation system 
SD Standard deviation  
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destructions were determined to observe the effects of entropy genera
tion on the environment since the destruction gives the entropy gener
ation that causes global warming. The emission and energy savings were 
later determined for the regional conditions. Finally, the system was 
evaluated economically through the net present value (NPV) method 
considering the required NVS for current labor conditions. 

Material and method 

Study area 

The designed NVS was installed in small-scale industrial buildings 
with welding and non-welding manufacturing methods. With this new 
design, it was aimed to obtain thermal comfort conditions by the 
removal of welding wastes that reduce employee comfort. The building 
is located in Bozuyuk industrial estate in hot summer and cold winter 
conditions (zone 3). 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. The 
view of the application building and NVS is given in Fig. 1. 

The building has no extra heating, mechanical ventilation, or air 
conditioning unit. The heat requirement for the winter period is served 
by the local electrical heaters, whereas there is no cooling application 
for the summer period. The cooling needs in the summer period and the 
ventilation need in both the summer and winter period are just served by 
the NPV system. The NVS was placed on the roof of the building to 
provide ventilation through the stack effect since it was designed to 
remove the waste gases that occurred during the production processes. 

The NVS has a structure consisting of sheet metal to withstand the high 
wind loads and external physical effects. The schematic illustration of 
the designed NPV is given in Fig. 2. In the constructed NVS, the sizes of a, 
c, L, and β are 0.50 m, 0.35 m, 6 m, and 110◦, respectively. 

Fig. 1. The view of the application building and NVS.  

Fig. 2. Schematic illustration (solid model) of the designed NVS.  

Fig. 3. The schematic of the experimental set-up.  
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Experimental set-up 

The working principle of the NVS is based on the combined effects of 
the thermal buoyancy-induced and wind-induced forces. For the deter
mination of this combined effect, the experimental set-up was installed 
to measure the wind velocity (vr; point 1), outdoor temperature (Tout; 
point 2), outdoor pressure (Pout; point 3), relative humidity (φ; point 4), 
indoor temperature (Tin; point 5) and indoor pressure (Pin; point 6) as 
given in Fig. 3. 

A data logger recorded the measured values on an hourly basis. The 
properties of the used equipment are given in Table 1. 

The reliability of the experimental set-up was validated by uncer
tainty analysis based on the measured data (Xm) [24]. According to this 
analysis, the standard deviation (SD) is given as: 

SD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

m=1
(Xm − X)2

n − 1

√
√
√
√
√

(1)  

where X is the average of the measured values calculated as: 

X =

∑
Xm

n
(2) 

The uncertainty (U) of the experimental data is defined as: 

U =
SD
̅̅̅
n

√ (3) 

The results of the uncertainty analysis for each measured parameter 
are given in Table 2. According to the results, the uncertainties of the 
experiments are at an acceptable level. 

Determination of the ventilation rate 

The total ventilation rate (QT) is defined as [25]: 

QT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Qr
2 + QΔT

2
√

(4)  

where Qr is the wind-induced term that includes the ventilation occurred 
by the pressure difference depending on the change in wind velocity. 
QΔTis the thermal buoyancy-induced term that includes the ventilation 
occurred by the density change depending on the temperature differ
ence. These two terms are given as [25,26]: 

Qr = Cd⋅Ac⋅

̅̅̅̅̅̅̅̅̅̅̅
2⋅ΔP

ρa

√

(5)  

QΔT = Cd⋅Ac⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2⋅g⋅h⋅
Tin − Tout

Tin

√

(6)  

where Ac is the cross-sectional area of the opening of the NVS, and ρa is 
the density of moist air. Tin is the indoor temperature, and Tout is the 
outdoor temperature. ΔP is the pressure difference between indoor (inlet 
opening) and outdoor (outlet opening), and h is the height of the NVS. Cd 
is the discharge coefficient and is given by [27]: 

Cd = 0.0835⋅(
Tin − Tout

Tin
)
(− 0.313) (7)  

Energy and exergy analysis 

The energy and exergy analysis is based on the experimental mea
surements in this study. As a result of the hourly measurement period, 

Table 1 
Experimental equipment and accuracy values [23].  

Parameter Point Equipment Sensitivity 

T (oC) 3 and 6 ThermokotecBoyenet T ±0.1 
vr (m/s) 1 Delta Ohm HD 53.D ±0.03 
φ (%) 4 EMS ST-3XX ±1 
P (Pa) 2 and 5 AKT-DPT2500-R8 ±1  

Table 2 
Uncertainty values of experimental parameters.   

Tin(oC) Tout(oC) Pin(Pa) Pout(Pa) φ (%) vr(m/s) 

U  0.069  0.103  0.0007  0.0074  0.150  0.017  

Fig. 4. Physical model of the ventilation system.  
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8760 measurements were recorded annually. With this, the balance 
equations were established for the control volumes under unsteady 
conditions. In this aim, the physical model for the ventilation of the 
space is conducted as given in Fig. 4. 

The mass balance equation is constructed considering replacing the 
ventilated volume (point 2) with the fresh air from the outdoor (point 1). 
According to this, the mass balance is given by: 

ρa,1⋅QT

⏞̅̅̅ ⏟⏟̅̅̅ ⏞
m1

+m4 − ρa,2⋅QT

⏞̅̅̅ ⏟⏟̅̅̅ ⏞
m2

= Vbuilding⋅ρa,building,t+Δt

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
msys,t+Δt

− Vbuilding⋅ρa,building,t

⏞̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅⏞
msys,t

(8)  

Here m4 indicates the sum of the mass of welding gases. The welding 
gasses used in the production process are argon (margon) and CO2 (mCO2 ). 
Welding gas consumptions were added to the calculations considering 
the annual data of Ref [23]. The working activity in the building (be
tween 08:30 am and 5:30 pm, six days a week) was also considered in 
the study. In this regard, m4 was introduced as zero (0) to calculations 
when there is no operational activity in the building. ρa,1 and ρa,2 were 
the average values for the measurement range (Δt). Since the balances 
were constructed on experimental data, the measurement range (Δt) in 
balance equations was 1 h. Also, the density of the building air was 
assumed to be equal to point 2 (ρa,building,t = ρa,2,t) at the particular 
measured time of t. Accordingly, the energy balance is given by: 

QL = Esys,tΔt − Esys,t − (m2⋅h2) − (m1⋅h1) −
(

margon⋅hargon

)

−
(

mCO2 ⋅hCO2

)
− (Wec) − (Qwo)

(9)  

where Wec and Qwo are the electricity consumption and the heat load 
occurred by the workers, respectively. Theof the electricity consumption 
and heat loads were taken from the hourly recorded data by the in
dustrial company in question [23]. The energy of the system at a 
measured time of t is given as: 

Esys,t = msys,t⋅Usys,t (10)  

where Usys,t is the internal energy of the building system. For the con
stant volume, it is given as: 

Usys,t = Cv,sys⋅Tt (11) 

The specific heat(Cv,sys) can be obtained as follows; 

Cv,sys = Cp,sys − Rsys =
hsys,t

Tt
− Rsys (12)  

where Rsys is the gas constant and hsys,t is the enthalpy of the system at 
the measured time of t obtained as follows: 

hsys,t =
mCO2,t ⋅hCO2,t + margon,t⋅hargon,t + mair,t⋅hair,t

mCO2,t + margon,t + mair,t
(13)  

Rsys,t =
Ru

1
mtotal,t

(
mCO2,t + margon,t + mair,t

) (14)  

where Ru is the universal gas constant, and mtotal is the total mass of the 
building environment.mCO2,t , margon,t, mair,t are the hourly mass rate of 
CO2, argon, and moist air, respectively. hCO2,t , hargon,t, hair,t are the hourly 
average CO2, argon, and moist air enthalpy, respectively. When there is 
no operational activity in the building,mCO2,t , margon,t,mair,t are equal to 
zero (0). For the active working period, these values are calculated by 
[28]: 

hair,t = 1.006⋅Tt +ωair(1.86⋅Tt + 2501) (15)  

hCO2 ,t = 7.94⋅Tt
4 − 33.69⋅10− 6⋅Tt

3 + 55.18⋅10− 3⋅Tt
2 + 24.99⋅Tt −

(
0.136⋅106

Tt

)

(16)  

hargon,t = 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

) (17)  

Here Tt is the supply temperature, equal to the indoor temperature. 
Finally, the exergy balance of the system is given by: 

Exin− Exout − Exd − ExQ +ExW +Exwo = Exsys,t+Δt − Exsys,t (18)  

where Exin and Exout are the inlet and outlet exergy of the flows, 
respectively. Exd is the destructed exergy, ExQ is the exergy due to the 
heat loads, ExW is the work (electricity) exergy, Exwo is the labour 
exergy, Exsys,t is the exergy of the system at the measured time of t. Since 
there is no chemical reaction during the welding process, the chemical 
exergies were not included. According to this, the exergy of the flow is 
given as: 

Exin = Exair

⏞̅⏟⏟̅⏞
point1

+Exargon + ExCO2

⏞̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅ ⏞
point4

(19)  

Exout = Exair + Exargon + ExCO2

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
point2

(20)  

Here Exair, Exargon and ExCO2 are the exergy of the air and gases used in 
the welding process. These exergy terms are given as [29]: 

Ex,air = mair⋅
(
Cp,air +ωair⋅Cvair

)
⋅T0⋅

[(
Tin,t

T0

)

− 1 − In
(

Tin,t

T0

)]

+(1+ 1.6078⋅ωair)⋅Ra⋅T0⋅In
(

Pin,t

P0

)

+Ra⋅T0⋅

⎧
⎪⎪⎨

⎪⎪⎩

1 + 1.6078⋅In((1 + 1.6078)⋅ω0 )

(1 + 1.6078⋅ωair) + 1.6078⋅ωsys,t⋅In
(

ωair
ω0

)

⎫
⎪⎪⎬

⎪⎪⎭

(21)  

Exargon = margon⋅Cp,argon

(

Tt − T0 − T0⋅ln
(

Tws

Tin

))

+Rargon⋅T0⋅In(
Pt

Patm
) (22)  

ExCO2 = mCO2 ⋅Cp,CO2

(

Tt − T0 − T0

(
Tws

Tin

))

+Rargon⋅T0⋅In(
Pt

Patm
) (23)  

where Rargon is the gas constanant of argon (0.208 kJ/kgK) and RCO2 is 
the gas constanant of CO2 (0.188 kJ/kgK). The exergy of the system is 
given by: 

Exsys,t = msys,t⋅
(
Cp,sys,t +ωsys,t⋅Cv,sys,t

)
⋅T0⋅

[(
Tin,t

T0

)

− 1 − In
(

Tin,t

T0

)]

+
(
1+ 1.6078⋅ωsys,t

)
⋅Ra⋅T0⋅In

(
Pin,t

P0

)

+Ra⋅T0⋅

⎧
⎪⎪⎨

⎪⎪⎩

1 + 1.6078⋅In((1 + 1.6078)⋅ω0 )
(
1 + 1.6078⋅ωsys,t

)
+ 1.6078⋅ωsys,t⋅In

(
ωsys,t

ω0

)

⎫
⎪⎪⎬

⎪⎪⎭

(24) 

with 

ωsys,t =
0.622⋅φ⋅Psat,T

P2 − φ⋅Psat,T
(25) 

Ex,ec,Ex,wo are the exergy of electric consumption of the building and 
the exergy of workers, respectively: 

Exec = Wec (26)  

Exwo = nwo⋅280 (27)  

Here, nwo is the number of workers in the building and taken as 15 
people. The exergy efficiency of the system is given by: 
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ε = 1 −
Exd

Exin
(28)  

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 of 

the system. NPV is defined as [30,31]: 

NPV =
∑n

t=0

(
1

(1 + r)t

)⏞̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅ ⏞
TVM

Ccf − Ci (29)  

where Ccf is the cash flow, Ci is the investment cost, r is the discount rate 
of 14.75% [32], and t is the related year of the system’s lifetime. TVM is 
the multiplier that explains the time value of the money in NPV analysis. 
When t = 0, it explains the present time values that the system is con
structed. The lifetime of the system (n) was assumed as 20 years. The 
investment cost includes the cost of pipe (Cp), galvanized sheet (Cst), 
labour cost (CL), and assembly cost (Ca). The initial investment cost, 
considering the salvage cost (Cs) of the system at the end of the lifetime, 
is given as follows: 

Table 3.T 
He emissions of the ng combustion[33,34].  

Fuel Emission 

CO2 CO NO2 SO2 

NG*  1.95023  0.00024  0.03384 – 

*per kmole-fuel. 

Fig. 5. The variation of inside (Tin) and outside (Tout) temperatures.  

Fig. 6. The variation of relative humidity (φ).  
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Ci = Cp +Cst +CL +Ca − Cs (30)  

Cs is the 10 % sum of the other investment terms [31]. The annual cash 
flow was obtained considering a mechanical ventilator system instead of 
the NVS. For an annual working time of 8760 h, the cash flow is defined 
as: 

Ccf = We⋅fe⋅8760 (31)  

Here We is the required power of the fan, and fe is unit electricity price. 
The saved electricity via NVS also means a saving in natural gas (NG) 

consumption since the company’s electricity requirement is supplied by 
NG sourced power plant. The annual savings of NG (in kmole) is given 
by: 

nNG =
We⋅8760
HV⋅ηte

(32)  

Here HV is the heating value (38330 kJ/h), and ηte is the efficiency of the 
power plant (38%). The saved NG also would decrease the emissions 
sourced by the combustion of NG in the power plant. The emissions that 
occurred by NG combustion are given in Table 3 [33,34]. 

Fig. 7. The variation of wind velocity (vr).  

Fig. 8. The variation of Pin and Pout .  
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Results and discussion 

The time-dependent variation of the inside (Tin) and outside (Tout) 
temperature values are shown in Fig. 5 for one year. Fluctuations in 
graph slopes manifest the effect of seasonal events on outside and inside 
temperatures. 

According to Fig. 5, the outside temperature values vary between 
− 3 ◦C and 36 ◦C depending on the climatic factors of the region where 
the building is located. The interior temperature values vary between 
3 ◦C and 40 ◦C depending on the physical factors of working inside the 
building and the outdoor climatic effects. According to the measure
ments, the temperature-induced (buoyancy effect) for ventilation is 
available for the year, making the NVS suitable. The measurements of 

effective parameters of relative humidity (φ) and wind velocity (vr) were 
also obtained. The variation of φ and vr are given in Fig. 6 and Fig. 7, 
respectively. 

According to Fig. 6, the relative humidity varies between 10% and 
80% during the year. The main reason for the change in relative hu
midity is the climatic changes, labour effects and external geographical 
factors of the building. 

According to Fig. 7,vr reach up to 7.6 m/s. The highest wind velocity 
was observed on the 66th day of the year. The indoor (Pin) and outdoor 
(Pout) pressures were also measured to determine the ventilation rate. 
Fig. 8 shows the variation of Pin and Pout . 

According to Fig. 8, the indoor pressure varies between 93116 Pa and 
93118 Pa, whereas the outdoor pressure varies between 93118 Pa and 

r
(m

3 /h
)

Q
T

(m
3 /h

)

Fig. 9. The variation of Qr and QΔT .  

Fig. 10. The variation of QT .  
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93125 Pa. According to the measurement results, the wind-induced ef
fects are also available all year round. So, the temperature-induced 
(QΔT), wind-induced ventilation (Qr), and total ventilation (QT) rates 
were calculated. The variation of QΔT and Qr is given in Fig. 9, whereas 
the variation of QT is given in Fig. 10. 

According to Fig. 10, the maximum ventilation rate was observed as 
15,728.8 m3/h on the 107th day of the year in the winter season. In this 
case, Tin, Tout , vr, φ, and ΔP were recorded as 20.20 ◦C, 20.95 ◦C, 2.18 m/ 
s, 66.05%, and 21.18 Pa, respectively. The minimum ventilation rate 
was 5201.8 m3/h on the 27th day of the year in winter. In this case, Tin, 
Tout , vr, φ, and ΔP were recorded as − 1.91 ◦C, 4.0 ◦C, 2.52 m/s, 69.53%, 
and 20.05 Pa, respectively. The average ventilation rate was recorded as 
7060.7 m3/h for a yearlong time. Under these circumstances, the time- 
stepped exergy analyses were conducted. The results are given in Fig. 11 
for the exergy destruction rate (Exd) and Fig. 12 for the exergy efficiency 
(ε). 

According to Fig. 11, the maximum exergy destruction rate was 
recorded as 27,124.81 kJ on the 300th day of the year in the winter 
season. In this case, Tin, Tout , vr, φ, and ΔP were recorded as 17.32 ◦C, 
20.78 ◦C, 1.74 m/s, 17.0%, and 21.42 Pa, respectively. The minimum 

exergy destruction was recorded as 3,066.78 kJ on the 104th day of the 
year in the winter season. In this case, Tin, Tout , vr, φ, and ΔP were 
recorded as 20.20 ◦C, 20.95 ◦C, 2.18 m/s, 66.05%, and 21.18 Pa, 
respectively. According to Fig. 12, the exergy efficiency of the system 
was recorded ranging between 65% and 95%. 

The total volume of the ventilated building (Vb) is 130,165.0 m3 

which means a required ventilation rate for removing the non- 
breathable gases occurred due to the manufacturing processes. The 
required NVS number (Nrequired− NVS) for homogeneous ventilation of the 
complete building volume is 26, considering the minimum ventilation 
rate (5201.8 m3/h). The required ventilation rate at the minimal 
extreme points could be achieved for a continuous ventilating process. 
Economic parameters for NPV analysis were determined considering 
this extreme point. The results of the NPV analysis are given in Table 4. 

In NPV analysis, the benefits were determined considering the me
chanical ventilation requirements for the exact parameters of NVS. In 
this case, the required power was determined as 4 kW whereas the 
annual benefit was calculated as 6,678.52 $ with the information of the 
electricity price of 0.19 $/kWh. Finally, the NPV value of the system was 
determined as 18,576.61 $, which means that the designed NVS is 

E
x

d
(k

J)

Fig. 11. The variation of exergy destruction rate (Exd).  

(%
)

Fig. 12. The variation of exergy efficiency (ε).  
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profitable for industrial buildings. The saved emissions were determined 
based on the saved electricity obtained from the NG-fueled plant, as 
given in Table 5. 

According to Table 5, saving an NG in the amount of 241,844.0 
during the system lifetime of 20 years is possible. This saving also means 
avoidance of 20,902.20 tones of CO2, 2.541 tones of CO, 365.36 tones of 
NO2, and 91.51 tones of NO. 

Conclusion 

In this study, the natural ventilation of an industrial building was 
investigated via a newly designed stack-type ventilation system (NVS). 
The NSV was designed and constructed for the disposal of the welding 
gases to obtain suitable working conditions. The designed NVS was 
experimentally investigated yearly to view the ventilation capability for 
both the winter and summer conditions. Time-stepped exergy analyses 
were performed based on the experimental values on an hourly basis. So, 
the exergy destructions, as well as the exergy efficiency, were deter
mined since the destructions (without any power consumption means) 
generated entropy by the disposal of unbreathable gases. The economic 
evaluation of the system via the net present value (NPV) method was 
conducted to view the invisibility of the NVS. Finally, the environmental 
evaluation was compared to the mechanical ventilation case for the 
exact requirements. The designed NVS was found as capable of the 
ventilation of an industrial building since it provides continuous venti
lation for all winter and summer conditions. The minimum exergy ef
ficiency was determined as 65 % whereas the maximum was obtained as 
95%. The higher exergy efficiency ratios designate the lower entropy 
generations in the environment which could be attributed as pretty 
much environment-friendly system in comparison to mechanical venti
lation systems with power consumption. For the investigated building 
with a volume of 130,165.0 m3, the required number of NVS was 
determined as 26 for the disposal of the non-breathable gases that 

occurred during the manufacturing process. Under these circumstances, 
the designed NVS was found as profitable with an NPV of 18,576.61 $. 
Also, it is available to save consumption of natural gas of 241,844.0 m3 

since there is no power consumption. From the environmental point of 
view, it means a saving of CO2 of 20,902.20 tones. 

The handled NVS system was designed to observe the ventilation 
effects of the system for an industrial building. The system sizes were 
randomly selected appropriate to the building’s roof structure. There
fore, the size of the system needs to be optimized. The authors currently 
handle the studies on the optimization of the NVS within the scope of the 
ongoing Ph.D. dissertation. 
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