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A Study of a Blasting Operation in Open Pit 
Mine With GPSS/H Simulation Program 

Necmettin Cetin1 

Abstract 
The economic analysis and the use of explosives is an important part of blasting operations in open pit mining. 
Explosives are energy and the efficient use of this energy is a major factor in keeping rock blasting costs under 
control. The degree of fragmentation and movement obtained is directly related to the amount of explosives used in 
operation and the delay array sequencing of firing blasthole. For economic reasons, blasting must be both well 
planned and be accurately executed using minimum amount of explosives. If the blast sequence is correct, less 
explosives will be required at a single time. In this study, a simulation model is developed by using GPSS/H 
simulation software program for a small open pit mine with 11 blasthole operation drilled out at a given array 
pattern to determine the out of sequence firing (OOSF) and crowding as ms delays by varying the scatter in mean 
delay time while assuming a predefined value for crowding as ms delay. The simulation results and the 
interpretations of them for a given mine site provides the optimal sequencing and the scatter of the selected blasting 
agent. 

Keywords: Open Pit Mining, Blasting Patterns, Discrete-Event System Simulation, GPSS/H Software 

1. INTRODUCTION 
Drilling and blasting are two of the major unit operations in most open pit mines. The main goal for these operations is 
to optimize rock fragmentation that may cost as high as 25-30 % of the total operating cost in open pit mining. Efficient 
blast design along with proper choice of explosives can produce better fragmentation with associated lower operating 
cost compared to the blast designs and explosives under adverse conditions. Delay patterns and varying the blasthole 
array to fit the natural excavation topography allow for more efficient use of the explosive energy in a blast. Benches 
may be designed and carried out with more than one face so that simple blasting patterns can be used to remove the 
rock materials. [1]. 

A face (or bench in an open pit mine) about to be blasted consists of numerous holes filled with powder (or suitable 
blasting agent). The holes are blasted in sequence to allow for maximum fragmentation and detonation. For example, 
if the holes were drilled in concentric circles, the sequence of the blast would be from the innermost ring to the outer 
ring. Each of the holes in each circle would ideally have the same delay. To ensure this sequencing, delay detonators 
are used. The length of this delay is given by the manufacturer’s specification in milliseconds (ms). 

For economic reasons, the blast must be both well planned and be accurately executed using the minimum amount of 
explosives. If the blast sequence is correct, less explosives are required at a single time. 

Typical delays, as given by manufacturers, might be for 200 ms, 300 ms, 1500 ms etc. However, in practice, these 
delays tend to be average values and the actual delay times are stochastically distributed. In this example, the delay 
times will be assumed to be estimated from a normal distribution. Figure 1 shows a typical face about to be blasted. It 
is of concern both the holes are fired in proper sequence and that they do not fire too close in sequence. If the holes fire 
out of sequence, this is known as “Out-of-Sequence-Firing” (OOSF), if they fire too close together, this is known as 
“Crowding”. Figure 2 shows an arrangement of a few holes. Those numbered 1, are to be donated at the same time and 
so have a delay of 200 ms. those numbered 2 are to be fired next and they have a delay of 300 ms. 

 

1 Corresponding author: Kutahya Dumlupinar University, Department of Mining Engineering, 43100, Kutahya / Turkey. 
necmettin.cetin@dpu.edu.tr 
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Figure 1. A typical face to be blasted of firing for holes 

 

 
Figure 2. Arrangement for firing of blast holes 

 

 

 
Figure 3. Actual delay times for blast holes 

 

2. MATERIAL AND METHOD 
The listing of the program is given as MINEBLAST.GPS. GPSS/H is a discrete-event systems simulation language 
widely used by many academicians and commercial users and it uses process-interaction approach to modelling. The 
modeler specifies the sequence of events separated by lapses in time which describes the manner in which objects flow 
through a system. Models are developed in text files in GPSS/H and compiled into memory and executed [2]. It is 
considered in this study a case study problem which consists of a series of shots as given by the arrangement in Figure 
4. 
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Figure 4. Arrangement of firing for sample holes 

 

As can be seen, there are 11 holes to fire in 4 sequence which are numbered (1), (2), (3) and (4). The planned sequence 
is first the three holes labelled (1), next the four holes labeled (2), then (3) with two holes, and finally, (4) with 2 holes. 
The delay times are sequentially, 200 ms, 400 ms, 600 ms and 1000 ms for this sequence. 

Actual delay time is assumed to be mean time with a standard deviation of 12 %. If blasting takes place in sequence, 
but within 30 ms of another hole, crowding is assumed to take place. Because of the statistical nature of the delay times, 
OOSF and crowding will only take place in subsequent hole blasts, i.e. between holes (1) and (2), (2) and (3) and (3) 
and (4). 

 

3. RESULTS AND DISCUSSION 
The simulation was done for 200 simulated blasts [3]. There were 11 holes and, because of their arrangement, each 
time a simulation was done, there had to be 24 tests for OOSF and crowding. This first sequence (1) consisted of 3 
holes. Their blast times were compared to the second sequence of holes (2) consisting of 4 holes. There were 12 tests 
done here. However, the next sequence (2) for 8 total comparisons. Finally, sequence (4) consisted of 2 holes and each 
of these was compared to the sequence (3). There were 4 such comparisons. Thus the total of 24 (12 + 8 + 4). The 
simulation was performed for varying values of the scatter. 1000 simulated blasts were performed. The mean delay 
times are as shown in Figure 3 and the standard deviations were taken starting at 9 % of these values. Crowding was 
assumed to take place if the delay was 30 ms or less. The simulation was the repeated with std. dev. increased by 1 % 
until it was 20 % of the mean. Input values and prompt are: 

Input the time for crowding as ms delay 

<< 30>> 

How many blasts to simulate for 

<<1000>> 

Input the scatter as a percent 

<<9>> 
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The simulation results are given in Table 1. The interpretation of the results depend on the particular mining situation 
and how many OOSF’s are allowed. If these are to be no more than, say, 0.5 %, then the detonators need to have a 
standard deviation of less than 13 % of the mean as this gave 100 OOSF’s. There were 24.000 possible OOSF’s and 
0.5 % of this is 120. For a standard deviation of 14% of the mean, there were 140 OOSF’s. 

 

Table 1. Results of Simulation for Case Study Problem 

% Scatter 
Std. Dev. 

Out of Sequence 
Firings 

Crowding 

9 5 20 
10 15 32 

11 35 62 
12 60 77 
13 100 89 

14 140 110 
15 182 133 
16 242 139 

17 298 164 
18 255 195 
19 412 233 

20 484 277 

4. CONCLUSIONS 
 

A small case study example problem is presented for blasting pattern in open pit mine where a series of shots as given 
by the arrangement. Drilling and blasting practices used in many open pit mines are mostly designed by the intensive 
grade-control practices that have developed as a result of complex grade distributions found in these ore bodies. 
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Lateral strength-based seismic evaluation of an 
unreinforced masonry building 

Necibe Vatansever Erol1, Ahmet Vefa Orhon2, Taner Ucar3 

Abstract 
Unreinforced concrete masonry (URM) buildings located in seismic areas still constitute an important portion of 
the residential building stock of Turkey. A significant amount of these buildings is designed according to allowable 
stress criteria of the 2007 version of Turkish Earthquake Code. However, seismic design philosophy, as well as 
seismic performance assessment, of URM buildings tends to focus on the lateral strength of URM walls and it is 
also adopted to the current version of Turkish Earthquake Code. Accordingly, the seismic performance of a URM 
building designed based on the theory of allowable stress is a significant concern. In this study, the seismic 
performance of a two-story URM building is investigated based on the ultimate strength method. The case study 
building is primarily designed in accordance with seismic requirements of the 2007 version of Turkish Earthquake 
Code. Subsequently, lateral strength-based seismic performance assessment of the same building is performed. 
The earthquake demand is represented by a 5%-damped elastic acceleration design spectrum and the lateral 
strengths of URM walls are calculated in accordance with provisions of the current Turkish Earthquake Code. 
All analyses are conducted on a very detailed three-dimensional finite element model (FEM) of the building. The 
results have shown that the lateral strength capacities of some URM walls located on the ground floor are 
exceeded, whereas none of the URM walls on the upper floor reach their capacities. As a result, collapse 
prevention performance level is not achieved. 

Keywords: URM building, seismic evaluation, FEM, allowable stress, lateral strength. 

1. INTRODUCTION 
Seismic hazards posed by existing URM buildings have long been recognized and reported after past earthquakes 
occurred in active seismic zones in the world, as well as in Turkey. URM buildings are likely to suffer extensive 
damage and could partially or completely collapse during major seismic events. Since mechanical properties of 
masonry components are more complicated than their modern counterparts and due to several other reasons such as 
workmanship employed in masonry construction, poor construction quality, lack of maintenance, an adequate 
prediction of the seismic behavior of URM buildings is one of the fundamental topics in earthquake engineering. 
Although URM is one of the oldest building construction techniques, the seismic behavior of those types of buildings 
is still one of the least understood.  

Typical URM buildings in Turkey have brick walls with no steel reinforcing bars embedded within them. They are 
commonly located in rural regions to be used for residential purposes. Some of these buildings have structural 
deficiencies due to inappropriate seismic design whereas the others are constructed ignoring the code requirements. 
Moreover, before the 2007 version of Turkish Earthquake Code (TEC) [1], earthquake analysis of URM buildings is 
not imposed when both masonry material and geometric requirements of the code are satisfied. The most significant 
improvement in the seismic design of masonry structures in Turkey is the addition of simple procedures for the 
calculation of vertical compression and shear stresses developed in masonry walls subjected to earthquake loading. 
When the current version of the code, Turkey Building Earthquake Code (TBEC) [2], was published, the seismic 
design of URM buildings is refined from allowable stress theory to ultimate strength philosophy. It is quite clear that 
URM buildings designed in accordance with the stress-based code requirements are expected to satisfy the lateral 
strength-based criteria of TBEC.     

1 Dokuz Eylul University, Department of Architecture, 35390, Buca/Izmir, Turkey. necibe.vatansever@deu.edu.tr 
2 Dokuz Eylul University, Department of Architecture, 35390, Buca/Izmir, Turkey. vefa.orhon@deu.edu.tr  
3 Corresponding author: Dokuz Eylul University, Department of Architecture, 35390, Buca/Izmir, Turkey.  taner.ucar@deu.edu.tr  
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Several studies have been conducted on seismic behavior and design of URM buildings. Some of these studies have 
been focused on developing reliable modeling techniques for seismic analysis and risk assessment of URM buildings 
[3]–[10]. Earthquake analysis [11]–[14], as well as seismic performance and risk assessment [15]–[24], of URM 
buildings, have been widely studied. Since URM buildings are characterized by a high seismic vulnerability, seismic 
retrofitting of these buildings always remains relevant [25]–[29]. On the other hand, construction of URM buildings 
continues, and accordingly, seismic design procedures and code regulations regarding URM construction are current 
topics of high importance [30]–[33].         

The main purpose of the present paper is to perform a lateral strength-based seismic evaluation of a URM building 
seismically designed based on the theory of allowable stress. Regularization of a real URM building's geometry is 
firstly performed. Then, a 3D FEM model of the URM building is created in SAP2000 platform and geometrical and 
seismic considerations of TEC are used to achieve the design. Finally, lateral strength-based seismic evaluation of 
the URM building is performed in accordance with TBEC. Thereby, it is investigated to what extent the seismic 
performance objectives of TBEC are satisfied by a typical residential URM building.       

2. CONSIDERED URM BUILDING: CHARACTERISTICS AND SEISMIC DESIGN 

2.1. Material Properties and Geometric Considerations   
An architectural design of a two-story residential URM building with a story height of 2.7 m is achieved. Thicknesses 
of load-bearing masonry walls are taken to be 200 mm, which is the minimum value imposed by Turkish Earthquake 
Code [1]. The walls are composed of clay brick units with dimensions of 190 mm × 290 mm × 135 mm and a weight 
per unit of volume of 7 kN/m3. Reinforced concrete (RC) slab of 100 mm thickness is used. A bond beam with a 
height of 200 mm is integrated on each load-bearing masonry wall. The uniaxial compressive strength of concrete 
used in slabs and bond beams is 25 MPa. The plan view of the URM building with a total area of 95.39 m2 is shown 
in Figure 1.    

 
Figure 1. Plan view of URM building 

Geometrical considerations of Turkish Earthquake Code are used to achieve the design. The ratio of the total length 
of load-bearing walls (ld) to the floor area is computed to be 0.32 m/m2 in x-direction and 0.25 m/m2 in y-direction. 
This ratio shall not be less than 0.2I m/m2 in two orthogonal directions. The building importance factor (I) depending 
on type of occupancy is 1 (i.e., I = 1). The unsupported length of load-bearing wall between the axes of load-bearing 
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walls in the direction perpendicular to itself is taken to be 5.5 m, which is the maximum value that can be considered 
for URM buildings located in seismic zone 1. The length of the solid wall parts at the corners of the building is 
employed to be greater than 1.5 m. In addition, this value is taken at least 0.5 m for interior walls. The length of solid 
walls between door and window openings, which cannot exceed 3 m and 40% of the wall length, is considered to be 
at least 1 m.  All geometrical design criteria taken into consideration for the design of URM building are summarized 
in Figure 2.    

 

 

Figure 2. a) Solid wall lengths  b) Unsupported wall lengths and openings 

2.2. Seismic Design 
A very detailed three-dimensional FEM model of the building is created in SAP2000 platform [34]. A modeling 
technique of plane finite elements is implemented to simulate masonry brick walls. Accordingly, brick masonry walls 
are discretized with square finite elements of 100 mm × 10 mm. Masonry elastic modulus is related to masonry 
compressive strength (i.e., fme = 3.5 MPa), and taken to be Eme = 2625 MPa, whereas the expected shear modulus of 
masonry is employed as 0.4 times the elastic modulus. The 3D finite element model of the building is shown in Figure 
3.  

Having completed the analytical model, the free vibration properties of the URM building are calculated as a result 
of an eigenvalue analysis conducted in SAP2000 platform. Seismic masses are calculated as the combination of dead 
loads (i.e., elements self-weight), and 30% of live loads, which are assumed uniformly distributed on floors and taken 
equal to 2 kN/m2. Accordingly, the total seismic mass is computed to be 118. 84 tons. Elastic fundamental period of 
vibration of the URM building is obtained to be 0.064 and 0.058 s in x- and y- directions, respectively. It is quite 
clear that the URM building has short vibration periods, which means that it receives elastic spectral forces specified 
in the acceleration amplification region of the design spectrum.          

The studied URM building is designed according to 5% damped horizontal elastic acceleration response spectrum of 
the 2007 version of Turkish Earthquake Code representing the design basis ground motion with a reference 
exceedance probability of 10% in 50 years. The peak ground acceleration is 0.4g, where g is the gravitational 
acceleration.  The considered URM building is of ordinary importance and it is assumed to be on soil with an average 
shear-wave velocity in the upper 30 m of the soil profile of 360 < VS30 ≤ 760 m/s. A response reduction factor of 2 
(i.e., Ra(T1) = 2) is employed to account for the reduced design spectrum.  

Shear stresses developed in masonry walls subjected to design basis earthquake loading are computed as a result of 
finite element analyses conducted in SAP2000 platform. The seismic design of the considered URM building is 
achieved by satisfying the allowable shear stress criteria of Turkish Earthquake Code given in Eq. (1):   

𝜏𝜏 ≤ 𝜏𝜏0 + μ ∙ 𝜎𝜎 (1) 

where τ is the computed shear stress in a masonry wall, τ0 is the allowable cracking stress of a masonry wall, μ is the 
coefficient of friction which can be taken as 0.5 according to Turkish Earthquake Code, and σ is the vertical 
compression stress developed in a masonry wall. The allowable cracking stress of a masonry wall is taken to be 0.25 
MPa.  
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Considering the vertical compression stress developed in masonry walls, the allowable shear stress is computed as 
0.35 MPa. The maximum shear stresses in the first story are obtained to be smaller than 0.35 MPa in x- and y- 
directions.  

 
Figure 3. Finite element model of URM building  

3. LATERAL STRENGTH-BASED SEISMIC EVALUATION  
Lateral strength-based seismic evaluation of URM building is performed in accordance with TBEC [2]. The total 
design base shear forces in two orthogonal horizontal directions are computed from the elastic acceleration response 
spectrum of TBEC. The peak ground acceleration (PGA) of the considered earthquake is 0.708 g, where g is the 
gravitational acceleration, and the peak ground velocity (PGV) is 56.19 cm/s. The mapped short-period spectral 
response acceleration parameter (SS) and the mapped spectral response acceleration parameter at a period of 1 s (S1) 
are 1.735 and 0.469, respectively. Accordingly, spectral response acceleration parameters at short period (SDS) and 1 
s period (SD1) are calculated to be 2.082 and 0.704, respectively. Corner periods for the employed horizontal elastic 
acceleration design spectrum are computed as TA = 0.068 s and TB = 0.338 s.  

The vertical earthquake load effect is approximated by  

𝐸𝐸v = (2 3⁄ )𝑆𝑆DS ∙ 𝐺𝐺 (2) 

where SDS is the design spectral response acceleration parameter at short period and G is the effect of dead load. The 
URM building is analyzed under combined earthquake and gravity loads using several combinations of factored loads 
and the resultant design shear forces are obtained.  

The seismic performance evaluation of URM buildings according to TBEC is based on a comparison of lateral shear 
force capacity (VRd) of load-bearing walls with corresponding design shear force (VEd) in two orthogonal directions. 
The lateral shear force capacity of a load-bearing wall is considered the smallest value obtained from Eq. (3):   

𝑉𝑉Rd = 0.5𝑓𝑓vk ∙ 𝑡𝑡 ∙ 𝑙𝑙c (3a) 

𝑉𝑉Rd = 𝑙𝑙 ∙ 𝑡𝑡 ∙ 0.75𝑓𝑓vko
𝑏𝑏 �1 + 𝑁𝑁Ed

0.75𝑙𝑙∙𝑡𝑡∙𝑓𝑓vko
 (3b) 
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where t is the wall thickness, lc is the wall-length in compression, l is the wall length, b is the ratio of wall height to 
wall length and shall not be taken less than 1 and greater than 1.5 for use in Eq. (3b), fvko is the initial characteristic 
shear strength of masonry wall, and Ned is the design vertical force. The characteristic shear strength of masonry walls 
(fvk) can be obtained through Eq. (4) considering the average vertical compression stress (σd) and shall not exceed 
10% of masonry unit compressive strength (fb):            

𝑓𝑓vk = 𝑓𝑓vko + 0.4𝜎𝜎d ≤ 0.10𝑓𝑓b (4) 

4. RESULTS AND DISCUSSION 
Maximum shear forces developed in load-bearing masonry walls, as well as the corresponding lateral shear strength 
of load-bearing masonry walls, are listed in Table 1, where wall IDs of lower case letters and numbers stand for load-
bearing masonry walls oriented in x- and y-directions has shown in Figure 1. It can be seen from the data in Table 1 
that the shear force capacities of three masonry walls (wall ID c, d, and e) oriented in x-direction on the first floor are 
exceeded. Moreover, the shear force capacities of three masonry walls (wall ID 7, 9, and 14) oriented in y-direction 
on the first floor are also exceeded. However, design earthquake-induced shear forces acting on second-floor masonry 
walls are computed to be smaller than the shear force capacities of the corresponding walls.  

Table 2. Comparison of shear force demands with capacity related limits 

  Developed  
shear forces (kN) 

Shear force  
capacities (kN) 

 Wall ID 1st floor 2nd floor 1st floor 2nd floor 

x-
 d

ire
ct

io
n 

a 40.08 24.92 56 53.77 
b 38.65 19.88 56 54.59 
c 161.63 118.16 140 140 
d 162.46 121.55 161 161 
e 146.66 118.20 143 143.5 
f 120.60 86.85 140 140 
g 98.40 67.37 122.5 122.5 
h 101.57 69.28 126 126 
i 85.44 53.65 108.5 108.5 

y-
 d

ire
ct

io
n 

1 46.36 28.15 56.00 55.02 
2 25.31 13.16 45.50 43.55 
3 41.62 19.43 56.00 56.00 
4 43.53 23.24 56.00 55.20 
5 11.21 11.62 20.69 18.98 
6 46.10 32.80 56.00 56.00 
7 79.22 49.49 77.00 77.00 
8 32.08 29.85 45.50 39.76 
9 137.45 84.46 112.00 112.00 
1' 25.02 18.73 51.12 48.28 
2' 38.86 24.87 77.00 77.00 
3' 5.60 8.82 21.00 20.23 
10 42.90 24.52 56.00 55.75 
11 11.29 12.69 20.56 18.58 
12 80.18 54.11 80.50 80.50 
13 44.05 19.68 56.00 54.33 
14 135.92 106.73 108.50 108.50 
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Figure 4. Damaged masonry walls (in orange)  

 

Load-bearing masonry walls of which shear force capacities are exceeded are shown in orange in Figure 4. Relatively 
high shear forces are developed in these masonry walls due to their excessive rigidities. The contribution of these 
masonry walls to story shear force is computed to be 49.27% and 41.64%, respectively in x- and y- directions. These 
ratios are greater than 40%, the limiting value of TBEC. It is apparent from this result that the considered URM 
building does not satisfy the collapse prevention performance objective of TBEC. 

On the other hand, shear force demands imposed on masonry walls “d” and “e” are slightly greater than their 
capacities (i.e., the demand/capacity ratio of these walls is 1.009 and 1.026, respectively). The same finding is 
observed for wall “7”, where the shear force demand/capacity ratio is computed to be 1.029. It is quite clear that both 
earthquake demand and capacity of a masonry wall are inherently probabilistic concepts. If the demand/capacity ratio 
of the aforementioned masonry walls were slightly below 1, the same building would satisfy the damage control 
performance level of TBEC.   

5. SUMMARY AND CONCLUSIONS 
The seismic performance of a three-dimensional URM building which is seismically based on the theory of allowable 
stress is evaluated comprehensively by considering the lateral strength-based criteria of TBEC. The analyses are 
conducted based on the finite element model of the building. The following conclusions can be drawn from the 
presented study:       

o Although the considered URM building is seismically designed according to allowable stress criteria of the 2007 
version of Turkish Earthquake Code, it does not satisfy the collapse prevention performance objective of TBEC. 

o Remarkable high shear forces are developed in long masonry walls. These walls cannot sustain the high shear 
forces due to their relatively low capacities of shear force. 

o First-story load-bearing masonry walls are found to be more vulnerable to earthquake loading.  

o Both seismic demand and capacity are probabilistic concepts. Accordingly, it is quite questionable to assign 
deterministic values limiting seismic performance levels without considering the scattering, as implemented in 
TBEC. 
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The Forecast of Value of Lost Load in 
Slovenia 

Jerneja Bogovič1 

Abstract 
In modern society, we are increasingly dependent on electricity, which makes interruptions in supply affect 
us even more and also causes both direct and indirect costs. Various indexes are available to evaluate the 
costs associated with interruptions in supply. Recently, the Value of Lost Load (VOLL) has been the most 
commonly used index to evaluate costs. Moreover, a determination of this index is mandatory in the EU 
and ENTSO-E countries, as a measure of the Reliability Standard. Since the determination of the VOLL 
based on surveys is time-consuming and estimates based on macroeconomic indicators do not provide 
realistic values, a regression method with the gross domestic product (GDP) as the impact factor is used 
to forecast the value of the VOLL for Slovenia until the year 2030. The estimated value of the VOLL for 
Slovenia in 2022 is 10.0€/kWh, which is in line with the value of 10.6€/kWh used to measure the Reliability 
Standard in Slovenian electric power system. Furthermore, the obtained results are compared with the 
results for Italy, which has carried out a survey-based analysis in 2021 and has a GDP in 2021 slightly 
higher than projected for Slovenia in 2030. Based on the regression method, the value of the VOLL for 
Slovenia for 2030 is estimated at 26.0€/kWh, while the value of the VOLL for Italy in 2021 based on survey 
is 28.4€/kWh. The results show that the application of the regression method to predict the value of the 
VOLL using the GDP as impact parameter is reasonable and appropriate. 

Keywords: Gross domestic product (GDP), Regression, Reliability Standard, Slovenian power system, 
Value of lost load (VOLL) 

1. INTRODUCTION 
In modern society, we are increasingly dependent on the use of electricity, so the continuity of power supply is 
essential for the functioning of the society. However, in certain, albeit very rare cases, the power supply is 
interrupted.  

Each interruption of the power supply can incur costs for the customer. Their size is affected by the different 
nature and diversity of the consequences of power supply interruption. For household customers, costs can be 
reflected in the form of: 

− lost income, 

− deterioration of living quality,  

− costs due to repair and wear of appliances, 

− replacement of unsupplied electricity, and 

− in the case of prolonged outages, also as food destruction. 

However, in the industry sector the costs of unsupplied electricity are incurred due to: 

− additional material consumption, 

− repair of fixed assets, 

− restart the process, 

1 Corresponding author: Jerneja Bogovič, University of Ljubljana, Faculty of Electrical Engineering, Laboratory of Power 
Systems, 1000 Ljubljana, Slovenia. jerneja.bogovic@fe.uni-lj.si  
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− replacement of unsupplied electricity 

− costs due to delays, and 

− loss of sales. 

A special group of costs is the costs of civil disobedience and looting during prolonged downtime and failures 
of safety devices in industrial plants, which can lead to mandatory evacuation from all facilities in the area [1].  

The literature [2] describes several methods for calculating the value of unsupplied electricity, which is defined 
as the monetary value of costs, normalized to unsupplied electricity. Methods can generally be divided into 
three groups: 

− Survey of customers is the most common method for evaluating cost because of unsupplied 
electricity.  Based on the questionnaire, the respondent assesses the damage or monetary loss suffered 
in case of interruption of the power supply. The disadvantage of the method is that the customer either 
overestimates or underestimates the costs associated with interruption of the power supply. In 
addition to the damage survey, a survey, in which respondents are asked about the willingness to pay 
so that he will not suffer a supply interruption, or to evaluate the compensation in the case of a supply 
interruption, can also be used. 

− Specific outage studies are most commonly used when actual power outages occur. This method 
gives the best estimate of the damage, but is not useful in cases where there has been no power failure 
in the past. 

− Indirect analytical assessments define the value of unsupplied electricity on the basis of various 
macroeconomic indicators. The advantage of this method is that the estimates are easy to calculate. 
However, its disadvantage is that they are based on limiting and sometimes unrealistic assumptions. 

In addition to various methods, various indicators are also used to evaluate the value of unsupplied electricity 
[3], which are: 

− Cost of Energy Not Supplied – CENS, 

− Value of Lost Load – VOLL, and 

− Interrupted Energy Assessment Rate – IEAR. 

Although various indicators have been developed to evaluate undelivered electricity, the VOLL indicator is the 
most commonly used. The main reason for this is also Regulation (EU) 2019/943 of the European Parliament 
and of the Council of the European Union on the internal market for electricity [4]. The regulation determines 
that European Union (EU) countries must develop reliability standards based on the methodology Methodology 
for calculating the value of lost load, the cost of new entry and the reliability standard [5]. The methodology 
defines the procedure for calculating the VOLL indicator, which is based on the survey method. The 
methodology also requires that the VOLL indicator based on survey method must be calculated every 5 years. 

However, as the values of the VOLL indicator changes over the years, the forecast of the VOLL indicator until 
the year 2030 using regression depending on gross domestic product (GDP) has been used in this paper to speed 
up the process of determining the VOLL indicator. 

2. METHODOLOGY FOR FORECASTING THE VOLL INDICATOR  
Generally, forecasting is the process of making predictions based on past and present data, where different 
qualitative and quantitative methods can be used. Qualitative forecasting techniques are subjective, based on 
the opinion and judgment of consumers and experts and are appropriate when past data are not available. On 
the other hand, quantitative forecasting techniques are used to forecast future data as a function of past data. 
They are appropriate to use when past numerical data is available and when it is reasonable to assume that some 
of the patterns in the data are expected to continue into the future. Quantitative forecasting techniques comprise 
different methods as time series methods, artificial intelligence methods, extrapolation and relational methods 
[6]. 

In this paper, one of the relation methods has been used. More specifically, the regression analysis has been 
used to predict the value of the VOLL indicator. Regression analysis is a statistical method used in finance, 
investing, and other disciplines that attempts to determine the strength and character of the relationship between 
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one dependent variable and a series of other impact variables. Mathematical form of connection can be linear, 
power, exponential, reciprocal, logarithmic, root … In practice, a linear connection (1) is most often used, also 
that a nonlinear regression relationship is attempted to be transformed into a linear relationship by transforming 
variables [7].  

 

𝑌𝑌 =  𝛽𝛽1 ∙ 𝑋𝑋 + 𝛽𝛽2 (1) 

 

In the next step, theoretical assumptions about the dependence between variables are made to make a regression 
analysis. As statistically significant, the Cambridge Economic Policy Associates [8] study showed a trend that 
EU countries with a higher standard of living also have higher values of VOLL indicator. As one of the 
macroeconomic parameters, describing the standard is also GDP, it has been used as impact parameter for 
forecasting the VOLL indicator by regression analysis. 

The next step is to calculate or estimate the parameters of the regression model, where the parameters of the 
model are determined by the method of least squares. The least squares method is the standard approach for 
determining the dependence function of an oversized system, by minimizing the sum of the squares of the 
deviations.  

The last step is the calculation or forecast the value of the VOLL indicator based on the regression function 
determined in the previous steps. 

3. THE FORECAST OF VOLL INDICATOR 
To forecast the value of the VOLL indicator by the regression method, at first the influencing factor has been 
selected. As it is mentioned in the literature [8] that there is a statistical connection between the standard of 
living and VOLL indicator, we chose the macroeconomic indicator of GDP per capita as an influential factor. 
VOLL indicator, obtained on the basis of the survey method, was determined in years 1995, 2006 and 2016. For 
these years, the VOLL indicator as a function of GDP is drawn in the Figure 1. 

 

 

Figure 1. GDP per capita - dependent VOLL indicator 

 

The next step in the forecast using the regression method is the selection of the regression model. Since Figure 
1 shows that the most commonly used linear relationship is not the best possible relationship for this case, the 
transformation of the VOLL variable was performed. For that reason the transformation (logarithmization) of 
the VOLL indicator was performed and the result was a linear relationship between the BDP per capita and 
VOLL indicator (Figure 2).  

The next step was determination of regression (linear) function parameters using the least squares method. The 
linear function that connects the GDP per capita and the VOLL indicator is given by the equation (2). 
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𝑙𝑙𝑙𝑙(𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) = 0.2085 ∙ 𝐵𝐵𝐵𝐵𝐵𝐵 − 2.8627 (2) 

 

 

Figure 2. GDP per capita - dependent logarithmize VOLL indicator 

 

Based on the GDP forecast until 2030 [9], the VOLL indicator for all subsequent years has been calculated and 
are presented in Table 1 and on Figure 3. As it can be seen from Table 1, BDP per capita is increasing over the 
coming years. Due to the linear dependence, this trend is also followed by the value of the VOLL indicator.  

 

Table 3. Forecast of VOLL indicator 

Year BDP per capita 
(k€) 

ln(VOLL) 
(€/kWh) 

VOLL 
(€/kWh) 

2022 24,772 2.3 10.0 

2023 25,293 2.4 11.1 

2024 25,827 2.5 12.4 

2025 26,377 2.6 13.9 

2026 26,942 2.8 15.7 

2027 27,522 2.9 17.7 

2028 28,119 3.0 20.0 

2029 28,732 3.1 22.8 

2030 29,362 3.3 26.0 
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Figure 3. Forecast of VOLL indicator 

At this point, the question is whether the forecast is realistic or not. The estimated value of the VOLL indicator 
for Slovenia in 2022 is 10.0 €/kWh, which is in line with the value of 10.6 €/kWh used by Slovenian 
transmission system operator [1].  

Furthermore, the obtained results are compared with the results for Italy, which has carried out a survey-based 
analysis in 2021 and has a GDP per capita in 2021 slightly higher than projected for Slovenia in 2030. Based 
on the regression method, the value of the VOLL indicator for Slovenia for 2030 is estimated at 26.0 €/kWh, 
while the value of the VOLL indicator for Italy in 2021 based on survey is 28.4 €/kWh [10]. The results are in 
range of ± 10 % of estimation error, which we considered as good estimations, as not much data was available 
to calculate or estimate the parameters of the regression model. 

CONCLUSIONS 
In this paper, we predicted the value of the VOLL indicator using regression analysis. With regression analysis, 
we first developed a regression model, based on which we predicted the value of VOLL indicator for years from 
2022 to 2030, where BDP per capita is used as an impact factor to forecast the value of the VOLL indicator. 

The estimated value of the VOLL indicator for Slovenia in 2022 is 10.0 €/kWh, which is in line with the value 
of 10.6 €/kWh used by Slovenian transmission system operator. The estimated value of the VOLL indicator for 
Slovenia in 2030 has been also evaluated and the error is in range of ± 10 %.  

The field of forecasting is a very sensitive topic, especially when there is not much data available. Also in our 
case, not much data was available, which made it impossible to perform a more detailed analysis and 
comparison of the final results. 
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Review of the reliability standards in EU 
electric power system 

Jerneja Bogovič1 

Abstract 
Security of supply is one of the main objectives of a comprehensive package of EU legislative acts called 
Clean Energy for All Europeans. Through these legislative acts, the EU aims to accelerate the deployment 
of clean technologies, increase market competitiveness and energy efficiency, outline the design of the 
electricity market and security of supply, and create new rules for the governance of the Energy Union, 
making the European electricity market more interconnected, flexible and consumer-oriented. 

One of the main objectives is to determine the most efficient and effective way to ensure appropriate 
adequacy of generation units in the EU. In October 2020, European Union Agency for the Cooperation of 
Energy Regulators (ACER) presented the Methodology for calculating the value of lost load, the cost of 
new entry, and the reliability standard, which specifies the security of supply indexes and define the 
methodology for their calculation. 

Therefore, each EU Member State has to determine the value of lost load (VOLL), the cost of new entry 
(CONE) for different candidate technologies that are able to provide resource adequacy benefits 
(generation, storage and demand side response), and the reliability standard that consists of expected 
energy not served and loss of load expectation.  

The paper provides an overview of the methodology and results for countries that have already defined 
reliability standards according to the new methodology. 

Keywords: Cost of new entry for generation or demand response (CONE), Expected energy not served 
(EENS), Loss of load expectation (LOLE), Value of lost load (VOLL) 

1. INTRODUCTION 
The primary task of a transmission system operator is the power transmission, where the reliability of the power 
system is important. The most important factor in reliability is the continuity of supply of the final customers. 
Security of supply is also one of the objectives of the publication of a comprehensive package of legislative 
acts called Clean Energy for All Europeans [1]. Article 25 of the regulation provides that Member States have 
to draw up a reliability standard based on the methodology referred to in Article 23(6). 

The reliability standard shall set out in a transparent manner the required level of security of supply to the 
Member State determined as the most efficient and effective way to ensure appropriate adequacy of generation 
units in the EU. The reliability standard is calculated using at least the value of the lost load (VOLL) and the 
cost of new entry (CONE) and is expressed as expected energy not served (EENS) and loss of load expectation 
(LOLE). Thus, the LOLE indicator reflects the economic optimization between the cost of new entry (CONE) 
and the marginal reduction in expected electricity not served (EENS), expressed as the product of LOLE × 
VOLL. 

In October 2020, European Union Agency for the Cooperation of Energy Regulators (ACER) presented the 
document Methodology for calculating the value of lost load, the cost of new entry, and the reliability standard, 
which specifies the security of supply indexes and define the methodology for their calculation [2]. Under 
Regulation (EU) 2019/943, Member States have started activities in the field of defining the reliability standard. 

1 Corresponding author: Jerneja Bogovič, University of Ljubljana, Faculty of Electrical Engineering, Laboratory of Power 
Systems, 1000 Ljubljana, Slovenia. jerneja.bogovic@fe.uni-lj.si  
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The activities were started mainly by countries that already had reliability standards defined before the adoption 
of the regulation. 

Therefore, the methodology for calculating the reliability standards will first be presented and followed by an 
overview of the reliability standards per Member State. 

2. METHODOLOGY FOR CALCULATING THE RELIABILITY STANDARDS 
Methodology for calculating the value of lost load, the cost of new entry, and the reliability standard [2], 
describes how to calculate:  

− the VOLL, 

− the CONE and 

− the reliability standard. 

General rules for determination of all three indicators are: 

− The entity calculating the VOLL, CONE and reliability standard shall update the calculation at least 
every five years, or earlier, where the entity observes a significant change.  

− The entity has to ensure that the procedure is based on transparent, objective and verifiable data, the 
entity shall fulfil the transparency requirements, publishing at least the basic information, that the 
calculation of the VOLL, CONE and reliability standard can be repeatable. 

However, the rules relating to the determination of each indicator are presented in the following subsections. 

2.1. VOLL  
In [2], there are specified several rules that must be taken into consideration for determination of VOLL. The 
determination of VOLL must be set from the maximum price that consumers are willing to pay to avoid an 
interruption of electricity supply, obtained from surveys. The structure of the survey is also predefined in the 
[2]. Based on the answers, the each sectoral VOLL for different outages (duration, period of occurrence, pre-
notification period) shall be defined. The next step in determination of VOLL is a single VOLL calculation that 
will be used in the determination of reliability standard (1). 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = ∑ 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡,𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠 ∙
𝐸𝐸𝐸𝐸𝑁𝑁𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠

𝐸𝐸𝐸𝐸𝑁𝑁𝐸𝐸
 𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠  (1) 

 

where VOLLsect,type is VOLL for different sectorial and outages, EENSsect,type is expected electricity not served 
for different sectorial and outages and EENS is expected electricity not served for entire country. 

2.2. CONE  
In [2], there are also specified several rules that must be taken into consideration for determination of CONE. 
The following steps shall be performed in order to calculate the CONE: 

− Review and select candidate technologies that can be considered as reference technologies and 
estimate the potential for additional capacity resource. 

− Define the detailed technical characteristics of the reference technologies. 

− Estimate capital costs and annual fixed costs for each reference technology. 

− Determine an appropriate WACC for each reference technology as in (2). 

− Compute CONEfixed for each reference technology (3). 

− Determine CONEvar for each reference technology. 
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+𝐶𝐶𝐶𝐶𝐶𝐶∙𝑔𝑔�

1+𝑖𝑖
− 1 (2) 

 

where CoE represents the cost of equity, CoD represents the cost of debt, g represents the gearing, t corresponds 
to tax rate and i represents the long-term inflation rate of the Euro zone. 

 

𝑊𝑊𝑉𝑉𝐶𝐶𝐸𝐸𝑓𝑓𝑖𝑖𝑓𝑓𝑠𝑠𝑓𝑓 =
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊∙(1+𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)𝑋𝑋+𝑌𝑌

(1+𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)𝑌𝑌−1
∙�∑ 𝑊𝑊𝑊𝑊(𝑖𝑖)

(1+𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)𝑖𝑖
+∑ 𝑊𝑊𝐴𝐴𝑊𝑊(𝑖𝑖)

(1+𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)𝑖𝑖
+𝑋𝑋+𝑌𝑌

𝐼𝐼=𝑋𝑋+1
𝑋𝑋
𝐼𝐼=1 �

𝐾𝐾𝑑𝑑
 (3) 

 

where i represents each year over the construction period and economic lifetime, X is the construction period 
(in years), Y is the economic lifetime (in years), CC(i) is the best estimate of the capital costs incurring each 
year of the construction period, AFC(i)  is the best estimate of the annual fixed costs incurring each year during 
the economic lifetime, WACC is the best estimate of WACC and Kd is the de-rating capacity factor of the 
reference technology. 

For each reference new entry, which has a variable cost (CONEvar) lower than the single VOLL the entity shall 
compute a LOLE threshold (4). 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝐸𝐸𝑅𝑅𝑅𝑅 = 𝐶𝐶𝐶𝐶𝑁𝑁𝐸𝐸𝑓𝑓𝑖𝑖𝑓𝑓𝑠𝑠𝑑𝑑
𝑉𝑉𝐶𝐶𝑉𝑉𝑉𝑉−𝐶𝐶𝐶𝐶𝑁𝑁𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣

 (4) 

 

2.3. Reliability standard 
The entity shall calculate a LOLE target for the reliability standard, based on the LOLE thresholds. The LOLE 
threshold reflects an economic optimization between the marginal cost of a new capacity resource (CONE) and 
the marginal reduction of EENS (LOLE × VOLL). The optimum is reached when these two quantities are equal. 

The LOLE target for reliability standard shall be the minimum (best estimate) LOLE threshold which fulfils the 
minimum capacity need for reliability standard. A minimum capacity need for RS shall be defined based on the 
results of the latest available national, regional or European resource adequacy assessments (e.g. based on the 
relation between the observed number of hours with ENS and the capacity margins of the electric system). The 
minimum capacity need for reliability standard shall be lower than (or equal to) the maximum hourly ENS 
observed during the latest European, regional or national resource adequacy assessment [2]. 

There is no unambiguously defined formula for the calculation of EENS in [2]. 

3. VALUES OF VOLL, CONE AND RELIABILITY STANDARD IN EU 
Several countries in EU have already prepared the calculations of VOLL, CONE in reliability based on 
previously described rules. These countries are Estonia, Finland, Italy and Sweden. All the countries have 
determined VOLL, CONE and reliability standard.  

3.1. Estonia  
The final report [3] provides an analysis of the LOLE value in the case of a gas power plant (OCGT). The value 
of VOLL is estimated at 6,500 €/MWh, 7,300 €/MWh and 8,500 €/MWh, CONEfixed for OCGT at 51,000 €/MW, 
63,000 €/MW and 78,000 €/MW. Based on the calculations, the value of the LOLE is in ranges between 6 
hours/year and 12 hours/year, which exceeds the standard of 3 hours/year, so in May 2021 they changed the 
value of the standard to 9 hours/year. Furthermore, the study also estimated the EENS value between 0.053% 
and 0.087%. 
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3.2. Finland 
Based on the ACER methodology, the value of the VOLL for Finland was estimated at 8,000 €/MWh [4]. The 
calculation of the CONEfixed for various reference technologies is presented, as demand side response (DSR), 
OCGT, nuclear power plants (NPP), battery storage (BESS), wind power plant (WPP) and solar power plant 
(SPP). The data are presented in Table 1. 

 

Table 4. CONEfixed for various reference technologies 

Technology CONEfixed (€/MW)  

DSR 20,000 

OCGT 60,000 

NPP 537,000 

BESS 570,000 

WPP 1,583,000 

SPP 5,128,000 

 

Based on the data on the VOLL and CONEfixed, the calculated value of the LOLE for determining the reliability 
standard is defined as 3 hours/year, and the value of the EENS as 1,800 MWh per year. 

3.3. Italy 
In early June, Terna published the study Proposta in merito allo standard di adeguatezza del sistema elettrico 
italiano [5], in which the calculation for VOLL, CONEfixed and LOLE was made according to the ACER 
methodology. Based on the questionnaire, they determined the value of VOLL, which amounts to 
28,400 €/MWh. The CONEfixed has been defined for different technologies, which are OCGT, combined cycle 
gas turbine (CCGT), BESS, pumped storage hydropower (PSH), WPP and SPP. The data about CONEfixed are 
presented in Table 2. 

 

Table 5. CONEfixed for various reference technologies 

Technology CONEfixed (€/MW)  

OCGT 55,000 

CCGT 71,000 

BESS 141,000 

PSH 200,000 

WPP 380,000 

SPP 500,000 

 

Based on the calculations, they conclude that the value of LOLE according to the ACER methodology is 
between 2 and 2.1 hours/year and is lower than the value determined by the state. 
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3.4. Sweden 
In May 2021, the Energimarknadsinspektionen (Ei) produced a report Ei:s forslag till tillforlitlighetsnorm for 
Sverige [6], in which, according to the ACER methodology, VOLL is calculated as 7,869 €/MWh and also 
CONEfixed for different technologies is specified. The data about CONEfixed are presented in Table 3. 

 

Table 6. CONEfixed for various reference technologies 

Technology CONEfixed (€/MW)  

DSR 3,400 

OCGT 19,500 

CCGT 62,700 

BESS 104,900 

PSH 200,000 

WPP 1,100,000 

 

Based on the calculations, a value of 0.99 hours/year was set for the LOLE as the limit value of the reliability 
standard, thus covering the highest value of production unit failures from simulations. 

 

CONCLUSION 
In the paper, a review of the new reliability standard in EU is made. Despite the fact that the new standard has 
been in force for quite some time, many countries still have not made a calculation according to the new 
methodology or have not yet made it public. From EU countries, only 4 have made the calculations, which 
represents 15% of all countries. The main reason for this is attributed to the publication of ERAA results. Based 
on the ERAA results, just a few countries have a problem with resource adequacy [7]. 
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An Investigation on Plan and Facade 
Characteristics of High-Rise Buildings 

Eralp Kaya1, Taner Ucar2 

Abstract 
High-rise buildings are an increasingly common type of commercial and residential buildings because of 
their large capacity on small lands. These buildings appear with different architectural features with the 
development of new building materials and technologies. In this study, plan shapes and facade forms used 
in high-rise buildings are investigated considering the ten tallest buildings in the world. Architectural 
characteristics of the considered high-rise buildings are briefly summarized based on the results of detailed 
investigations. Structural systems of the buildings are analyzed, particularly in plan shapes. As a result, it 
has been observed that different plan shapes and facade forms are determined based on building-specific 
reasons. High-rise buildings are designed with different architectural plan forms in accordance with the 
functional requirements. These plan forms are also created with various common areas to strengthen the 
relations of building users with each other. On the other hand, the most important factor in the current 
design practice of these forms is the wind load and the forms are generally designed considering the results 
obtained from wind tunnel analysis. The use of rounded lines in plan and facade forms allows the wind 
load affecting the building to decrease and the user’s comfort to increase. Another important factor in the 
design is the creation of an aesthetic appearance on the exterior of the high-rise building. In particular, 
the facade forms of such buildings are designed in accordance with the design principles for increasing the 
aesthetic perception of the building, as well as the image of the city. 

Keywords: High-rise buildings, aesthetic perception, wind load, plan shape, facade form. 

1. INTRODUCTION 
High-rise buildings are generally built in big cities and the number of these buildings is ever-increasing around 
the world. High-rise buildings are designed with different approaches in plan and facade forms as a result of 
the increase in building height. One of the most important factors dominating the design approach is the lateral 
loads caused by wind and earthquake ground motion. Excessive lateral loads acting on high-rise buildings 
directly affect the comfort and safety of building users. Therefore, the plan and facade forms of high-rise 
buildings are commonly designed to reduce the potential influence of lateral loads. In addition to structural 
considerations, the remarkable appearance of the building is another important factor affecting the design of 
high-rise buildings. As a result, these buildings are becoming the symbols of big cities, and therefore their 
aesthetic and striking appearance is an important issue to increase the prestige of the city. 

The present study evaluates the plan and facade forms of the tallest high-rise buildings in the world. 
Accordingly, the ten tallest completed buildings in the world are studied. First, the plan shapes of the considered 
buildings are analyzed in particular and schematic plan views of different floors are drawn schematically by 
the Authors to clearly illustrate the structural forms. Afterward, facade forms obtained from Council on Tall 
Buildings and Urban Habitat database [1] are examined. Finally, plan and facade characteristics of the ten tallest 
completed high-rise buildings in the world are compared. 
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eralp.kaya@ogr.deu.edu.tr 
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2. PLAN CHARACTERISTICS OF HIGH-RISE BUILDINGS 
There are some considerations commonly implemented in designing the plan of high-rise buildings. One of 
them is a symmetrical plan shape with a core in the middle. Some buildings have multiple cores inside and 
asymmetric plan shapes. However, designing the building with a symmetrical plan is more effective in terms 
of resistance to the lateral forces. Cores are vertical structural elements and, from an architectural point of view, 
they limit the area of usage in high-rise buildings. Designing a building with multiple cores leads to less usage 
area than that of a building with a single core. On the other hand, cores are very essential elements to be 
considered in the structural design of high-rise buildings. For mega tall buildings which are higher than 500 m, 
floor plan areas are generally observed to decrease.  

Table 1 shows the different plans of the lower, middle, and upper floors of the ten tallest completed buildings 
in the world. All the plan shapes are drawn by the Authors. It is apparent from this table that each high-rise 
building has specific design aspects. However, some approaches are similar for some buildings. The plan shape 
of the seven buildings is square or rounded square whereas the other three buildings, Burj Khalifa, Shanghai 
Tower, and Makkah Royal Clock Tower, stand out with their different plan shapes. Burj Khalifa building has 
a Y-shaped plan [2]. This plan form provides an advantage in increasing the facade ratio of the building, as 
well as the resistance against lateral loads. Shanghai Tower has a double-skinned facade system. The form of 
this facade provides developing atriums at every 12- to 15-floor level and these floors are designed in the shape 
of triangles. Plans of the other floors are in the shape of a circle [3]. Makkah Royal Clock Tower has a 
rectangular form and the upper floor plan is not presented in Table 1 since the mechanism of the world's highest 
clock is located on the upper floor [4]. 

Three of the listed buildings have sharp corners and straight edges, while the other buildings have rounded 
corners, concave and convex edges. One World Trade Center stands out with a different design from other 
buildings. In the plan of this building, the edges are straight, while the corners are chamfered. As the height of 
the building increases, the corners of the core form are also chamfered [5]. 

As a result of increase in height of many high-rise buildings, the floor areas become narrow and the building 
becomes slender. However, in CITIC Tower, the smallest floor area is on the middle floor. The floor area of 
the building decreases from the ground floor to the middle floor and increases from the middle floor to the top 
floor. The design of this building was inspired by the "zun" shape that emerged during the Bronze Age of China 
[6]. 

On the upper floors of high-rise buildings, the facade is exposed to severe wind loads. For this reason, spaces 
such as balconies and terraces that open to the outside are generally not designed on the upper floors of high-
rise buildings. In Burj Khalifa and Guanzhou CTF Finance Center, terrace areas are created by setbacks. In 
Burj Khalifa building, terraces have been created by making 9 m setbacks at every seven floors and wind 
sensors have been used to ensure safe access to these terraces [2]. In this way, more opportunities are provided 
for building users to have fresh air in open space. 

3. FACADE CHARACTERISTICS OF HIGH-RISE BUILDINGS  
Different approaches have been used in the design of tall buildings throughout history. Before the development 
of new structural systems and materials with high resistance and deformation capacity, masonry structural 
systems were frequently used in high-rise buildings. The ground floor walls of these buildings were very thick 
and these thick walls occupy a lot of space in floor areas. With the development of new structural materials, 
structural elements begin to occupy less space in the floor plan. At the beginning of the 20th century, these 
structural elements were also shown on the facade as a design approach of this period. At the end of the 20th 
century, design approaches that give a mechanical appearance were applied to the facades of high-rise buildings 
[7]. In the 21st century, glass curtain wall systems are commonly used in high-rise buildings. It is observed that 
the facades of the all buildings investigated in this study are also designed with glass cladding. 

Mega-tall buildings often become thinner as a result of height increase. Therefore, the mass of the building 
reduces and inertia forces tend to decrease. The facade forms of the world's ten tallest completed buildings are 
shown in Table 2, where the total height (HN) and the floor numbers (N) are also given. It can be seen from the 
data in Table 2 that except for CITIC Tower, every building tapers as it rises. However, the tapering rates and 
zones are different for each building. Burj Khalifa building has setbacks on certain floors and it is the building 
with the highest ratio of ground floor area to upper floor area. In Shanghai Tower, designers decided a scaling 
of 55% from base to top according to the analysis. Analyses are also conducted for the rotation ratio and 120° 
is found to be the optimum rotation angle of the building [8]. 
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Table 7. Floor plans of the considered high-rise buildings 

Building name Lower floors Middle floors Upper floors 

Burj Khalifa 

   

Shanghai Tower 

   

Makkah Royal Clock 
Tower 

  

– 

Ping an Finance Center 

   

Lotte World Tower 

   

One World Trade 
Center 

   

Guanzhou CTF Finance 
Center 

   

Tianjin CTF Finance 
Center 

   

CITIC Tower 

   

Taipei 101 
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Makkah Royal Clock Tower and TAIPEI 101 have the architectural and cultural traces of the region where they 
are built. Makkah Royal Clock Tower is the tallest clock tower in the world and has a huge crescent at its top. 
The Taipei 101 building was designed with inspiration from the pagoda architecture and motifs from the 
Chinese culture were used on the facade of the building [9]. In the facade form, Taipei 101 tapers from the 
ground floor to a certain height. On the other hand, Makkah Royal Clock Tower and Lotte World Tower were 
continued with the same floor area up to a certain height from the ground and then tapered. Furthermore, the 
Lotte World Tower form was inspired by the historical Korean arts of ceramics, porcelain, and calligraphy. The 
building's curvilinear form and its slender conical form reflect Korean craftsmanship [10]. In the facade designs 
of Ping an Finance Center and Tianjin Tower, the structural system elements are emphasized on the facade. 
The braced or curvilinear forms of some structural elements are determined in accordance with the analysis. 
The word “ping” in Chinese means peace and security, and Ping an Finance Center is designed to give the 
image of a safe building. 

The facade design of One World Trade Center was inspired by the tapering triangular forms of the Chrysler 
Building and Empire State buildings, which are the important buildings of the city. As the height of the building 
with cubic floor area increases, its corners are chamfered, resulting in a facade design consisting of eight 
isosceles triangles.   

Table 8. Elevations and perspectives of the considered high-rise buildings 

B
ui

ld
in

g 
na

m
e 

B
ur

j K
ha

lif
a 

Sh
an

gh
ai

 T
ow

er
 

M
ak

ka
h 

R
oy

al
 C

lo
ck

 T
ow

er
 

Pi
ng

 a
n 

Fi
na

nc
e 

C
en

te
r 

Lo
tte

 W
or

ld
 T

ow
er

 

O
ne

 W
or

ld
 T

ra
de

 C
en

te
r 

G
ua

nz
ho

u 
C

TF
 F

in
an

ce
 C

en
te

r 

Ti
an

jin
 C

TF
 F

in
an

ce
 C

en
te

r 

C
IT

IC
 T

ow
er

 

Ta
ip

ei
 1

01
 

N 163 128 120 115 123 94 111 97 109 101 
HN (m) 829 632 601 599.1 554.5 541.3 530 530 527.7 508 

El
ev

at
io

n 

          

27 
 



 
Pe

rs
pe

ct
iv

e 

          

4. SUMMARY AND CONCLUSIONS 
In this study, the design approaches regarding the plan shape and facade form of the ten tallest completed 
buildings in the world are examined and compared. The results of this study indicate that the most common 
plan shape is square. Moreover, the other high-rise buildings have Y-, circular, and rectangular plan shapes. 
Rounding the sharp corners of symmetrical shapes is a more accurate approach, but sharp corners are also used 
in some buildings. The chamfered corner design is frequently preferred. Based on the results of wind analysis, 
it has been understood that the use of rounded or chamfered corners instead of sharp corners reduces the wind 
loads on the building and increases user comfort. It has been observed that concave and convex edge designs 
are preferred in some buildings in plan form. This design approach has been determined in accordance with the 
conducted analyses, as well as the aim of obtaining an aesthetic appearance. It has been observed that the floor 
areas of the buildings decrease as a result of the increase in height, and only CITIC Tower has a different design 
approach in this regard. The results of the investigation on the facade forms of buildings reveal that a design 
approach that is tapered as a result of the increase in height has been preferred. This approach decreases the 
building mass and the inertia loads acting on the structural system. The facades of the buildings are designed 
with glass curtain walls and the structural system elements of some buildings are emphasized on the facade. 
Approaches reflecting the cultural and architectural characteristics of the region where the building was built 
are also apparent. Floor terraces are created with setbacks and the relationship of building users with the outside 
is strengthened. Shanghai Tower stands out with a different approach from other buildings, which is a 120° 
rotating facade form. Finally, it can be concluded that high-rise buildings are designed in accordance with the 
requirements of the country or region where they are built. The designs are dominated by analyses that measure 
the effect of lateral loads on the building. The differences and similarities mentioned above for the ten tallest 
buildings of today will continue in the tall buildings to be built in the future. More different design approaches 
will be possibly as a result of the developing technology and the number of high-rise buildings will gradually 
increase. 
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Effect of Nozzle Tip Geometry on Drop 
Diameter Falling Down String 

Bora Dogan1, Ismail Teke2 

Abstract 
The creation of sequential droplets that fall through a vertical string at a specific period without any clash 
and maintaining the same pace is an ideal condition for any heat/mass transfer calculation as the entire 
system can be deemed stagnant. The available investigations to create those sequential droplets on vertical 
string mainly focus on flow rate and nozzle diameter. Contrary to prior studies, this investigation focuses 
on the effect of the nozzle tip geometry on droplet generation along vertical string while keeping constant 
flow rate and nozzle diameter. The nozzle tip geometry has been modified to form different droplet 
diameters while considering the fundamentals of droplet generation. The changes in droplet diameters, 
which flow down the vertical string for each specific nozzle tip geometry, were investigated experimentally. 
All results and findings have been presented in this paper. 

Keywords: Droplet generation, Nozzle tip geometry, Flow down string, Film flows 

1. INTRODUCTION 
Thin film flows that fall down on a vertically oriented highly curved surface cannot keep film form due to 
interfacial dynamics. The wave pattern begins to occur while film falls. Then with raise of wave amplitude that 
patterns turns into droplets. This phenomenon is known as Rayleigh Plateau Instability.  

Due to shape of droplet, we accept as sphere, has high surface to volume ratio which increases heat and mass 
transfer rate on process applications. That opportunity grabs attention of researchers to design effective heat-
mass transfer systems. The humidification-dehumidification, desalination systems [1], carbon-dioxide removal 
from fue gases [2][3][4], heat recovery systems [5][6] or other heat-mass transfer systems can be some of the 
examples usage of that phenomena. 

One of the first studies done on that topic is from 19th century by Lord Rayleigh [7] in which Lord Rayleigh 
defines wave formations on long cylinder. Over years that phenomena keep popularity and searchers begin to 
define details of wave patterns and flow regimes. Kliakhandler et al. [8] one of the first researchers defined 
distinct flow regimes on this phenomena. They defined three distinct flow regimes; 

1) Droplets flow down highly curved surface periodically and with same diameter. Those droplets do 
not clash or merge with each other and continues to flow while keeping to same distance to each 
other. That regime has been named as Rayleigh-Plateau Regime. 

2) Droplets are irregular, which has different diameters. That creates aperiodic droplet flow which clash 
or merge during the flow. That regime has been named as Convective Regime.  

3) Waves are unbalanced, that unbalance form really distinct diameter droplets. That regime is named 
as Isolated Droplet Regime. 

Because of unsteady droplet patterns on second and third items, calculating heat and mass transfer not practical. 
However on Rayleigh-Plateau regime, where droplet diameters are same, distances between droplets are same 
and speed of the droplets are constant, situation is totally different. As all this variables are constant we can 
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name that flow as static compare to other regimes. That is the main reason researchers on that topic mainly 
focus on Rayleigh-Plateau Regime. 

Also some researchers studies on nozzle diameter and how it effected on droplet diameter. Sadeghpour [9] 
experimentally studied how nozzle diameter effected droplet diameter, additionally Ji [10] generated an 
analytical model on that and reported that it has good alignment with Sadeghpour’s experimental results. 

While mentioning droplets we also talk about droplet generation. Tate [11] is one of the first researchers’ works 
on pendant droplets. By using the force balance of pendant droplet on nozzle tip, Tate creates an equation which 
has been known as Tate’s law or drop weight/volume method. 

𝜎𝜎 = 𝑚𝑚𝑔𝑔
2𝜋𝜋𝜋𝜋

 (1) 

After Tate’s study, Harkins and Brown [12] also investigates similar topic experimentally. When they try to 
verify their experimental results with drop weight method they find a miss match. Then they suggest a 
correction factor which named as F. With that arrangement drop weight method becomes;  

𝜎𝜎 = 𝑚𝑚𝑔𝑔𝑚𝑚
2𝜋𝜋𝜋𝜋

 (2) 

In the view of such information, we have experimentally investigated the effect of nozzle tip on droplet diameter 
to create periodical droplet, Rayleigh Plateau regime, through highly curved vertical surfaces. 

2. EXPERIMENTAL METHODOLOGY 

2.1 Experimental Setup 
The experimental setup we designed to investigate nozzle tip effect on periodical droplet generation is presented 
in Figure 1. Basically to explain; liquid feeding system send our liquid to our specifically designed nozzles, a 
cotton string passes through center of the nozzle in vertical position. A high speed camera is placed to collect 
data at nozzle tip.  

In the view of such information, we have experimentally investigated the effect of nozzle tip on droplet diameter 
to create periodical droplet, Rayleigh Plateau regime, through highly curved vertical surfaces. 
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Figure 2. Schematic of the experimental system 

Key factor in this set up is nozzles. The nozzles used on experimental setup are similar, similar ID and OD, 
similar material, however nozzles tips are modified as seen Figure 2, 

 
Figure 3. Inlet nozzle types. (a) Diagonal cut, (b) Diagonal cut with chamfer.  (1) Diagonal cut 15⁰, (2) Diagonal cut 45⁰, 

(3) Diagonal cut 90⁰. 
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Figure 4. Nozzle sample used in the experimental setup 

 

2.2 Experimental Phase 
The experimental equipments are been placed on vertical test bench. The liquid feeder system has been set to 
mass flow rate 0,05g/s and connected to nozzle. All six different nozzles placed one by one with two different 
cotton thread diameter 0,5mm and 0,35mm.  

High speed camera placed and focused on nozzle tip with 180mm lens whose frame rate set to 600fps. Camera 
has been connected to PC via Phantom Camera Control Application. 

For each nozzle and cotton thread, in combined 12 test combination, data has been collected and presented in 
next chapter. 

3. RESULTS AND DISCUSSION 
The data collected with our camera has been send to Phantom Camera Control Application for post process. 
The diameters of droplets generated by 6 different nozzle and 2 different thread diameter have been identified. 
As expected for each condition our nozzles have been generated different droplet diameters. 

Also we have identified; 

 

• The change of cotton thread effects the droplet diameter. When cotton thread diameter gets smaller, 
droplet diameter increases. It can be explained as the open gap between ID and thread gets larger 
when thinner thread used, so nozzle generates bigger droplets. 

• Adding a chamfer on nozzle tip also supported to change droplet diameter. As the chamfer reduces 
the interface area between droplet and nozzle, so that when we add chamfer droplet diameter got 
smaller. 

• The angular cut also effects droplet diameter. The tip point get sharper, when angular cut angle gets 
smaller, droplet diameter also get smaller. This situation is totally opposite than we expected, as 
interface area get bigger between nozzle and droplet, droplet diameter could be bigger. However it 
has been visualized that when droplet begins to cumulate on tip then begin to accelerate due to angular 
cut. So that when cut angle is smaller (tip is sharper), droplet diameter gets smaller. 

That can be easily seen at Figure 4. 
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Figure 5. Drop diameter change with different nozzle configurations 

 

4. SUMMARY AND CONCLUSION 
In this study, series of experiments has been done to understand how the nozzle tip geometrical change effect 
droplet diameter falling through vertical thread. With implemented geometrical modifications on nozzle tip, 
differentiation of the droplet diameters achieved while keeping other parameters such as mass flow, nozzle 
internal and outer diameter.  

We have find out that change of the nozzle tip effects droplet diameters directly. As the mass flow is constant, 
with change of the droplet diameter that also changes frequency of droplet generation. So that frequency of the 
droplets can be also controlled by nozzle tip. 

We can summarize our findings below, 

• Adding a chamfer on nozzle and modifying tip geometry effects droplet diameters. The chamfer 
added nozzle generates smaller diameter compare to the one which is not added. 

• The cutting nozzle tip angularly also effects droplet diameters generated on nozzle tip. Although the 
surface area on the nozzle tip enlarges, droplet size gets bigger cut angle get bigger (nozzle tip gets 
sharper). We have visualized through our experiments that, due to angularity liquid begins to 
accelerate towards to nozzle tip, where is pointy. That pointy edge and acceleration pushes droplet to 
fall earlier before it gets bigger. So we can say that, when nozzle tip get sharper, droplet diameter 
gets smaller. 

• As mass flow is same, different diameters of droplets generated effects frequency of the droplets fall 
through the thread. When droplets get smaller frequency is increase. 
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Optimization of the Cooling Parameters of a 
250 kW PMSM by Taguchi Method 

Mert Bedirhan Genc1, Rami Habash2, Gamze Gediz Ilis3 

Abstract 
In this study, a nine-phase, 250 kW Permanent Magnet Synchronous Motor (PMSM) was considered, and 
both the magnetic and thermal models of this motor with heat losses are studied. The motor is cooled by 
the refrigerant fluid over the parallel fixed channels on the fixed stator. The mass flow rate of the coolant, 
the pipe diameter of the coolant pipe, the number of turns of this pipe, the type of the refrigerant, and the 
change of the torque value are analyzed by using the Taguchi Method in order to optimize the motor thermal 
system. After Taguchi analysis of these parameters, the results showed that increasing the mass flow rate 
of the refrigerant has a significant effect on the winding temperature. By increasing the torque of the motor, 
the winding temperature increases. The results showed that A4B1C3D3E4 (mass flow rate (A)=50 kg/h 
pipe diameter (B)=17.7 mm, number of turns (C)=20, type of fluid (D)= EGW50/50, torque (E)=2000 Nm) 
is the best cooling design parameters for the cooling strategy of the PMSM. 

Keywords: PMSM, Thermal Model, Magnetic Model, Efficiency, 3D Parametric Design, Cooling 
Methodology 

1. INTRODUCTION 
Nowadays, Permanent Magnet Synchronous Motors (PMSM) are researched for the development of electric 
motors to work more efficiently with electric vehicles. PMSMs can be classified according to their mechanical 
and electrical topologies. PMSM can be shown as the most efficient motor among all motor types, with their 
unique structures to provide high torque values at high rpm values. It has higher efficiency values by showing 
higher performance at lower motor volumes compared to motor types with the same power. 

The biggest problem of electric motors is the serious decrease in efficiency out of the ideal operating 
temperature. In response to variable ambient temperature or sudden torque and power demands, a sudden 
temperature increase occurs. In this study, a nine-phase, 250 kW PMSM was considered, and both the magnetic 
and thermal models of this motor with heat losses are studied. It is aimed to improve the motor efficiency, 
which is cooled with refrigerant through the fixed parallel channels on the stator, by changing the critical 
variables determined on the cooling jacket. 

As a result of this study, the life span of the mechanical parts that make up the motor and the efficiency of the 
motor will increase when the motor works at the ideal operating temperature. 

2. LITERATURE REVIEW 
Literature reviews showed that cooling systems are depending on the motor's power as summarized in Figure 
1. Air is generally used for cooling under 40kW power, on the other hand, water-cooled systems are frequently 
used for motors over 40kW power range. In this study, the unique features that distinguish these works are the 
9-phases, outer rotor topology, and 250kW maximum power. 

There are many studies can be found from the literature survey which is focusing on the cooling strategy of the 
motors not only limited with air or water coolant but also related with the system design and the thermal system 
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improvement of the vehicles. In the study of Sun et al. [18], concluded that the design considerably reduces the 
cost of the coolant structure when the temperature performance of the motor increases in the tested and 
simulated model the motor tested to obtain outlet temperature with different flow ratios at 5000 rpm, 101 Nm, 
and water temperature 55ºC. And then the better combinations were obtained when the constant was changed. 
The thermal model in the study of Satrústegui et al. [21] was used in to obtain variables for the main parameters 
that define the water jacket and the shaft. Firstly, the topology of the water jacket was analyzed to create a 
thermal model, and it was compared that the other topologies are spiral, U-shaped (single channel), U-shaped 
(bifurcated), and axial. As a result, the study importantly reduced the temperatures of some motor parts. In the 
study of Putra and Ariantara [2], the heat pipes are L-shaped and placed on the surface of the motor housing. 
In this way, installation and maintenance are effortlessly obtained by the new topology. The focus of this study 
is to provide better performance of the electric motor thermal management system by heat pipes. In the paper 
of Staton et al. [3], the effect of different cooling arrangements was studied in order to find out the impact of 
the frame openings and the rotor end-ring wafters on the end-winding cooling.  The measured temperature 
increase is used to estimate the heat transfer between end-windings and external frame, by the help of the 
considered cooling arrangements. Results of these prototypes are compared with calculated results via thermal 
networks.  

 
Figure 1. Motors Power rating according to refrigerant types in Literature review [1-35].  

 

As given in above, the studies in the literature is limited which are focusing on the cooling design of the motor. 
In this study, in order to improve the performance of the cooling structure of the PMSM, the heat transfer of 
the Cooling Jacket (CJ) is analyzed with many variables such as the mass flow rate of the coolant, the pipe 
diameter of the coolant pipe, the number of turns of this pipe, the type of the refrigerant, and the change of the 
torque. The optimization of these variables are performed and the average winding temperature is analyzed in 
this study. By optimization of the mass flow rate of the coolant, the pipe diameter of the coolant pipe, the 
number of turns of this pipe, the type of the refrigerant, and the change of the torque, the best cooling design is 
obtained.  

 

 

 

 

3. THE COOLING JACKET DESIGN 
Fig. 2 presents the view of the cooling jacket with the single flow pipeline. The cooling jacket is placed stator 
inner surface which is close to the winding. The refrigerant fluid which is at 45 °C (for cooling) is flowing 
inside of the single flow pipe for cooling. The cooling jacket exchanger is cooled via a single pipe. During the 
cooling process, the refrigerant fluid starts to flow from the cooling jacket pipes.  
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Figure 2. Motor Cooling Jacket Cross Section and the One Single Pipe Line.  

 

As illustrated in Figure 3, the motor cross-section is shown where the shaft temperature is constant. The green-
colored side is the cooling jacket, the hottest spot seen is the winding parts colored in red which is the hottest 
region. The light blue represents the rotor temperature, and the dark blue color shows the motor casing 
temperature which is located outer side of the motor. The maximum and the minimum temperatures for the 
current design of the motor are found 98 and 75 °C, respectively. In this analysis, the outlet temperature of the 
refrigerant fluid of the motor at constant 900 rpm is plotted and shown in Figure 4. The outlet temperature of 
the refrigerant, which the inlet temperature is assumed to be constant at 45 °C, was measured as 54.9°C at 900 
secs later at constant 900 rpm motor speed. The result which is found by numerical modelling has been validated 
by the experimental data with a %4 margin of error. 

 

 
Figure 3. Thermal distribution of the Motor for the first time.  
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Figure 4. The Temperature of the Outlet Refrigerant Fluid at between 0 sec to 900 sec.  

 

The current motor has cooling jacket coolant with a mass flow rate of 20 L/min, the pipe diameters of the 
coolant pipe of 25.4 mm with 12 number of turns in the stator region. The type of the refrigerant of this coolant 
is EGW 60/40. There are four main geometrical parameters are taken into account to develop the cooling jacket 
design such as; Mass flow rate (A), Pipe diameter (B), Number of turns (C), Type of the coolant fluid (D), and 
the Motor torque (E).  

The parameters and the change of their values are summarized in Table 1. Mass flow rate (A), Pipe diameter 
(B) and the Number of turn of the cooling pipe (C), the Motor torque (E) parameters are changed in values. On 
the other hand, for the parameter which refers the Types of coolant fluid (D) are taken as; EGW60/40, 
PGW60/40, EGW50/50, and Therm. The specified diameter sizes are referenced from the commonly used brass 
pipes. Referenced dimensions have corresponded from inch to mm. The parameters are chosen for developing 
the cooling strategy of the motor by only changing the design parameters of the cooling pipe of the PMSM.   

To optimize the cooling strategy for best cooling design, the Taguchi Methodology is performed in this study. 
Taguchi L16 orthogonal array is implemented L16 (45) for different 5 factors (A-E) each has 4 different values 
(levels). 45 runs should be performed to analyze the results. Thanks to Taguchi method the number of runs 
reduces to 16 to optimize the cooling strategy of the motor. Factors determined as stated above variables are 
analyzed by using the Taguchi Method as shown in Table 1. As illustrated in Table 2, Taguchi created 16 runs 
with these levels and factors. After that, these 16 runs were analyzed by using Motor CAD. As a result of these 
runs, the CJ outlet and average winding temperatures were calculated and the results are given in Table 2. 

 

Table 1. Factors &Levels in Taguchi Method.  
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Table 2. Taguchi Iterations and Results.  

 

 

Iterations 

Mass 
Flow 
Rate 

[L/min] 

Pipe 
Dia[mm] 

Number 
of Turns 

Type of 
Fluid 

Torque[Nm] 
Shaft 
Speed 
[rpm] 

CJ INLET 
TEMP[°C] 

CJ 
OUTLET 

TEMP[°C] 

WINDING 
TEMP 
(AVG) 
[°C] 

1. 20 17.7 12 EGW60/40 500 3422 49 57.89 122.71 

2. 20 19 16 PGW60/40 1000 2359 49 57.31 104.10 

3. 20 25.4 20 EGW50/50 1500 1554 49 55.64 88.12 

4. 20 31.7 24 THER 2000 1106 49 50.40 97.85 

5. 30 17.7 16 EGW50/50 2000 1106 49 57.45 80.79 

6. 30 19 12 THER 1500 1554 49 56.75 104.42 

7. 30 25.4 24 EGW60/40 1000 2359 49 54.55 96.28 

8. 30 31.7 20 PGW60/40 500 3422 49 54.07 120.51 

9. 40 17.7 20 THER 1000 2359 49 57.75 103.74 

10. 40 19 24 EGW50/50 500 3422 49 54.31 114.01 

11. 40 25.4 12 PGW60/40 2000 1106 49 53.24 91.07 

12. 40 31.7 16 EGW60/40 1500 1554 49 53.84 86.14 

13. 50 17.7 24 PGW60/40 1500 1554 49 54.01 82.36 

14. 50 19 20 EGW60/40 2000 1106 49 54.86 77.22 

15. 50 25.4 16 THER 500 3422 49 55.39 122.61 

16. 50 31.7 12 EGW50/50 1000 2359 49 53.01 96.89 

  

In order to obtain the best results, the lowest winding temperature is required for the cooling jacket. Therefore, 
the smaller the better method in Taguchi method is used for the Average Winding Temperature. The Taguchi 
analysis created the plot in Figure 5. The effects of five design parameters on the cooling jacket are plotted in 
Figure 5. As seen for this figure, the smallest values of each factors should be taken for the lowest average 
winding temperature. And also, these points corresponding values are shown in Table 3. As seen these values 
on the chart to obtain the best thermal design for Cooling Jacket as mass flow rate (A); 50 l/min, the pipe 
diameter (B); 17.7mm, the number of turns (C); 20, the type of fluid (D); EGW 50/50, and the torque (E); 2000 
Nm give the lowest winding temperature. Thus, A4B1C3D3E4 can be defined as the best cooling design for a 
cooling jacket. 
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Figure 5. The Plot of the Main Effect per Levels for Means.  

 

Table 3. Results of the Means.  

 

4. RESULTS AND DISCUSSION 
This study aims to optimize the cooling jacket design for the best cooling performance of a PMSM. In order to 
obtain the intended results, the 3D cooling jacket design is considered for this study. The L16 orthogonal array 
values are calculated for predicting the best configuration. Iterations of the cooling jacket have an effect on 
average winding temperature and the found results of the cooling jacket and average winding temperature 
iteration results are given in Table 2. These results is used for the best design. The optimization of the best 
configuration values was obtained as; Mass flow rate (A): 50 L/min, Pipe diameter (B):17.7 mm, Number of 
turns (C): 20, Type of the coolant fluid (D): EGW50/50 , and the Motor torque (E): 2000 Nm which is 1106 
rpm. 

As mentioned above, A4B1C3D3E4 design is the best cooling design for a cooling jacket. On the other hand, 
the worst case is found as A1B4C1D4E1 where the Mass flow rate (A1) is 20 l/min, the Pipe diameter is 
31.7mm (B4), the number of turns is 12 (C1), type of fluid is Therm (D4), and torque value is 500 Nm (E1).  

As illustrated in Figure 6. the thermal distributions of the motor cross-section are given for the current 
(A1B3C1D1E4), worst (A1B4C1D4E1), and best (A4B1C3D3E4) models, respectively.  

The current model of the motor shown in Figure 6. has high and cold spot temperatures of 98°C and 75°C. The 
best model in Figure 6. has a hot spot temperature of 79°C while the cold spot temperature is 58 °C. The worst 
model of the motor has 159°C and 76°C as max and min temperatures. The cold spot temperature decreased to 
54 °C from 75°C. The hot spot temperature decreased to 79 °C from 98 °C when compared to best and current 
models. 
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Figure 6. Thermal distribution of the a) Current, b) Worst and c) Best design, respectively.  

 

The created thermal models of the motor were compared according to the temperature of the cooling jacket and 
winding average temperature changes respectively shown in Figure 7 and Figure 8. 

 
Figure 7. Compared between Current, Best and Worst Model temperature of Winding(Avg).  

 

The cooling jacket temperatures reached about the same degree at the end. In this case, the earlier stages are 
more important because the cooling jacket temperature should be increased easily at the beginning. This 
indicates that it absorbs heat faster. The best model reaches 55 °C rapidly after then the temperature curve 
stabilizes at 55.9 °C. Because of that, 55 °C is chosen as the reference temperature. The best model reaches 55 
°C at 138sec while the current model and worst model temperatures are respectively 50.94 °C and 82.86 °C. 
The best performance increases 7.97% compared to housing jacket outlet temperature at 138 sec. 
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Figure 8. Compared between Current, Best and Worst Model temperature of CJ Outlet.  

The best performance increases by 19.39% compared to the winding temperature for the cooling jacket. This 
improvement results can be seen easily as shown in Figure 6 and Figure 7. 

 

CONCLUSIONS 
This study aims to improve the thermal efficiency of a 250 kW permanent magnet synchronous motor over the 
determined parameters. These parameters are the basic design parameters that make up the cooling jacket. The 
studied parameters are mass flow rate, pipe diameter, number of turns, fluid types, and torque value. The 
variables of the parameters are defined as levels, and the best thermal model will create over common usage 
values.  

In order to compare iterations between each other, it is necessary to form combinations of all levels and factors 
in themselves. In this way, the best result can be achieved. Since there are four levels of each of the five factors, 
1024 iterations must be made. The Taguchi method is an L16 orthogonal array that defines the iterations. Thus 
the iteration numbers decrease to 42(16) from 45(1024) iterations. 

The iterations were analyzed on Ansys and obtained the average winding and cooling jacket temperature results 
written on the Taguchi analysis table. The Taguchi is based on the minimum average winding temperature in 
this study. The Taguchi analysis was used as a “smaller is better method” to decrease hot spot temperature on 
the motor. The hot spot points appear in the motor winding, and the temperature distribution is not equal 
throughout the winding. Because of that, the data is approved on average. Thus, the best and worst model is 
acquired by the Taguchi method. 

The best thermal model is obtained with these parameters; mass flow rate: 50 l/min, pipe diameter: 17.7 mm, 
number of turns: 20, type of fluid: EGW 50/50, torque: 2000 Nm. Analysis was performed in Ansys using the 
best values obtained. As a result of this analysis, changes in the output temperature of the coolant were 
observed. It reached 55 degrees in 138 seconds. For this reason, the efficiency calculation was made by 
evaluating the temperature values in 138 seconds. In this stage, the refrigerant efficiency was increased by 
7.97%. This way, the PMSMs hot spot temperature decreased to 79°C from 98°C. Due to the improved model, 
thermal efficiency increased 19.39% with changes only to the cooling jacket. 
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Comparative Life Cycle Assessment of 
Metalworking Processes in Shipyards 

Mehmet Onal1 

Abstract 
The metalworking process is one of the main processes in a ship's life cycle. Shipyard managers and 
operators are making a global effort to meet the material processing demands required in shipbuilding 
while ensuring the system’s sustainability. As a method, life cycle assessment (LCA) was applied, which 
was modeled using LCA software, and the effects of the system were examined based on the CML-IA 
evaluation method. This method allows for the systematic and scientific calculation of environmental 
impacts, taking into account all of a system's inputs and outputs and thus aiding in the comparison of 
options on an environmental basis. LCA is widely used in shipyard management based on the entire 
maritime system or just a part of it (for example, operation, construction, or recycling). In this study, after 
briefly mentioning the global examples of LCA, the focus will be on determining the options for improving 
the sustainability of this system, together with evaluating the environmental impacts of the processing of 
steel and aluminum materials in the chosen shipyard, an example. 

Keywords: LCA, Metalworking, Sustainability 

1. INTRODUCTION 
Within industries, sustainable development is an accepted concept. On the idea of sustainability, which the 
United Nations defines as meeting the needs of today without compromising the ability of future generations 
to meet their needs [1], separate studies are conducted in all processes, from the supply of raw materials to the 
recovery of materials. Sustainability tools are utilized for design, production, operation/use, recycling, and 
environmental impact management of the logistics required for all of these processes. 

In recycling-oriented production, eco-design has emerged as a crucial aspect of engineering design. With life 
cycle analysis (LCA), one of the sustainability tools, it is possible to present a cradle-to-grave assessment of an 
industrial system's environmental impact that considers all of its processes [2], from sourcing raw materials to 
its recycling. LCA is a tool for making comparisons. In this regard, LCA enables industry decision-makers to 
compare the differences between their current practices and the environmental impact of their alternative plans. 

The cradle-to-grave LCA methodology necessitates a comprehensive data collection procedure. Life cycle 
assessment requires the most time and resources to create a life cycle inventory (LCI) by collecting product and 
process data [3]. To reveal the environmental effects of the system's components, it is necessary to determine 
the system's boundaries and then compare the environmental impacts of the system's stages. 

As shown in Table 1, the cradle-to-grave LCA process for a ship includes the procurement of raw materials, 
construction, operation, and recycling [3]. Each section may be subdivided into lower limits within which an 
LCA evaluation can be conducted. Ship construction includes metalwork, welding, piping, fittings, paint, 
machinery, and equipment layout [4]. 

By establishing the boundaries for the ship life cycle analysis, focus groups are formed. It is possible to improve 
environmental impact from part to whole by interpreting the results of environmental impacts that occur within 
these boundaries.  

 

Table 9. Life cycle phases of a ship [4] 
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Building Operation Recycle 

• Metalwork and surface 
improvement 

• Welding operations 
• Pipelines 
• Equipment 
• Paint 
• Main and auxiliary 

machine 

• Fuel consumption 
• Oil change 
• Maintenance 

 
 

 

• Dismantling 
• Transport 

 

1.1 Overview of Materials Used in Shipbuilding 
The term "mild steel" refers to the type of steel that is most frequently employed in shipbuilding due to its 
affordability, properties, and availability. This material is suitable for cold and hot forming and welding, and 
its mechanical properties do not change significantly when subjected to processing temperatures [5]. However, 
when the temperature drops to deficient levels, the material loses its impact hardness, gains brittleness, and can 
cause brittle fractures within the body. Before inspecting, testing, and stamping a piece of steel for use [6] in 
shipbuilding, a classification society must certify the ship [7]. 

Aluminum alloys [8] used in shipbuilding are referred to as marine aluminum alloys, and they are classified, 
inspected, and documented similarly to steel material [7]. Despite having yield stress that is nearly identical to 
that of mild steel, the most notable characteristic of aluminum is that its density is roughly one-third that of 
steel. On the other hand, aluminum structures weigh roughly half their equivalent steel counterparts. This is 
due to the fact that aluminum has a significantly lower yield strength than steel [9]. 

This study compared to steel and aluminum shipbuilding materials for the metal works department. 

2. MATERIALS AND METHOD 
This study aims to establish an LCA framework for shipyard metalworking processes. This study aims to 
demonstrate how the framework depicted in Figure 1 can be implemented in shipbuilding. This methodology 
outlines the primary procedures for the metalworking techniques under consideration. 

The required system inputs per ton for aluminum and steel metalworking processes are analyzed in the study. 
The objective is to compare the environmental effects after processing. 

2.1. Life Cycle Assessment 
LCA is a knowledge-based comparative tool used for environmental assessment and management of production 
systems. This comparison will be based on the concept of a functional unit, which represents the quantitative 
expression of equal payoff for the systems being compared. This procedure is known as "Life Cycle 
Assessment" because it considers all aspects of a product's life, from conception to eventual disposal. LCA's 
cradle-to-grave care makes it unique. The life cycle assessment (LCA) has many advantages, especially for the 
environment. LCA can identify and track tradeoffs, which are the changes in environmental impacts that occur 
when transitioning from one environment to another or from one stage of a product's life cycle. These 
modifications can occur when transitioning from one environment to another or from one phase of a product's 
life cycle to the next. The data used in LCA studies must be meticulously gathered, evaluated, and validated. 
Consequently, the analysis performed during these studies can be extensive and time-consuming. 

Shipyard material processing processes are compared to determine the environmental impact of each tonne unit 
of material processed shown in Table 2—the study utilized aluminum and steel metalworking information from 
shipyards and published materials per ton. 

The study's findings were analyzed and compared in their Global Warming Potential (GWP). The unit of 
measure "kgCO2 Eq" will be utilized for all quantities under GWP impact. CO2 is the standard component for 
this type of effect. Each quantity can be converted to standard units by multiplying it by its respective 
characterization factor. Various scientific communities define variables used to characterize something based 
on various problem-solving strategies and worldviews regarding environmental issues. 
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Figure 1 LCA Methodology(ISO 14040:2006) [10] 

 

Table 2 Shipyard Metalworking Inputs 

 
 
Shipbuilding 
Metalworking 
Phase 

Process Name System Inputs 
 
Steel Metalwork 

CO2 
O2 
LPG 
Electricity 

Aluminum Metalwork Argon 
Electricity 

 

3. RESULTS AND DISCUSSION 
As a result of the outcomes of the shipyard operations, the effects of the LCA could be displayed as a 
comparison of the GWP values. The process comparisons considered for a ton could reveal the metalworking 
evaluation of the environmental effects of shipyards, which comprise the construction segment of the maritime 
industry. Aluminum and steel shipyard metalworking processes were compared, and the results are shown in 
Figure 2. 

Only shipyard processes were compared by excluding the significant environmental impact, and the outcomes 
are shown in Figure 3. 
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Figure 2 Comparison of shipyard metalworking processes (excluding material effect) 

 

 
Figure 3 Comparison of shipyard metalworking processes (including material effect) 

4. CONCLUSION 
When comparing only the environmental impacts of metalworking, excluding the extraction of raw materials, 
steel processing is found to have slightly greater environmental impacts than aluminum processing. 

In a comparison of metalworking processes, it has been observed that the environmental impact of aluminum 
processing is more significant than that of steel processing when the extraction of the material is factored into 
the calculation. 

The environmental impact of steel processing system inputs accounts for 10% of the total impact. The 
environmental impact of system inputs accounts for 3 percent of the total impact in aluminum processing. 
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Numerical study of heat transfer of a battery 
pack consisting of plate-shaped lithium-ion 
batteries connected to the solar system in an 

air channel in the presence of PCM 
 

Nevzat Akkurt1 

Abstract 

In this paper, heat transfer in a battery pack located in an air duct is studied numerically. Lithium-ion 
batteries are widely used in electronic devices, and various companies are trying to improve their capacity. 
One of the problems is their heating during operation. Therefore, in this work, a lithium-ion battery pack in 
a rectangular case filled with a phase change material (PCM) is numerically investigated. The battery and 
the PCM enclosure are located in a duct with laminar air flow. This study is performed for Reynolds 
numbers (Re) of 50 and 250 for one hour. COMSOL Multiphysics software and finite element method are 
used to solve the governing equations. The results of this study show that as the time increases, the amount 
of melt PCM around the battery decreases continuously. Re = 250 results in more solid PCM at different 
times than Re = 50. Also, at Re = 250, the molten PCM is converted to solid PCM in a shorter time. The 
average temperature of the battery is increased and then decreased over time. In addition, the battery 
temperature and the trend of increasing the battery temperature decrease with Re. By increasing Re, the 
temperature of the exhaust air decreases. 

Keywords: Solar System, Lithium-Ion Battery, Air-Cooled Method, Plate, Cylindrical 

1. INTRODUCTION 
Due to the particular advantages of lithium-ion batteries, their use in electric vehicles is now receiving considerable attention. 
Although these batteries are widely used for low power applications such as cell phones, laptops, and camcorders, one of the 
main problems in their commercial use for high power applications such as electric vehicles is their heat generation. Ruhani 
et al [1] studied and simulated the effects of the distance between the batteries and the input and output of an air-cooled 
battery pack. They used the finite element method and evaluated the performance of the thermal management system of an 
air-cooled lithium-ion battery. Their results show that using a specific model reduces the battery temperature by 40%. It was 
also shown that increasing the inlet valve size improves heat transfer and lowers the temperature at the surface of the battery. 
Zhang et al [2] experimentally studied the toxic effects and ultra-thermal risks of lithium-ion batteries. They measured the 
internal temperature and voltage of the battery as well as the gases generated during heat dissipation. Their results showed 
that the internal temperature of the battery is much higher than the surface temperature. Monika and Datta [3] studied different 
types of channels for cooling lithium batteries. To cool the lithium battery, they used six different channel shapes. According 
to the results, serpentine and hexagonal shapes can greatly increase the temperature uniformity, although the pumpkin model 
has less pressure drop and pumping power. Jang et al [4] studied the use of heat pipes in lithium battery cooling. As can be 
seen, there are many studies on different methods of battery cooling, and different methods have been presented by 
researchers depending on the application and energy consumption. Baggio [5] studied how heat pump systems and energy 
storage technologies can be used to cool and heat a building system. Tyagi et al [6] investigated energy storage in buildings. 

1 Corresponding author:Nevzat Akkurt, Munzur University Department of Mechanical Engineering  62000, Tunceli/Turkey 
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Saechan et al [7] performed a numerical analysis of an air-cooled lithium battery thermal management system. They said that 
the air-cooled thermal management system has minimal manufacturing cost, is easy to set up, and has high system reliability. 

 

Batteries are widely used in the devices of people's daily life. One of their problems is that their temperature rises during 
operation. Heat generation is higher in batteries with higher capacity and shorter charging time. Therefore, in this work, the 
cooling of a plate battery cell is simulated by using air flow and PCM. The PCM is located in an enclosure surrounding the 
battery. The battery and the enclosure are located in an air duct. This study is performed when PCM is fully melted to obtain 
the most sensitive conditions for the cooling system. The simultaneous use of active and passive methods for thermal 
management is an innovation of the present work. 

 

2. A PROBLEM DEFINITION AND GOVERNING EQUATIONS 
Lithium-ion batteries are packaged in different arrangements depending on heat generation and number of cells. In this study, 
a lithium-ion battery cell is placed in an enclosure with different shapes. The airflow cools the battery by hitting the battery 
and the duct and finally exiting the other side. 

 

 

51 
 



 
Figure. 1. General schematic of the problem. 

The airflow enters the duct at constant temperature and velocity and exits the other side at constant pressure. After solving 
the battery equations, which appear as source terms in the energy equation, heat is generated inside the battery, causing PCM 
to melt. The PCM provides a uniform temperature on the surface of the battery. 

(1) 𝜌𝜌𝑐𝑐𝑡𝑡
𝜕𝜕𝑅𝑅
𝜕𝜕𝑡𝑡

= 𝜆𝜆𝑣𝑣
𝜋𝜋

𝜕𝜕
𝜕𝜕𝜋𝜋
�𝑟𝑟 𝜕𝜕𝑅𝑅

𝜕𝜕𝜋𝜋
� + 𝜆𝜆𝜑𝜑

𝜋𝜋2
𝜕𝜕2𝑅𝑅
𝜕𝜕𝜑𝜑2 + 𝜆𝜆𝑍𝑍

𝜕𝜕2𝑅𝑅
𝜕𝜕𝑧𝑧2

+ 𝑄𝑄    
Here Q stands for the flux generated in the battery and λ for the thermal conductivity. Also, ρ and c_p stand for density and 
heat capacity, respectively. Based on the results of Bernardi et al. [8] the amount of heat flux in the battery is defined as 
follows: 

(2) 𝑄𝑄 = 𝐼𝐼[(𝑈𝑈𝐶𝐶𝐶𝐶𝑉𝑉 −𝑈𝑈) + 𝐼𝐼𝐼𝐼 𝜕𝜕𝜕𝜕𝑂𝑂𝑊𝑊𝑂𝑂
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 ]   

This equation represents the two types of heat generated in the battery: that generated by Joule resistance and that generated 
by entropy and electrochemical reaction in the battery. I is the charge and discharge current and U_OCV is the open circuit 
voltage. Thus, the equation for heat generation in the battery is as follows: 

(3)  𝑞𝑞 = 𝐼𝐼
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For numerical modelling of the solid-liquid phase transition, the enthalpy-porosity method is used. In this method, the entire 
computational domain is a porous domain, so the value of the porosity coefficient is equal to one in the liquid phase and zero 
in the solid phase. The solid-liquid interface forms a mushy region where the porosity coefficient varies between zero and 
one. In this method, a solid grid is used and the location of the solid-liquid interface is determined implicitly at each time 
point. The following equations for continuity, momentum, and energy are established: 
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𝜕𝜕𝑡𝑡
+ 𝜇𝜇(𝜕𝜕

2𝜕𝜕
𝜕𝜕𝑓𝑓

+ 𝜕𝜕2𝜕𝜕
𝜕𝜕𝑡𝑡

) + 𝜌𝜌𝜌𝜌𝛽𝛽 𝑐𝑐𝑠𝑠𝑙𝑙(𝜃𝜃) (𝐼𝐼 − 𝐼𝐼𝑚𝑚) + 𝑊𝑊𝑣𝑣    

In momentum equations, the term A expresses the porosity function, which refers to the flow in the porous medium: 

(7) 𝑊𝑊 = −𝑊𝑊 (1−𝛾𝛾)2

𝛾𝛾3+𝜀𝜀
  

where c = 106 is a mushy constant. Also, 𝜀𝜀 is 10-3 to avoid dividing the above fraction by zero when the amount of the 
liquid fraction is zero. The amount of the liquid fraction is also calculated using the following equation: 

 

 

(8) 𝛾𝛾 = 𝛥𝛥𝛥𝛥
𝑉𝑉𝑠𝑠𝑓𝑓

=  �

0                                                   𝑠𝑠𝑓𝑓                                        𝐼𝐼 < 𝐼𝐼𝑠𝑠𝐶𝐶𝑙𝑙𝑖𝑖𝑓𝑓𝜕𝜕𝑠𝑠
𝑅𝑅−𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑑𝑑𝑠𝑠𝑠𝑠

𝑅𝑅𝐿𝐿𝑖𝑖𝐿𝐿𝑠𝑠𝑖𝑖𝑑𝑑𝑠𝑠𝑠𝑠 −𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑑𝑑𝑠𝑠𝑠𝑠
                 𝑠𝑠𝑓𝑓                 𝐼𝐼𝑉𝑉𝑖𝑖𝐿𝐿𝜕𝜕𝑖𝑖𝑓𝑓𝜕𝜕𝑠𝑠 < 𝐼𝐼 < 𝐼𝐼𝑠𝑠𝐶𝐶𝑙𝑙𝑖𝑖𝑓𝑓𝜕𝜕𝑠𝑠

1                                                  𝑠𝑠𝑓𝑓                                   𝐼𝐼 > 𝐼𝐼𝑉𝑉𝑖𝑖𝐿𝐿𝜕𝜕𝑖𝑖𝑓𝑓𝜕𝜕𝑠𝑠

   

Energy conservation equation: 

(9) 
𝜌𝜌� 𝜕𝜕

𝜕𝜕𝑡𝑡
(𝑐𝑐𝑃𝑃𝐼𝐼) + 𝜕𝜕

𝜕𝜕𝑓𝑓
(𝑐𝑐𝑃𝑃𝑢𝑢𝐼𝐼) + 𝜕𝜕

𝜕𝜕𝑡𝑡
(𝑐𝑐𝑃𝑃𝑣𝑣𝐼𝐼)� = 𝜕𝜕

𝜕𝜕𝑓𝑓
�𝑘𝑘 𝜕𝜕𝑅𝑅

𝜕𝜕𝑓𝑓
� + 𝜕𝜕

𝜕𝜕𝑡𝑡
�𝑘𝑘 𝜕𝜕𝑅𝑅

𝜕𝜕𝑡𝑡
� − 𝑆𝑆𝑅𝑅  
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(10) 𝑆𝑆𝑅𝑅 = 𝜌𝜌 � 𝜕𝜕

𝜕𝜕𝑡𝑡
(∆𝐻𝐻) + 𝜕𝜕

𝜕𝜕𝑓𝑓
(𝑢𝑢∆𝐻𝐻) + 𝜕𝜕

𝜕𝜕𝑡𝑡
(𝑣𝑣∆𝐻𝐻) �  

The equations of motion and continuity are given for a Newtonian fluid. A laminar, incompressible and steady flow is 
considered. Body forces such as gravity are ignored and a two-dimensional flow is assumed. The continuity equations, the x 
and y equations are:  

 

(11) 𝜕𝜕𝜕𝜕
𝜕𝜕𝑓𝑓

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

= 0  

(12) 
𝜌𝜌�𝑢𝑢 𝜕𝜕𝜕𝜕

𝜕𝜕𝑓𝑓
+ 𝑣𝑣 𝜕𝜕𝜕𝜕

𝜕𝜕𝑡𝑡
� = −𝜕𝜕𝑡𝑡

𝜕𝜕𝑓𝑓
+ 𝜇𝜇 �𝜕𝜕

2
𝜕𝜕

𝜕𝜕𝑓𝑓2
+ 𝜕𝜕

2
𝜕𝜕

𝜕𝜕𝑡𝑡2
�  

(13) 
𝜌𝜌�𝑢𝑢 𝜕𝜕𝜕𝜕

𝜕𝜕𝑓𝑓
+ 𝑣𝑣 𝜕𝜕𝜕𝜕

𝜕𝜕𝑡𝑡
� = −𝜕𝜕𝑡𝑡

𝜕𝜕𝑡𝑡
+ 𝜇𝜇 �𝜕𝜕

2
𝜕𝜕

𝜕𝜕𝑓𝑓2
+ 𝜕𝜕

2
𝜕𝜕

𝜕𝜕𝑡𝑡2
�  

3. NUMERICAL METHOD AND VALIDATION 
The finite element approach is used to algebraize the equations regulating the airflow in the duct. The current simulations are 
validated using the results of Wang et al [9]. Using an air-cooled system, they investigated the battery thermal management 
system. They tested different layouts and obtained results with different input and output configurations. They introduced the 
Z-model for battery thermal management and showed that it outperformed previous models by lowering the maximum battery 
temperature from 3.42 to 6.4 K. 2. As a result, the highest temperature is compared. Figure 2 shows that using the current 
model gives satisfactory results with a maximum inaccuracy of 1.93 percent. Therefore, this model is used as a criterion for 
the simulations. 

 
Figure. 2. Maximum temperature generated at the battery as a function of air velocity at the inlet of the battery pack. 
The data are from the present work and were reported by Wang et al [9]. 
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Table 1 shows that almost the same results are obtained for finer grids than 135552. Therefore, an unstructured grid with 
135552 elements is chosen to reduce the computation time. The grid has triangular elements and is better distributed in the 
areas where there are PCM and in the areas where the airflow meets the angles of the accumulator. 

 

Table 1. Maximum temperature calculated on the battery surface and pressure drop within the channel for different grids. 

143221 135552 118664 103228 99874  Grid  

307.334 307.334 307.234 306.520 305.020 𝐼𝐼𝑚𝑚𝑚𝑚𝑓𝑓  
 

165.55 165.55 164.221 163.011 160.211 ∆𝐵𝐵 

4. RESULTS AND DISCUSSION 
Figure. 3 shows the PCM melting contours up to one hour for Re = 50 and 250. When air hits the case of PCM, some of the 
heat stored in PCM is released to the air. This causes the molten PCM to become a solid PCM. Therefore, some of PCM 
solidifies in the battery pack. As more air impinges over time, more heat is removed from PCM, making it more solid PCM. 
As the battery also operates in this mode, it generates a certain amount of heat. This heat is transferred to the air along with 
the heat stored in the PCM. At Re = 50, more time is required to transfer the stored heat of the battery to the air. The process 
of converting molten PCM to solid PCM takes more time, and after 1 hour, a significant portion of PCM is still liquid. But 
at Re = 250, where the air velocity is slightly higher, it can absorb the heat stored in PCM in a shorter time. As a result, the 
liquid PCM is converted to the solid form PCM in a shorter time and a larger amount of PCM is solidified around the battery. 

 

Re=50 

¼ h 

 

½ h 

 

¾ h 

 

1 h 

 

Re=250 

¼ h 

 

½ h 
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1 h 

 

 

Figure. 3. PCM melting contours up to one hour for Re = 50 and 250. 

 

The average temperature of the accumulator for up to one hour is shown in Fig. 4 for Re = 50 and 250 is shown. The average 
temperature of the battery is initially elevated and then decreases. Since constant heat is generated in the battery at different 
times, this heat is dissipated from the battery so that the temperature of the battery does not increase. On the other hand, the 
battery is 100% melted PCM. Therefore, the air simultaneously absorbs the heat generated in the battery and some of the 
energy stored in the PCM. Since all parts of the battery are surrounded by molten PCM, the heat transfer between the battery 
and the air is initially low, so some of the heat generated in the battery is used to heat the battery. However, the temperature 
of the battery decreases with the solidification of part of PCM and better heat transfer between the battery and the air. The 
level of Re is very influential during the time that the battery temperature is increased. At Re = 250, where the air velocity is 
5 times higher than at Re = 50, the increasing trend of the average temperature of the battery ends and its decreasing trend 
begins. Moreover, the average temperature of the battery at Re = 250 is slightly lower than at Re = 50. 

 

 

Figure. 4. The average temperature of the battery for up to one hour for Re = 50 and 250.  

 

At Re = 50 and 250, fig. 5 shows the air temperature at the outlet for up to one hour. The temperature of the exhaust air is 
strongly dependent on Re. The temperature of the exit air generally decreases with time. As a result, the air temperature 
decreases with time. The increase in air temperature is caused by the heating of the battery and the release of molten PCM 
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into the air. The amount of melted PCM decreases over time, and as a result, the amount of energy stored in PCM also 
decreases. One of the causes of heating of the air near the discharge is the transfer of this stored energy to the air. The amount 
of heat transferred from PCM to the air decreases as the amount of energy stored in PCM decreases, resulting in a decrease 
in the temperature of the discharge air. Increasing Re decreases the amount of air exiting due to the increase in air velocity 
in the duct. The faster the air moves through the duct, the longer the air is in contact with the battery and consequently heats 
up less. The temperature of the air decreases as the speed of the air increases. 

 

Figure. 5. The air temperature at the outlet for up to one hour at Re = 50 and 250. 

 

The amount of melted PCM for up to one hour at Re = 50 and 250 is shown in Fig. 6. The initial concentration of molten 
PCM is 100 percent. The amount of liquid PCM decreases with time, while the value of solid PCM increases. When air blows 
into the PCM container, some of the heat stored in the PCM is released to the air, causing some of the PCM to freeze. The 
more heat dissipated from the PCM, the more solid PCM there is. As air velocity increases, more energy is stored in the PCM 
and released to the air in a shorter time, resulting in less molten PCM. As a result, the amount of solid PCM is always slightly 
greater at Re = 250 than at Re = 50. 
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Figure. 6. The amount of molten PCM for up to one hour at Re = 50 and 250.  

CONCLUSIONS 
In this work, a plate-type lithium-ion battery is simulated, contained in a rectangular enclosure filled with PCM. The 
battery and the PCM enclosure are mounted in a duct with laminar air flow. At Re = 50 and 250, the battery temperature, 
outlet air temperature and solid PCM are estimated for up to one hour. The results of this study show: 

1- The PCM solidification front occurs at the air inlet side and moves toward the air outlet in the PCM case. The 
temperature of the battery in the parts connected to the solid PCM is lower. 
2- The temperature of the battery is initially increased and then decreased over time. Increasing Re causes the process of 
increasing the temperature of the battery to decrease in a shorter time. Also, the temperature of the battery is lower with a 
higher value of Re. 
3- The temperature of the air exiting the duct decreases steadily over time. When Re increases from 50 to 250, the 
temperature of the exiting air decreases. 
4- The amount of molten PCM surrounding the battery decreases over time, while the amount of solid PCM increases. 
Increasing Re increases the amount of solid PCM and causes the entire PCM to solidify in less time. 
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