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Abstract 
Very recently great progress has been achieved for a new type of quantum 
device: quantum batteries (QBs) which are capable to be charged, to store 
energy and finally to transfer it to consumption centers and other quantum 
devices. We develop here our theoretical feedback control algorithm for 
charging Bosonic quantum batteries with two different topologies of interaction 
between the charger and the battery set: parallel versus collective transfer of 
energy. The model of QB is composed of non-mutually interacting elements 
(quantum harmonic oscillators) in a Markovian bath. The charger of such a 
battery is implemented via the field which is pumping the energy into the 
batteries. We study the control approach in the form of Kolesnikov’s target 
attractor to track (i.e. to drive dynamically) the charging power of the batteries. 
We discuss the pros and cons of the control models for different charging 
schemes; demonstrate their efficiency, robustness and stability. The proposed 
algorithms can be applied to other physical types of quantum devices: Dicke QBs 
and spin QBs. 
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1. INTRODUCTION 

Quantum Battery (QB) represented by systems with distinct quantum states must be able to perform its three 
basic tasks [1]:  

• It can be charged, i.e. it can be transferred from its lower energy state to more energetic states. The 
important fact is that charging / discharging processes are not necessarily unitary, and during this 
process, QB may interact with its environment.  

• It can efficiently store the transferred energy at the upper energy levels.  

• It can transfer the stored energy to consumption centers.  

The schematic diagram of an open Quantum Battery B interacting with charger A is represented in Figure 1. 
Each of the sub-systems, A and B, are coupled individually into an environment. In addition, one can apply an 
external control field to charger A [2].  

There are different types of quantum batteries that could be realized in particular systems: 
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• Dicke QB, where one cavity mode acting as the charger is coupled to N qubits, which play the role of 
the battery [3, 4]; 

• Spin QB composed by N qubits, acting as a charger, this charger is coupled to another set of N qubits, 
which play the role of the battery [5, 6]; 

• Bosonic harmonic oscillator QB, where the sub-system B is composed of N non-mutually interacting 
elements [7, 8].  

 

 
Figure 1. Diagram of an open Quantum Battery B interacting with the charger A, based on [2]. 

 

Here we discuss the last type of QB: the Bosonic quantum battery with two alternative charging schemes [9], see 
Figure 2. 

 

 
Figure 2. Two basic schemes of the parallel (left) versus collective (right) QB charging, based on [9]. 

 

The performance of QB can be enhanced by increasing the coupling strength between the nearest-neighbor 
environments and decreasing the size of the environments [10]. A well-engineered quantum battery is capable to 
store relatively more energy as compared with its non-engineered counterpart over the course of the storage 
phase, and the excess in such stored energy is independent of the quantum system size [11].  

It has been proved also that for an array of N qubits an N-fold advantage in power per qubit can be achieved 
when global operations are permitted [12]. 

Recently, different control algorithms have been applied to quantum batteries: like the open-loop harmonic 
control [13] and the linear feedback [14]. Even linear feedback counteracts the randomizing influence of 
environmental noise and allow for stable and effective battery charging [14]. 
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Our theoretical feedback control algorithm is applied for charging Bosonic quantum batteries with two different 
topologies of interaction between the charger and the battery set: parallel versus collective transfer of energy. We 
use Kolesnikov’s target attractor algorithm to track (i.e. to drive dynamically) the charging power of the 
batteries. 

2. MATHEMATICAL MODEL FOR BOSONIC QUANTUM BATTERY 

The model of QB is composed of non-mutually interacting elements (quantum harmonic oscillators) in a 
Markovian bath. The charger for such a battery is implemented via the field which controls pumping the energy 
into the batteries. 

2.1. Ergotropy and charging power 

The energy storage of QB depends on the time-independent reference Hamiltonian H with the finite Hilbert 
space of the battery system. The useful energy exacted from QB in the state ρ and its energetically lowest 
accessible state σρ is defined via its ergotropy [15]: 

)(Tr)(Tr HHW ρσρ −= .                                                      (1) 
The time derivative of (1) is called the charging power of the battery: 

.
dt

dWp =                                                                      (2) 

We will use our control algorithm to drive the parameter (2) dynamically, i.e. we will discuss the tracking of 
charging power p as a given target function. 

2.2. Bosonic harmonic oscillator quantum battery 

The system includes the sub-system A (charger) and the sub-system B (battery) with the corresponding 
Hamiltonians HA and HB and the Hamiltonian H1 for the coupling between A and B [1]:  
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with the corresponding creation-annihilation operators; and u(t) is a time-dependent external control parameter. 
The bosonic harmonic oscillator QB is composed of N non-mutually interacting elements marked with the index 
k.  

Let’s consider a single-qubit based bosonic QB in the form of a quantum oscillator with the density operator ρ in 
a Markovian bath. Such a system is described with the Lindblad-type operator equation [16]: 
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with the terms based on the creation-annihilation operators: 
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The Lindblad operator in (5) has a form: 

( )( ) ( )++++++ −−⋅+−−+⋅= bbbbbbtnbbbbbbtnL ρρργρρργρ 2)(21)(][ˆ  .  (7) 
The positive parameter γ plays here a role of coupling constant between the qubit and the environment. The 
external fields u(t) and n(t) are our control parameters. 

2.3 Reduced system of differential equations  

The quantum model (5)-(7) can be re-written in the form of the dynamical system with real ordinary differential 
equations [17]: 



 

European Journal of Engineering and Natural Sciences 
 

422 Borisenok 

,)(

;

;)())((2

2
0

0

tuPQ
dt
dP

QP
dt
dQ

PtuEtn
dt
dE

−⋅−−=

⋅−=

−−⋅=

γω

γ

ωγ

                                            (8) 

expressed via the ‘quasi-classical’ variables: 

.)ˆ()(;)ˆ()(;)()( 0 ρρρ PTrtPQTrtQHTrtE ===                                   (9) 

The ergotropy (1) of the system (8) is defined as:  

0)()( EtEtW −= ,                                                          (10) 

Where E0 stands for the lowest accessible passive battery state. 

3. CONTROL OVER THE CHARGING POWER 

To perform control over the charging power we use here Kolesnikov’s Target Attractor (TA) feedback approach 
based on the creation in the driven dynamical system a target attractor locking the trajectories in its 
neighborhood [18]. 

3.1. Kolesnikov’s target attractor feedback 

For the purpose of tracking the charging power (2) we define the goal function: 

)()()( * tptptG −= ,                                                                   (11) 

with the arbitrary differentiable target function )(* tp . To form Kolesnikov’s attractor, we demand the 
exponentially fast convergence towards the tracking goal: 
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with a positive time constant T1. Particularly, for model (8), we define the TA control equations as the following 
set: 
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Here T2 is also a positive constant. The system (13) has the solutions: 
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The substitution of (14) into the system (8) restores the form of both control fields for a single battery element: 
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By Eqs (14) we can study the achievability of the control goal. 
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3.2. Achievability of the control goal as t >> T1, T2: parallel vs collective charging 

Let’s check the achievability of the control goal at the limit: t >> T1, T2. 

For the parallel scheme (see Fig.2, left) we can define different target P* for each k-th battery element: 
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In this case, we can re-write the control fields (14) as: 
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For the collective scheme (see Fig.2, right) charger A must drive each battery for the same target state: 
kPPk ∀→ ,* . By that the dynamical parameter Qk can be evaluated as: 
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By (8) that implies for the control field uk: 
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In the case, if we demand the target P* to be zero: 
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and the pair of control fields (14) becomes: 
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Now we can compare the shapes of the control fields (14) for the parallel and collective approaches. For the 
parallel case (16), the control fields uk are closed to 0 for each k-th battery: 0≅ku , while the control fields nk are 
more complex for the practical computations. For the collective case of charging (20), the fields uk tend to 0 
asymptotically: t

kk eQu γω −⋅−≅ )0(2
0 , while nk are more simple for the numerical computations. 

4. CONCLUSIONS 

The algorithm of the control over the charging power proposed here has the following basic characteristics. This 
algorithm is universal and does not depend on the initial conditions of the dynamical variables. It is robust and 
stable under the perturbation of the initial conditions and a relatively small external noise.  

The proposed algorithm can be extended for different physical realizations of quantum batteries: Dicke QB, 
spin QB; and for all working stages of the QB (charging, long time storage and the energy transfer to a 
consumption center or engine) and it can be easily extended for a multi-qubit model.  

From the point of practical computation of the coherent and non-coherent fieldsu and n the control algorithm for 
Bosonic quantum batteries demonstrates different features for two alternative schemes of charging: 

• For the parallel scheme of charging the control signal u (interaction between the battery and the 
charger) tends to 0 as the time is increasing. From another hand, the control signal n (interaction with 
the Markovian environment) is more complex for computation. 
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• For the collective scheme of charging the control signal u (interaction between the battery and the 
charger) tends exponentially to 0 as the time is increasing. At the same time, the control signal n 
(interaction with the Markovian environment) becomes simpler for the numerical computation. 
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Abstract 
A water basin covers the entire area giving water to the river between the 
source of the river and where it ends. In simple terms, it's the area that 
carries the water from higher altitude to lower altitude. Factors affecting 
the basin, such as topography, basin size, land use, and soil type affect 
the process of water from upstream to downstream. For this reason, it is 
important to know the properties of a basin for hydrological analysis. In 
this study, the boundaries of the Murat-1 watershed which is the sub-
basin of the Euphrates-Tigris basin were determined using Geographic 
Information System (GIS) and some hydrological features of the basin 
(flow direction, accumulated flow network, drainage boundaries, slope 
map, aspect map) is aimed to determine. Firstly, in the study, a digital 
elevation map (DEM) was obtained from Shuttle Radar Topography 
Mission (SRTM) satellite offered by USGS. The data obtained from 
USGS were merged using the ArcGIS 10.7 program and then the 
physical properties of the watershed were determined. As a result, GIS 
software, which gives faster and less costly results compared to 
traditional methods, has been accepted as a very effective tool in 
determining basin characteristics and boundaries. 
 

 Key words 
GIS, Watershed, DEM 

 

1. INTRODUCTION 

Water is the most important element for the continuation of life and the sustainability of the ecological balance. 
Nowadays, the increase in water pollution, decrease in the amount of usable water and natural disasters caused by water 
threaten the future of water. Because of this, water resources management is one of the problems that need to be solved. 
This has led to the conclusion that water should be used sparingly and that we should know the movements of water in 
nature [1]. For this reason, all necessary data collection, processing and analysis must be carried out reliably and 
quickly in order to protect water resources, which is one of the main objectives of integrated watershed management 
[2]. There are some basic components that become prominent for the basin characteristics. These are: basin area, slope, 
minimum, maximum and average elevation of basin, basin aspect etc. By revealing the characteristics of the basin, all 
definitions of the area can be made and these features can be used effectively in planning studies [3]. The process of 
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determining the boundaries of the basin and sub-basin with classical methods is done manually from printed or digital 
contour maps that express the surface shapes of the land. However, these classical approaches require a very long 
process and cost. Especially when the size of the working area is large, the operation process becomes even more 
difficult [4]. 

With the developments in Geographic Information Systems (GIS) in recent years, getting spatial data analysis 
become easier. In this context, digital elevation model (DEM) is created from various remote sensing data, and river 
drainage network and basin and sub-basin boundaries can be automatically extracted from DEM with various spatial 
analyzes in GIS environment, quickly, economically and with high accuracy [4,5]. 

In this study, the basin characteristics of the Murat-1 basin area, which was chosen as the study area, were 
determined with the help of GIS technologies and the effective role of this technology in hydrology studies was tried to 
be revealed. 

2. MATERIAL AND METHOD 

2.1. Study Area 

Murat River, the most important branch of the Euphrates, rises from the foothills of Ağrı Mountain and joins with 
the Karasu River, which comes from the North, after flowing for about 500 km towards the southwest. In the region 
where the continental climate is effective, winters are wet and cold, summers are warm and dry. In the region where the 
most precipitation falls in the spring, the amount of precipitation falls below 20 mm between June and October. The 
Euphrates Tigris basin is the basin with the largest area in our country, Turkey. Thirty percent of the annual flow in our 
country flows from this basin. The important hydroelectric power plants of our country are located in this basin. The 
Murat-1 basin is located in the upper Euphrates basin and was selected for this study. The location of the Murat-1 basin 
was shown in the Fig.1. 

 

 

Fig.1. Study Area, Murat-1 watershed 

2.2. Method 

Within the scope of determining the basin characteristics and boundaries, first of all, it is necessary to obtain a 
digital elevation map of the study area. In this context, 30m x 30m resolution data obtained from the Shuttle Radar 
Topography Mission (SRTM) satellite, whose DEM data are provided by the USGS, has been downloaded. When the 
downloaded data has more than one layer, tessellation, which is the process of merging according to the common areas 
of the satellite images, should be done to create a continuous data. This process is done with the help of the ArcGIS 
program. After mosaic, the DEM data is corrected. The accuracy of the DEM data is very important, because this step 
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and the next steps are performed using DEM data. In Fig. 2, mosaicked DEM data and Murat 1 watershed boundaries 
are seen. 

 

Fig.2. Mosaicked DEM and watershed border of Murat-1 watershed 

After the DEM data is transferred to the ArcGIS program, the first thing to do is to remove the errors found in the 
DEM. When a cell is surrounded by cells with a higher elevation, the water will flow towards the area where is the 
lower elevation and therefore no surface flow will occur. To eliminate this error, the spaces will be filled and the height 
values will be rearranged by using the Fill command in the program (Fig. 3). 

 

Fig.3. Correction of DEM error [6] 

After the errors in the DEM are eliminated, the flow directions should be determined. Algorithms such as D8, 
Rho8, MFD are available for these operations. The D8 algorithm was used in the determination of the flow directions 
due to its ease of use and speed. D8 is a one-way algorithm that assumes that the flow in any cell is in the direction of 
its neighbor with the highest slope and low elevation [7]. Flow on a surface, always occurs from the highest to the 
lowest elevation. If the flow direction of each cell is known, the total number of cells flowing into any cell can be 
determined (Fig. 4). Flow direction is calculated for a given grid system with the Flow Direction command in the 
ArcGIS program. 
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Fig.4. D8 Algorithtm [6] 

After determining the flow directions, the Flow Accumulation command determines where the total flow in the 
cell comes from. After this process, the river branches begin to appear. The flow accumulation is illustrated in the Fig. 5 
[6]. In Fig. 6, calculated flow accumulation for the Murat-1 watershed has shown. 

 

Fig.5. Flow Accumulation 
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Fig.6. Murat-1 watershed flow accumulation 

3. RESULT AND DISCUSSION 

After the DEM data is transferred to the ArcGIS program, first of all, the gaps in the grid are filled with the Fill 
command and cut with the clip command and displayed in a way that represents only the work area. The screenshot 
obtained from the program is shown in Fig. 7. 

 
Fig.7. Correction of DEM of Murat-1 watershed 

After filling the gaps in each grid, the flow direction is determined by the Flow Direction command. Flow 
directions map of Murat-1 basin obtained from the program and is given in Fig. 8. 
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Fig.8. Flow direction of Murat-1 watershed 

After the determination of the basin boundaries and the river network, the hillshade map of the region was also 
created and loaded on the DEM map as a basemap. The final map is shown in Fig. 9. 

 

Fig. 9. Murat-1 watershed with defined DEM, watershed borders and river network 

After all operations, it is aimed to create a slope and aspect map of the basin. The slope features of the basin are 
important in understanding the morphological features of the basin in the formation of floods and landslides. In 
addition, aspect can be explained as the direction in which the mountains in a region receive the Sun's rays or the part of 
their view towards the Sun. In Fig. 10 and Fig. 11, the slope and aspect distributions of the Murat-1 watershed are 
shown respectively. The average slope of the basin is found at 10.6 % and the maximum slope is 70.2 %. 
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Fig. 10. Slope map of Murat-1 watershed 

 
Fig. 11. Aspect map of Murat-1 watershed 

   

4. CONCLUSION 

Determination of basin boundaries, features and river drainage networks is a time-consuming and costly process 
with classical methods. These maps, which were obtained from topographic maps in the past, are obtained more quickly 
in the GIS environment with the rapid development of computer technology today. These analyzes, created by using the 
obtained DEM data, give fast and easily accessible results with the help of the programs used. 

In this study, stream drainage networks of Murat-1 sub-watershed, which is a part of the Euphrates-Tigris basin, 
were created using DEM data, the boundaries of the basin were determined, and maps such as slope and aspect 
distributions of the basin were created. As a result of the study, it has been shown that GIS programs are an important 
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tool that can be used for data processing, determining watershed boundaries, creating drainage networks and visualizing 
the physical and morphological features of the watershed. 
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Abstract 
Biga Peninsula is one of the tectonically active regions in Northwestern Anatolia which 
the middle strand of the North Anatolian Fault Zone is crossed over by it. This work is 
aimed to model the subsurface geological structures via vertical electrical sounding (VES) 
and self-potential (SP) datasets collected from the relatively less known Southern part of 
the Biga Peninsula. The vertical electrical sounding (VES) and self-potential (SP) datasets 
collected near the Erecek village of Çanakkale city were inverted by the Levenberg-
Marquardt algorithm. Four profiles were generated covering some VES points to reveal 
the geological model. In addition, resistivity distributions at 10, 100, 200, 500, and 1000 
meter depth levels were calculated. Thus, the iso-3D resistivity distribution was easily 
observed. Based on the VES findings, three main geological units were defined; two 
groups of volcanic units and a metamorphic basement. Besides, WSW-ENE and NNE-SSW 
trending two normal faults that have possibly water content were observed. One of them 
was also detected from the self-potential profile data inversion results.  As a result, 
possible main fault locations and tectonic structures that may be associated with 
groundwater containment have been described using the findings of both two geo-
electrical methods. 

 Key words 
Çanakkale, Erecek, Self-potential, Vertical Electrical Sounding 

 

1. INTRODUCTION 

Biga Peninsula is a tectonically active region on the Alpine-Himalayan Mountain Belt that corresponds to the 
northward movement of the Arabian plate and the northern part of the southern segment of the NAF zone lies on 
it [1].  The main fault systems of this region can be listed as Balabanli, Kestanbol, Tuzla, Evciler and Edremit 
Faults.  Accordingly (bununla iliskili olarak), this region hosts (is also hosted) also several active geothermal areas 
such as Tuzla, Palamutova, Kestanbol, Kucukcetmi. Many geological and geophysical studies have been done to 
reveal the tectonic complexity of the peninsula[1]-[11]. Most of the previous geophysical investigations were 
seismological studies [12], [13] related with the Northern Anatolian Fault (NAF) kinematics and structural 
observations. The other geophysical methods such as gravity, magnetic and electrical methods were applied in the 
geothermal [14], landslide [15], and archaeological [16] investigations in the region.    

Geoelectrical methods supply robust information about layer rock type, thickness, and water content [17], [18]. In 
this study, SP and VES field datasets (Figure 1 and Figure 2) collected from near the Canakkale-Erecek village 
were evaluated by inverse solution techniques. This area represents the transition zone between the Beydagi Horst 
and Tuzla Basin. Geological units of the study area are the Balabanli volcanics, Dededag formations, and Karadag 
metamorphics. The Balabanli volcanics consist of pyroclastic rocks such as rhyodacitic ignimbrites and lavas. The 
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Dededag formation contains andesitic and trachyandesitic lavas and flow-breccias. The Balabanli volcanics and 
Dededag formation lie over the metamorphic basement [3], [4], [8](Figure 2).  

In this study, it is aimed to determine the electrical properties of an area located in northern part of Behram and 
western part of Erecek villages and combine with the possible tectonic features and accordingly possible 
geothermal potential. For this purpose, the VES and SP data were evaluated to distinguish main subsurface 
lithologies and location of the faults may associated with local groundwater movement. 

 

2. METHODS AND APPLICATIONS 

VES method employs an artificial source of current which is introduced into the ground through two electrodes. 
The occurred potential difference is measured at other electrodes. Electrical resistivity and depth of the layers can 
be calculated using Ohm Law. Electrical resistivity varies with porosity, pore fluid salinity, and clay content. On 
the other hand, SP method based on the measurement of potential difference between the two points on the earth 
surface without artificial current source. Source parameters of potential anomalies occurred by the mineralization, 
thermoelectric or electrochemical coupling processes could be estimated by SP measurements. Both geoelectrical 
methods are widely used in the determination of the subsurface structures, and faults. 

 

Figure 1. Geologic map of study area and surrounding (modified from [3])  

 

In this study, investigation area is located between 26.3069N-263358N longitude and 39.5234E-39.5796E latitude 
and covers the area between the northern part of Behram and western part of Erecek villages of Çanakkale city 
(Figure 1). It is approximately spread over 30 km2 area. The 43 vertical electrical soundings (Schlumberger array) 
and one SP profile data were evaluated by 1D inversion approach and four VES profiles (AA′, BB′, CC′ and DD′) 
were prepared for better interpret the geoelectrical model. AA′ and BB′ profiles are aligned in NNW-SSE, and 
CC′ and DD′ profiles are aligned in WSW-ENE direction. A self-potential profile (EE′) data was also aligned in 
WNW-ESE direction (Figure 2).  
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Figure 2. Location of VES points, VES and SP profiles 

  

 

Figure 3. Pseudo and resistivity sections of AA′, ΒΒ′, CC′, and DD ′  VES profiles 
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The actual resistivity and thickness of the subsurface layers were obtained by inverse solution technique using the 
IPI2win software developed by the Geophysics Group Moscow State University [19]. (IPI2Win-1D Program, 
version 3.0.1a, 2003). The software realizes iterative minimization of the misfit between real and modelled data 
based on a least number of layers initial model using Tikhonov’s approach. For all sounding curves inverted to 
obtain the actual resistivity and thickness of the subsurface layers. The fit between model response and the field 
data for the VES points were generally lower than 5%. In addition, pseudo and resistivity sections of four profiles 
were created by combining some selected points from them (Figure 3). According to the parameters of these 
sections geological models were established (Figure 4). Then, apparent resistivity distributions for many depth 
levels (10, 100, 200, 500, and 1000 meter) are plotted to reveal the areal resistivity distribution versus to depth 
(Figure 5).  

 

Figure 4. Geological models of VES profiles 
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The SP profile data (EE′) were evaluated by Levenberg-Marquardt (LM) inversion algorithm [20]. Profile data 
were assumed produced by a simple sphere-shaped polarized causative body. Parameters of sphere model are 
electric dipole moment (K), horizontal distance (x), distance from the origin (x0), depth to the centre of the body 
(z0), and polarization angle (θ). The polarization angle is determined as the angle between vertical plane and 
polarization surface. Calculated SP parameters are shown in figure 6 and Table 1.The root mean standard error is 
0.1155. 

 

 

Figure 5. Contour maps of the iso-apparent resistivity values (a) AB/2=10m, (b) AB/2=100m (c) AB/2=200m,(d) AB/2=500m, (e) 
AB/2=1000m 
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Table 1. Calculated SP model parameters 

E. dipol moment  (K) Polarization angle (θ)(°) Distance from the origin 
(x0)(m) 

Depth (z0) (m) 

447432.17 1.37 216.88 145.38 

 

 

 

Figure 6. Observed and calculated SP values 

 

3. RESULTS AND CONCLUSIONS 

In this study, VES and SP methods were applied to distinguish main subsurface lithologies and locate faults that 
may be associated with local groundwater movement.  As a result of the 1D inversion of VES, three main distinct 
units have been identified. The first one is the Dededag surface volcanics characterized by low and medium 
resistivities (1-100 ohm.m), the second one is the Balabanli volcanics having medium resistivities (100-300 
ohm.m) and the third one is the metamorphic units (having resistivities higher than 1000 ohm.m) forming the 
basement. These geological formations were also described in the four VES profiles (AA′, BB′, CC′ and DD′). It 
has been revealed that the surface volcanics become thinner and the metamorphic basement units reach to the 
surface near the VES 32, 38 and 69. Not only from the cross-sections but also the depth level maps it is seen that 
the high resistive basement spread out over the area between the southwestern part of  Erecek and the northern 
part of Pasakoy villages. WSWENE and NNE-SSW trending two normal faults that have possibly water content 
were observed. One of them was also detected from the self-potential profile data inversion results. The calculated 
polarization angle shows that the fault has a slope close to the vertical. The x0 parameter corresponds to the 
distance between location E and the intersection of BB′ and EE′ profiles in the figure 2. Since the location of fault 
determined as between VES 70 and 71 points at BB′ profile, it well matches the x0 determined by SP inversion. 
Although these parameters were obtained from only one SP profile dataset, determined fault location is very similar 
to the results of resistivity inversion.  It is observed the areas that have resistivity values below 10 ohm.m matched 
the alignment of the detected two faults. These areas may have contains hot or cold groundwater. Therefore, it is 
recommended to search geothermal potential of these areas by other hydrogeophysical and hydrogeological 
methods. 
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Abstract 
There are several widely used structural softwares to analyze buildings under dynamic 
loads, but many of these programs use arithmetic formulations to calculate the mass and 
stiffness matrices of shear walls with only 8x8 elements that ignore the rotational mass 
and stiffness values. Also, during the dynamic analysis, a system diagonal mass matrix 
containing only elements in the x and y directions is used. The previously mentioned 
calculation assumptions may lead to unrealistic structural calculations besides these 
assumptions should be replaced by more realistic calculation formulas and methods. In 
this paper, a two-part FEA computational program was developed to provide actual 
structural dynamic analysis. The first part of the program is called YAY2020-Static encoded 
by FORTRAN compiler and the second one is called YAY-Dynamic encoded by MATLAB 
interpreter. In YAY2020 program, a special rectangular element formula with 12x12 
elements and three degrees of freedom at each element’s nodes is used to calculate 
shear wall mass and stiffness matrices to obtain system full-size stiffness and mass 
matrices that contain both diagonal and non-diagonal elements. Results obtained using 
YAY2020 software will be compared with some structural analysis techniques such as 
shear building and wide column, to study the feasibility of using these techniques. All 
obtained results by YAY2020 will be compared with the commonly use FEA structure 
software SAP2000. 

 Key words 
Dynamic analysis software, FORTRAN, Finite element analysis (FEA), 12x12 Mass matrix, 
Shear building, Wide column 

1. INTRODUCTION 

Turkey is one of the countries which settled in a strong seismic active location due to the presence of many 
seismic faults. These seismic movements cause significant physical and economic damages to building elements, 
which leads to catastrophic damage and loss of life. Dynamic loads are the most important factors causing 
structural collapse. Although many dynamic loads such as wind and blast loads may cause significant damage to 
buildings, earthquakes effect are the most dangerous dynamic load that structures are exposed to, because 
earthquakes not only affect a single building such blast loads but also affect a large scale, causing damage to 
entire cities and to many buildings at the same time. 

Öztorun [1, 2] started his works on finite element methods in the structural engineering field, in 2006 presented 
the first rectangular stress elements with 1212 matrix elements adding rotational values and the mass matrix 
with real and full diagonal and non-diagonal values. Wilson [3-7] introduced a set of finite element structural 
analysis programs which called CAL programs. In 1975 his studies were considered bases for many programs 
such as SAP2000, SAFE, and ETABS. In these programs, shear-wall stiffness and mass matrices contain only 

mailto:ocinar@yildiz.edu.tr
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88 elements with no stiffness and mass rotation values. So there is no rotation of the element in the vertical 
direction. The rotation and stress of the joints are calculated depending on the joint’s movement laterally or 
vertically. Bathe [7, 8] presented the detailed procedure of the finite element in his book "Finite Element 
Procedures ". This book has been a reference for many researchers in the field. Newmark [9] developed the one-
step integration method to solve structural dynamics problems under blast and seismic loads. For 60 years, 
Newmark's method has been applied in the dynamic analysis of many applications such as structures. Chopra 
[10] explained the procedures of structural dynamic analysis in his book “Dynamics of Structures: Theory and 
Applications to Earthquake Engineering”, with different methods of calculations. Öztorun and others [11, 12] 
made dynamic analyses of structural systems using the GP-DYNA computer program developed by Öztorun in 
his doctoral thesis; stated that current analysis methods may not provide sufficient assurance if vertical 
earthquake records are used. 

During calculating the effect of earthquakes on structures general system mass and stiffness matrices must be 
calculated. Many literature programs considered the mass matrix as a diagonal matrix, and the mass of each floor 
is the same in the x and y directions with no rotational mass values. Also in calculating mass and stiffness 
matrices of shear wall elements, literature programs calculate it as just a matrix with 8x8 elements ignoring the 
rotational values. In this study, a two-part computational program based on the finite element method will be 
encoded using the FORTRAN compiler and MATLAB interpreter to find the response of a planar structure with 
a known geometry under dynamic loads. This program is called YAY2020. In principle, FORTRAN encoded 
YAY2020-Static software calculates the mass and stiffness matrices for each of the system elements individually 
and superposing them together to get system general mass and stiffness matrices. Then these matrices will be 
used in dynamic calculation by YAY2020-Dynamic. The system mass and stiffness matrices computed in this 
study contain both diagonal and non-diagonal elements as well as 12x12 elements of shear walls mass and 
stiffness matrices. To achieve this special formulation is used to calculate the rotational degrees of the plate 
elements. This formula is developed by Öztorun [1-2], and the accuracy of this formulation had been proven and 
demonstrated by comparing it with Timoshenko and Goodier [2, 13] analytical solution. All results obtained by 
YAY2020 will be compared with widely used FEA software such as SAP2000. In light of these features, this 
study aims to present a program that has different and more realistic calculation methods than the existing ones.  

2. MATERIALS AND METHODS 

In this section, the YAY2020-Static and YAY2020-Dynamic mechanisms are introduced with an overview of 
used mathematical formulas. 

2.1. Frame Elements Mass Matrix 

The frame element is shown in Figure 1. The element has two nodes (i and j) with three degrees of freedom at 
each end. The axis across from I to J is called the local x-axis and the perpendicular on the local x-axis is called 
the local y-axis these two axes formed the local coordinate system of the planar frame element. 

 

Figure 1. Planar frame element 

The element length 𝐿𝐿 is calculated as Eq.1. 

𝐿𝐿 =  ��𝑋𝑋𝑗𝑗 − 𝑋𝑋𝑖𝑖�
2 + �𝑌𝑌𝑗𝑗 − 𝑌𝑌𝑖𝑖�

2
 (1) 
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Frame element local mass matrix is written as Eq.2. [3, 8] 
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 (2) 

Where, 

A = cross-sectional area and W = mass density 

The mass matrix in Eq.2 is obtained for the local coordinates of the element. To transfer it to a global structure 
coordinate system a transformation matrix must be used. The planar transformation matrix is given in Eq.3. [3, 
8] 
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Here; 

𝐶𝐶𝐶𝐶𝐶𝐶( 𝜃𝜃) =  
𝑋𝑋𝑗𝑗−𝑋𝑋𝑖𝑖
𝐿𝐿

  (4) 

𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃) =  
𝑌𝑌𝑗𝑗−𝑌𝑌𝑖𝑖
𝐿𝐿

  (5) 

The global frame element mass matrix is obtained by multiplying the transpose of the transformation matrix by 
the local mass matrix and then multiplies the result by the transformation matrix itself, as given in Eq.6. 

𝑀𝑀𝑒𝑒.𝑔𝑔.
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = [𝑅𝑅𝑇𝑇]. �𝑀𝑀𝑒𝑒.𝑙𝑙.

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�. [𝑅𝑅] (6) 

Here, 

𝑀𝑀𝑒𝑒.𝑔𝑔.
frame: Frame element global mass matrix. 

𝑅𝑅𝑇𝑇: Transposition of the transformation matrix. 

𝑀𝑀𝑒𝑒.𝑙𝑙.
frame: Frame element local mass matrix. 

 

2.2. Shear Wall Elements Mass Matrix 

The shear wall element is analyzed as a rectangular stress element. A special formulation presented by Öztorun 
is used to analyze rectangular stress elements in YAY2020 program. Figure 2 shows the plane stress rectangular 
element with four nodes and three degrees of freedom at each node (1 rotation and 2 displacements). The plane 
stress element mass matrix is given in Table 1. 
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Figure 2. Generalized forces and displacements for finite plate elements for plane stress problems [1] 

Table 1. Stiffness matrix of plane stress element [1] 

 

 

Plane stress element mass matrix parameters are given as follows: [1] 

𝐾𝐾𝑆𝑆 =
𝜌𝜌𝑆𝑆. 𝑎𝑎. 𝑏𝑏. 𝑡𝑡𝑆𝑆
176400

 
𝑀𝑀𝑆𝑆1,1 = 𝐾𝐾𝑆𝑆 . 21840 
𝑀𝑀𝑆𝑆1,6 = −𝐾𝐾𝑆𝑆 . 1540. 𝑏𝑏 
𝑀𝑀𝑆𝑆1,10 = 𝐾𝐾𝑆𝑆 . 3780 
𝑀𝑀𝑆𝑆2,6 = −𝐾𝐾𝑆𝑆 . 1820. 𝑎𝑎 
𝑀𝑀𝑆𝑆3,3 = 𝐾𝐾𝑆𝑆 . 560. (𝑎𝑎2 + 𝑏𝑏2) 
𝑀𝑀𝑆𝑆3,12 = −𝐾𝐾𝑆𝑆 . 210. (𝑎𝑎2 + 𝑏𝑏2) 
𝑀𝑀𝑆𝑆1,3 = −𝐾𝐾𝑆𝑆 . 3080. 𝑏𝑏 
𝑀𝑀𝑆𝑆1,7 = 𝐾𝐾𝑆𝑆 . 7560 

𝑀𝑀𝑆𝑆1,12 = 𝐾𝐾𝑆𝑆 . 910. 𝑏𝑏 
𝑀𝑀𝑆𝑆2,9 = 𝐾𝐾𝑆𝑆 . 1540. 𝑎𝑎 
𝑀𝑀𝑆𝑆3,6 = 𝐾𝐾𝑆𝑆 . 140. (−3𝑎𝑎2 + 2𝑏𝑏2) 
𝑀𝑀𝑆𝑆1,4 = 𝐾𝐾𝑆𝑆 . 10920 
𝑀𝑀𝑆𝑆1,9 = 𝐾𝐾𝑆𝑆 . 1820. 𝑏𝑏 
𝑀𝑀𝑆𝑆2,3 = 𝐾𝐾𝑆𝑆 . 3080 
𝑀𝑀𝑆𝑆2,12 = −𝐾𝐾𝑆𝑆 . 910. 𝑎𝑎 
𝑀𝑀𝑆𝑆3,9 = 𝐾𝐾𝑆𝑆 . 140. (2𝑎𝑎2 − 3𝑏𝑏2) 
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2.3. Equation of Motion of the Dynamical System 

The system has mass, stiffness, and damping and has movement in just u direction is called a single degree of 
freedom (Figure 3). According to Newton's second law of motion, the equation of motion of this system is 
written as Eq.7 [10]. 

 
Figure 3. Single degree of freedom system 

 

𝑚𝑚𝑢̈𝑢 +  𝑐𝑐𝑢̇𝑢 +  𝑘𝑘𝑘𝑘 = −𝑚𝑚𝑢̈𝑢𝑔𝑔  𝑜𝑜𝑜𝑜   𝑝𝑝(𝑡𝑡) (7) 

Where; 

𝑢𝑢 : Displacement vector 
𝑢̇𝑢 : Velocity vector 
𝑢̈𝑢 : Acceleration vector 
𝑢̈𝑢𝑔𝑔 : Ground motion acceleration vector (Earthquake data) 
𝑚𝑚 : System mass  
𝑘𝑘 : System stiffness 
𝑐𝑐 : System damping 
𝑝𝑝(𝑡𝑡): Dynamic load 

2.4. Time History Analysis 

Time history analysis was performed in YAY2020 software using the Newmark method. Newmark method 
depends on numerical integration methods to solve Eq.7. In systems of multi-degree freedom, there is a mode 
that corresponds to each degree of freedom. To consider these modes and study structure as a single part, the 
equation of motion should be written as Eq.8 [3-8, 10]. 

Ф𝑇𝑇𝑚𝑚Ф𝑞̈𝑞 + Ф𝑇𝑇𝑐𝑐Ф𝑞̇𝑞 + Ф𝑇𝑇 𝑘𝑘Ф𝑞𝑞 = −Ф𝑇𝑇𝑚𝑚Ḭ𝑢̈𝑢𝑔𝑔(𝑡𝑡)     𝑜𝑜𝑜𝑜   Ф𝑇𝑇𝑝𝑝(𝑡𝑡) (8) 

Eq.8 can be written also as Eq.9. 

𝑀𝑀𝑞̈𝑞 +  𝐶𝐶𝑞̇𝑞 + 𝐾𝐾𝐾𝐾 = 𝐹𝐹(𝑡𝑡) (9) 

Here, 

𝑴𝑴: Modal mass matrix 

𝑲𝑲: Modal stiffness matrix 

𝑪𝑪: Modal damping matrix 

𝒒𝒒: Modal displacement vector 

Ḭ: The identity matrix equal in size with the system degree of freedom 

The modal matrices M, K, and C here are diagonal matrices. Meanwhile, m, k, and c system matrices have both 
diagonal and non-diagonal elements 
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In the Newmark numerical calculation method, the displacement and velocity changes by the time ∆𝑡𝑡 according 
to Taylor's series are given in Eqs.10 and 11. 

𝑢𝑢𝑡𝑡 = 𝑢𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡𝑢̇𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡2

2
𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡3

6
𝑢𝑢𝑡𝑡−∆𝑡𝑡 + ⋯ (10) 

𝑢̇𝑢𝑡𝑡 = 𝑢̇𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡2

2
𝑢𝑢𝑡𝑡−∆𝑡𝑡 + ⋯ (11) 

Newmark abbreviated Eq.10 and Eq.10 by using  𝛽𝛽 and 𝛾𝛾 Newmark constants as Eqs.12 and 13. 

𝑢𝑢𝑡𝑡 = 𝑢𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡𝑢̇𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡2

2
𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 + 𝛽𝛽∆𝑡𝑡3𝑢𝑢𝑡𝑡−∆𝑡𝑡 (12) 

𝑢̇𝑢𝑡𝑡 = 𝑢̇𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 + 𝛾𝛾∆𝑡𝑡2𝑢𝑢𝑡𝑡−∆𝑡𝑡 (13) 

The acceleration equation can be written in Eq.14 assuming that the acceleration is linear in the time step. 

𝑢𝑢𝑡𝑡 = (𝑢̈𝑢𝑡𝑡−𝑢̈𝑢𝑡𝑡−∆𝑡𝑡)
∆𝑡𝑡

 (14) 

If Eq.14 is written in Eq.12 and Eq.13 the standard form of Newmark equations is obtained as Eqs.15 and 16. 

𝑢𝑢𝑡𝑡 = 𝑢𝑢𝑡𝑡−∆𝑡𝑡 + ∆𝑡𝑡𝑢̇𝑢𝑡𝑡−∆𝑡𝑡 + (1
2
− 𝛽𝛽)∆𝑡𝑡2𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 + 𝛽𝛽∆𝑡𝑡2𝑢̈𝑢𝑡𝑡 (15) 

𝑢̇𝑢𝑡𝑡 = 𝑢̇𝑢𝑡𝑡−∆𝑡𝑡 + (1 − 𝛾𝛾)∆𝑡𝑡𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 + 𝛾𝛾∆𝑡𝑡𝑢̈𝑢𝑡𝑡−∆𝑡𝑡 (16) 

Displacements, velocities, and accelerations of each node of the system are obtained by iteration of the last two 
equations by the time. 

2.5. Shear Building Analysis 

The type of structure that is expected to move only horizontally under various static or dynamic loads without 
rotation of a horizontal section on the floor level is called Shear Building. It’s also a type of idealization of a 
building to resist only shear forces without any bending as shown in Figure 4. 

 

Figure 4. Shear building system example 

This method is a quick method for determining the dominant period of structures. It is based on calculating the 
mass and stiffness of each floor separately and obtaining the general mass and stiffness matrices of the structure. 
The mass and stiffness matrices of a 5-storey shear structure like shown in Figure 4 are written as Eqs.17 and 18, 
respectively [14]. 
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𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠 =

⎣
⎢
⎢
⎢
⎡
𝑚𝑚1
0
0
0
0

       

0
𝑚𝑚2
0
0
0

       

0
0
𝑚𝑚3
0
0

       

0
0
0
𝑚𝑚4
0

       

0
0
0
0
𝑚𝑚5⎦

⎥
⎥
⎥
⎤
 (17) 

𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 =

⎣
⎢
⎢
⎢
⎡𝑘𝑘1 + 𝑘𝑘2
−𝑘𝑘2

0
0
0

       

−𝑘𝑘2
𝑘𝑘2 + 𝑘𝑘3
−𝑘𝑘3

0
0

       

0
−𝑘𝑘3

𝑘𝑘3 + 𝑘𝑘4
−𝑘𝑘4

0

       

0
0
−𝑘𝑘4

𝑘𝑘4 + 𝑘𝑘5
−𝑘𝑘5

       

0
0
0
−𝑘𝑘5
𝑘𝑘5 ⎦

⎥
⎥
⎥
⎤

 (18) 

Here, 

𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠: System mass matrix 

𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠: System stiffness matrix 

𝑚𝑚𝑖𝑖: Total mass of i floor 

𝑘𝑘𝑖𝑖: Total stiffness of i floor 

2.6. Wide Column Analysis 

A wide column is an easy method to analyze structure without using shear wall formulations. It depends on 
replacing the shear wall with a wide column that has the same rigidity and mass as the shear wall and places 
rigid beams at each floor level as shown in Figure 5. 

 
Figure 5. Wide column system example 

3. RESULTS AND DISCUSSION 

In this section, some examples will be solved dynamically using YAY2020 and compared with SAP2000. 

3.1. Shear Wall-Frame Structure 

A 3-storey 4-span shear wall-frame structure is analyzed by YAY2020 (Figure 6). All storey heights are ℎ =
350 𝑐𝑐𝑐𝑐 and span distance 𝐿𝐿 = 300 𝑐𝑐𝑐𝑐. Shear walls are located between the 3rd and 4th axes. The properties of 
all frame elements are the same and they are square in shape. Frame elements cross sectional-area 𝐴𝐴 =
2500 𝑐𝑐𝑐𝑐2, Modulus of elasticity 𝐸𝐸 = 13025000 𝑁𝑁/𝑐𝑐𝑐𝑐2, a moment of inertia 𝐼𝐼 = 520833.33 𝑐𝑐𝑐𝑐4 and mass 
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per unit volume 𝜌𝜌 = 0.00025 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐3. Shear wall elements have the same modulus of elasticity and mass per 
unit volume of frame elements. Shear wall elements thickness 𝑡𝑡 = 50 𝑐𝑐𝑐𝑐 and Poisson ratio ʋ = 0.2. A 1000 𝑁𝑁 
single loads applied on the top-left and top-right points of the structure. Figure 7 shows the results of the time 
history analysis of the shear wall-frame structure as a displacement-time graph of joint 20 in x-direction under 
the Chūetsu 6.6 magnitude earthquake which happened in Japan in 2007. The obtained modal analysis result by 
YAY2020 and Sap2000 are given in Table 2. The table shows that YAY2020 can find 45 modes meanwhile; the 
SAP2000 can just find 30 modes. 

 

Figure 6. Shear Wall-Frame Structure 

 
Figure 7. Shear wall-frame structure displacement-time graph 
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Table 2. Modal analysis of the shear wall-frame structure 

SAP2000 – Modal analysis YAY2020 - Modal analysis 

Mode Period Frequency Angular 
frequency Eigenvalues Mode Period Frequency Angular 

frequency Eigenvalues 

No sec cyc/sec rad/sec rad2/sec2 No sec cyc/sec rad/sec rad2/sec2 
1 0.23965 4.17 26.22 687.40 1 0.2365 4.23 26.56 705.65 
2 0.06172 16.20 101.80 10363.00 2 0.0798 12.52 78.69 6191.98 
3 0.05064 19.75 124.09 15397.00 3 0.0554 18.06 113.45 12871.27 
4 0.04506 22.19 139.45 19446.00 4 0.0488 20.50 128.78 16583.93 
5 0.04456 22.44 141.01 19884.00 5 0.0415 24.11 151.47 22943.98 
6 0.04011 24.93 156.66 24543.00 6 0.0407 24.55 154.25 23794.06 
7 0.03809 26.26 164.97 27214.00 7 0.0392 25.54 160.45 25745.63 
8 0.03180 31.45 197.59 39040.00 8 0.0339 29.47 185.19 34296.32 
9 0.02797 35.75 224.64 50464.00 9 0.0327 30.63 192.44 37032.71 

10 0.02589 38.63 242.71 58910.00 10 0.0312 32.00 201.09 40436.20 
11 0.02038 49.06 308.24 95012.00 11 0.0306 32.65 205.15 42087.69 
12 0.01981 50.49 317.24 100640.00 12 0.0293 34.14 214.49 46007.44 
13 0.01924 51.99 326.64 106690.00 13 0.0254 39.32 247.06 61039.49 
14 0.01721 58.12 365.16 133340.00 14 0.0239 41.77 262.47 68888.93 
15 0.01717 58.25 365.99 133950.00 15 0.0223 44.82 281.64 79322.14 
16 0.01715 58.31 366.35 134220.00 16 0.0206 48.59 305.32 93219.59 
17 0.01605 62.30 391.42 153210.00 17 0.0192 52.08 327.24 107082.83 
18 0.01513 66.09 415.27 172450.00 18 0.0175 57.20 359.39 129157.94 
19 0.01470 68.01 427.32 182600.00 19 0.0170 58.82 369.58 136591.09 
20 0.01435 69.68 437.82 191680.00 20 0.0164 61.11 383.95 147418.32 
21 0.01432 69.85 438.85 192590.00 21 0.0146 68.61 431.06 185811.85 
22 0.01315 76.04 477.78 228270.00 22 0.0142 70.38 442.20 195536.48 
23 0.01285 77.80 488.82 238950.00 23 0.0137 72.90 458.03 209794.57 
24 0.01248 80.15 503.61 253630.00 24 0.0135 74.33 467.02 218111.60 
25 0.01247 80.18 503.79 253810.00 25 0.0127 78.71 494.52 244554.70 
26 0.01197 83.54 524.89 275510.00 26 0.0127 79.05 496.68 246693.99 
27 0.01120 89.26 560.86 314560.00 27 0.0119 83.72 526.05 276732.32 
28 0.01105 90.50 568.64 323360.00 28 0.0112 89.25 560.75 314445.91 
29 0.00981 101.96 640.62 410400.00 29 0.0110 91.19 572.95 328270.69 
30 0.00859 116.48 731.88 535640.00 30 0.0104 96.59 606.92 368355.92 

     31 0.0103 96.81 608.31 370036.87 
     32 0.0097 102.68 645.13 416195.93 
     33 0.0090 110.94 697.06 485895.27 
     34 0.0085 117.96 741.16 549313.12 
     35 0.0083 120.35 756.16 571784.18 
     36 0.0075 134.11 842.62 710005.68 
     37 0.0072 138.05 867.40 752382.60 
     38 0.0066 152.30 956.93 915721.14 
     39 0.0059 168.39 1058.01 1119385.88 
     40 0.0051 196.84 1236.81 1529695.64 
     41 0.0050 200.00 1256.63 1579119.41 
     42 0.0048 206.24 1295.86 1679246.66 
     43 0.0048 208.54 1310.32 1716941.94 
     44 0.0043 230.93 1450.97 2105302.50 
     45 0.0033 300.63 1888.88 3567881.43 
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3.2. Period-Based Comparison of Shear Building and Wide Column 

A 5-story planar shear wall-frame system which is shown in Figure 4 adopted to study.  

Table 3. Period analysis-based comparison of the normal FEM, shear building, and wide column methods 

Mode 
number 

Normal FEM Wide Column Shear building 
YAY2020 SAP2000 YAY2020 SAP2000 YAY2020 SAP2000 

1 0.48545 0.49573 0.47530 0.50270 0.50559 0.51791 
2 0.13537 0.12554 0.11294 0.12730 0.17419 0.17843 
3 0.10084 0.07821 0.07723 0.07825 0.11179 0.11452 
4 0.07569 0.07005 0.06807 0.07022 0.08861 0.09077 
5 0.06379 0.06517 0.06001 0.06517 0.07951 0.08145 
6 0.06220 0.06092 0.05429 0.06076   
7 0.05564 0.05791 0.04881 0.06001   
8 0.04458 0.04064 0.03564 0.04266   
9 0.03848 0.03692 0.03460 0.03779   

10 0.03543 0.03243 0.03135 0.03150   
Max. mode 

No. 75 50 60 40 5 5 

All floors' height is 350 cm. All elements Modulus of elasticity = 3180098.312 𝑁𝑁/𝑐𝑐𝑐𝑐2 , Poisson ratio ʋ = 0.2 
and unit volume mass of concrete 𝜌𝜌 = 0.00025 𝑘𝑘𝑘𝑘/𝑐𝑐𝑐𝑐3. All frame elements cross sectional-area 𝐴𝐴 =
2500 𝑐𝑐𝑐𝑐2 and moment of inertia = 520833.33 𝑐𝑐𝑐𝑐4 . Table 3 comparing the first system 10 periods calculated 
with normal FEM, wide column, and shear building analyzing methods. 

4. CONCLUSIONS 

In the modal analysis, YAY2020 can find more modes than SAP2000. Since SAP2000 isn't added the angular 
rotation perpendicular to the plate into the calculation of shear wall stiffness and mass matrices and the system 
mass matrix has just diagonal elements. These reasons decreased the degree of freedom of the system causing 
decreased mode's number. 

The displacement values calculated by YAY2020 are lower than those calculated by SAP2000 because 
YAY2020 uses a full stiffness matrix, which a little bit increased the rigidity of the structure.  

The modal analysis values obtained using a wide column are close to the values obtained using a regular shear 
wall. Because the wide column and shear building have the same mass and stiffness values. So, building mass 
and stiffness matrices are preserved as a whole. 
Shear building analysis quickly gives the dominant period of the structure and this value is close to the real one. 
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Abstract 
South Africa is a well-known destination for both domestic and international 
trophy hunters. Taxidermies, which are mainly located near hunting farms, 
process the carcasses of hunted animals to produce game trophies. Processing 
of skins and skulls produce effluents containing chemicals which could pose 
environmental risks. Furthermore, data about the quantity and quality of 
taxidermy effluents are scarce. This study focused on a taxidermy workshop on 
the outskirts of Tshwane, South Africa, that discharged its effluent into an 
evaporation pond known to emit bad smell. Over a two-year period, COD, 
chrome, chloride, fats and oils, sulfates, salt, pH and electrical conductivity 
were measured in the effluents from the various processes. During the same 
time period, the volumes of water used in each of the treatment processes 
were calculated. The concentrations of pollutants in the final effluent were 
determined using a mass balance approach. The concentration of major 
pollutions in the effluent were as follows: 11 035.60 mg O2/L (COD), 469.78 mg 
Cr/L, 1 635.79 mg fats and oils /L. The pH and electrical conductivity ranged 
between pH 3.2 - 7.9 and 120 - 9 741 mS/m, respectively. The volume of the 
effluent produced was ca 34 m3/a, which resulted in mass loads of 372.34 kg 
COD/a, 15.85 kg Cr/a, and 55.19 kg fats and oils/a. If these pollutants were 
discharged into a large waterbody, they would be diluted, however the high 
concentrations of COD, fats and oils, and Cr pose serious environmental risks. 
The high COD, fat, and oil concentrations below the effluent outfall would result 
in anaerobic conditions which might harm the aquatic environment. Chromium 
(III) could accumulate to toxic levels in the environment. As a result, it is 
recommended that the effluent be treated to remove fats and oils and to 
reduce COD and chromium levels.  

 
 Key words 

Taxidermy effluent, Production of animal trophies, Water pollution  

1. INTRODUCTION 

South Africa has a significant number of different wild animal species which can be hunted, making it a popular 
destination for foreign trophy hunters. According to the Professional Hunters Association of South Africa 
(PHASA) about 7 500 foreign hunters visited South Africa in 2005 [4]. Moreover, based on the results of a survey 
conducted by PHASA in 2017, 86% of trophy hunters were from the United States of America [11].  

The number of hunters was expressed as a percentage and their contribution to the South African economy through 
trophy hunting had increased to approximately R1,98 billion from R410 million in 2005 ([11],[4]). The trophies 
are produced from hunted animal carcasses, which are then processed into game trophies at a taxidermy workshop. 
For display, game trophies are usually fully tanned skins and/or mounts such as full, half, and shoulder in a lifelike 
manner. This includes the treatment of skulls (bones), horns/antlers, hooves, claws, teeth [12]. Furthermore, the 
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taxidermy industry is estimated to contribute approximately R1,5 billion towards the South African wildlife 
economy, as wildlife hunted elsewhere in Africa is also processed in South Africa [22]. 

As of 2017, there were 150 registered taxidermies in South Africa, with 80 000 trophies exported [22]. There are 
17 registered and active taxidermies in Gauteng [13]. Taxidermies that do not engage in import and export are not 
required to register with the National Department of Agriculture and Forestry, hence, the total number of 
taxidermies in South Africa is unknown [15]. Effluents from taxidermies could be high in organic biodegradable 
matter, dissolved salts, oils and fat and chromium considering the treatment processes and chemicals commonly 
used to produce these trophies. These taxidermies are usually situated close to game farms, in rural areas or on the 
outskirts of cities and towns, and are not always connected to wastewater treatment plants. Considering the 
treatment processes involved in the production of game trophies, effluents from taxidermies pose serious 
environmental and health risks. The monitoring of effluent being discharged from such facilities is rarely done. 
Therefore, there is a need to establish the possible impact of taxidermy effluent on the environment and evaluation 
management options to mitigate risk. 

The taxidermy that was investigated is situated in the periphery of the City of Tshwane, in an area where there is 
no sewer reticulation system. They draw water from a borehole on their premises, which is used at their factory to 
process game trophies (skulls and skins) as well as for sanitation purposes such flushing toilets and cleaning. The 
effluent produced from the processing of skins and skulls is currently discharged into an evaporation pond. There 
is a rotten egg smell emitted from the pond, which may be the source of complaints by neighboring industries. 
This undesirable condition of the evaporation pond led to a need to investigate and evaluate other management 
options for the disposal and treatment of the effluent. 

The aim of this study was to identify the different processes used in order to characterize the quality of the effluent 
and determine the mass loads that are discharged by the taxidermy. Knowing the quality and quantity of effluent 
would assist in evaluating the associated environmental risks and suitability for discharge into the municipal sewer 
system. 

 

2. MATERIALS AND METHODS 

2.1. Taxidermy Treatment Processes 

Processing of raw game trophies, according to Figure 1, involves different treatment processes. The treatment of 
game trophies involves washing, curing, and soaking, pre-pickling, shaving and fleshing, post-pickling for all 
skins. The treatment process following pre-pickling may differ depending on the skin type to be processed either 
mount or flat skin. For flat skins, post-pickling is followed by degreasing and chrome tanning. With mounts, post-
pickling is followed by tanning without the use of chrome salts. Horns, bones and heads undergo a different form 
of treatment which is boiling in water at 30 oC to remove the remaining skin and fats after shaving, followed by 
bleaching in a bleach solution. After bleaching, the skulls are scrubbed in a solution of soap and water. This process 
is known as washing [12]. 
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Figure 1: Flow diagram of effluent generation during treatment of game trophies (heads and skins) at a 
taxidermy 

 
 
Table 1: Chemicals used in the Taxidermy treatment processes  

Process Chemicals 
Skins 

Curing Sodium Chloride 
Soaking Sodium Chloride washed out of cured hides and skins 

Detergent which was discontinued 
Pre-pickling Sodium Chloride 

Formic Acid 
Post-pickling Sodium Chloride 

Formic Acid 
Oil Tanning Sodium Chloride 

Eskatan GLH Liquid (synthetic fatliquor) 

Degreasing Bicarbonate of soda 
Gelcon PK Degreaser Conc 

Sodium chloride 
Chrome Tanning Aluminum Sulfate 

Chromosol B (chrome (III) sulfate) 
Eskatan GLH Liquid 

Lutan FN (aluminum complex salt) 
Sodium Chloride 

Skulls 
Boiling Sodium Chloride 
Bleaching Hydrogen peroxide (Bleach) 

Washing Detergent  
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2.2 Assessing the water quality of the effluent produced by the taxidermy 

Effluent samples from soaking, pre-pickling, post-pickling oil tanning, degreasing, chrome tanning, boiling, 
bleaching and washing processes were collected weekly, bi-weekly and monthly for a period of two years 

The final concentration of each parameter from the total discharge of all the processes was calculated (Equation 
1) based on the mass loads discharged (Equation 2) by the different processes and the total volume.  
 
 𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 � 𝒎𝒎𝒎𝒎

𝑳𝑳
 � = 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒑𝒑𝒑𝒑𝒑𝒑 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂,𝒎𝒎𝒎𝒎

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒑𝒑𝒑𝒑𝒑𝒑 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂,𝑳𝑳
  ………................................. (1) 

The mass load was calculated as follows: 
𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒐𝒐𝒐𝒐 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅, 𝒎𝒎𝒎𝒎

𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂
=  𝑪𝑪𝑷𝑷 𝒙𝒙 𝑽𝑽𝑷𝑷  …............................…………….……(2) 

CP = average concentration of a parameter, mg/L, discharged from a process 
VP = average volume discharged from a process, L/annum 
or expressed in kg/annum: 
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒊𝒊𝒊𝒊 𝒌𝒌𝒌𝒌

𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂
= 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 𝒊𝒊𝒊𝒊 𝒎𝒎𝒎𝒎

𝟏𝟏𝟏𝟏𝟔𝟔
  ……….........................................................................……...............................(3) 

 

2.3 Calculation for the volume of effluent produced by the taxidermy 

Processing of the skins and skulls were done in batches. The volume of effluent discharged per cycle of taxidermy 
treatment process was done by measuring the dimensions of each container (or bath) used in a unit process.  The 
height of liquid that would be remaining within the bath after the treatment was then used to determine the volume 
to be discharged. The frequency of discharging the liquors into the evaporation dams varies from process to 
process. Soaking liquors are discharged after 24 hours, pre-pickling and post pickling could be discharged once in 
6 months and sometimes once a year, oil tanning liquor is discharged at a similar frequency as the pickling process 
liquors, degreasing liquor is discharged after 24 hours and chrome tanning once in two weeks to a month. 

The following calculations was used to determine the effluent discharged π x r 2 x h and (L x W) x h.  

 

2.4 Sample analysis 

Methods used to analyse the parameters of concern 

Determination of Ammonia, Chlorides Orthophosphates and Sulphates 
Standard Methods for the Examination of Water and Wastewater (APHA., 2012: 2-34, 4-110, 4-76, 4-153, 4-191) 
Thermo Scientific Aquakem 250 Instrument 
Determination of Chromium and Sodium 
Optical Emission Spectrometer 5300 DV Instrument, Standard Methods for the Examination of Water and 
Wastewater (APHA., 2012: 3-69,97) 
Determination of Chemical oxygen demand   
Open Reflux Method (APHA., 2012: 5-20) 
Determination of Electrical Conductivity and Ph  
Measured onsite with a multi meter Hatch HQ40d  
Determination of Fats and Oils  
Partition-Gravimetric Method (APHA., 2012:5-45) 

 

3. RESULTS AND DISCUSSIONS 

 
3.1 Volume of water used by the taxidermy 

  
The volume of water used annually was calculated based on the dimensions and frequency of effluent discharge 
from each batch (Table 4). For the period (May 2016 - April 2018) the taxidermy processed 2 248 skins and 1 125 
skulls as shown in Figure 2.  
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Figure 2: Number of skins and skulls processed between May 2016 and April 2018 
 
 
The volume of effluent discharged into the evaporation pond was determined by the number of skins and skulls 
produced during the effluent monitoring period. Each process generated the following volume of effluent annually: 
soaking 1. 75±0.27 m3, pre-pickling 1.16±0.001 m3, post-pickling 1.02±0.001 m3, oil tanning 1.12±0.001 m3, 
degreasing 1.10±0.12 m3, chrome tanning 4.72±0.37 m3, boiling 16.86±1.85 m3, bleaching 3.15±1.06 m3 and 
washing 2.86±0.31 m3 (Table 2).  
 
 
Table 2: Volume of effluent produced per annum at the taxidermy  

3.2 Assessing the water quality in each production process 

Figures 3 – 8 shows the average mass load of the parameters assessed in the effluents from the various skin/skull 
treatment processes during the sampling period. While Figure 9 – 10 show the average concentration of the pH 
and electrical conductivity measured during the sampling period. 

 

Chemical oxygen demand (COD) 

Chemical oxygen demand is defined as the oxygen required to breakdown complex organic compounds into simple 
intermediate compounds [1]. The average chemical oxygen demand concentration of the taxidermy treatment 
processes which were above 5 000 mg O2/L were as follows, pre-pickling 15 028±3 742.12 mg O2/L, post pickling 

Process Number of skins produced per annum Effluent produced per annum (m3) 

Skins 
Soaking 1 124±123 1. 75±0.27 
Pre-pickling 1 124±123 1.16±0.001 
Post-pickling 1 124±123 1.02±0.001 
Oil Tanning 337±37 1.12±0.001 
Degreasing 787±86 1.10±0.12 
Chrome Tanning 787±86 4.72±0.37 
Total for skins 1124±123 10.87±0.76 

Skulls 
Boiling 562±62 16.86±1.85 
Bleaching 562±62 3.15±1.06 
Washing 562±62 2.86±0.31 
Total for skulls 562±62 22.87±3.22 
Total for Taxidermy 1989±183 33.74±3.98 
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16 720.91±4 072.83 mg O2/L, oil tanning 23 863.21±10 610.51 mg O2/L, degreasing 23 272.38±7 937.81 mg O2/L, 
chrome tanning 21 799.40±10 071.66 mg O2/L, boiling 8 479.16±3 432.09 mg O2/L, bleaching 6 307.42±5 707.74 
mg O2/L and washing 5 974±3 124.07 mg O2/L. The calculated COD concentration in the effluent would be 11 
035.60 mg O2/L with a mass load of 372.34 kg O2/a. The highest COD mass loads in Figure 3 were from, the 
Boiling (142.96 ± 57.87kg O2/a), Chrome Tanning (102.91 ± 47.55 kg O2/a), and processes. 

 
Figure 3: Chemical oxygen demand mass load, kg O2/a, for the skin/skull treatment process 

The high concentrations were due to the chemicals added as well as the physical properties of the skins and skulls.The high 
COD was mainly due to the skulls as they were boiled with some fat attached to them. The oils and fats originated from 
processing of skulls and skins. 

The skins were soaked in Eskatan GLH solution during chrome and oil tanning processes. Eskatan GLH is known 
as a synthetic fatliquor or tanning oil ([20],[ 7]). The COD in the pre and post pickling process was mostly caused 
by the use of formic acid, which is used to preserve the skins and to prepare them for the tanning processes [3]. 
The degreasing solution contains organic solvents or surfactants (Gelcon PK Degreaser) which composed of non-
ionic tensides and hexylene glycol. The function of a degreaser is to remove fats and oils from the skins. Because 
of the degreasing of the skins, the liquors from this process will contain a high chemical oxygen demand 
concentration [5]. 

 

Nitrogen compounds (Ammonia and Nitrate/Nitrite) 

Nitrogen within tanning effluents exists as ammonia and nitrate/nitrite emanating from protein material found in 
hides [18].  

Ammonia 

The soaking process had the highest ammonia concentration and mass load, at 74.73 ±28.29 mg N/L and 0.13±0.05 
kg N/a, respectively, whereas the other treatment processes had concentrations of less than 1 mg N/L. The 
calculated final ammonia concentration was 3.95 mg N/L with a total mass load of 0.13 kg N/a. 

The high ammonia concentrations in the soaking process (74.73±28.29 mg N/L) could be due to traces of urine, 
dung and soluble proteins on the game trophy skins. Reference [8] revealed in their study that ammonia is caused 
by urine on the hides/skins in the effluent of soaking process 

Nitrate/Nitrite 

The nitrate/nitrite concentration during soaking, pre-pickling, post-pickling, oil tanning, degreasing, chrome 
tanning, boiling, bleaching and washing was found to be less than 1 mg N/L. The calculated final nitrate/nitrite 
concentration was 0.15 mg N/L with a mass load of 0.01 kg N/a.  

Ortho-phosphate 

Ortho-phosphate is most commonly found in detergents, which are widely used in taxidermy effluent treatment 
processes. As shown in Figure 4, orthophosphate mass loads were all less than 1 kg P/a while the ortho-phosphate 
concentration for the skin treatment processes which was above 8 mg P/L were: soaking 18.64±5.63 mg P/L, pre-
pickling 17.61±1.28 mg P/L, post-pickling 29.23±25.87 mg P/L, for skins, while for skulls it was from the boiling 
15.18±5.82 mg P/L. With a mass load of 0.35 kg P/a, the calculated orthophosphate concentration in the effluent 
was found to be 10.28 mg P/L. 
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Figure 4: Ortho-phosphate mass load in (kg P/a) for the skins/skull’s treatment processes 

Soaking and the two pickling processes were the major contributors of ortho-phosphate (from the detergents) to 
the taxidermy effluent. When the remaining flesh, fats, and oil from the skulls were removed by boiling them in 
water, a broth was formed. Because bones contain high concentrations of phosphate, this broth contained high 
phosphate. This was showed in an experiment conducted by Dalby to determine the mineral content of two bones, 
which yielded the following phosphorus results: 8.9 mg / 240 mL and 12.5 mg / 240 mL [14]. 

 

Chloride 

The chloride in the tanning process liquors yielded the following results for skin treatment: soaking 16 799.33±1 
971.62 mg Cl-/L, pre-pickling 20 694.31±2 282.51 mg Cl-/L, post pickling 20 733.91±2 409.61 mg Cl-/L, 
degreasing 16 171.03± 1 595.79 mg Cl-/L, oil tanning 18 938.72±2 181.49mg Cl-/L, chrome tanning 16 073.00 ± 
5 342.62 mg Cl-/L, while the concentrations for boiling in skull treatment was 1 313.87±566.43 mg Cl-/L, 
bleaching 295.39±488.90 mg Cl-/L and washing 76±27.61 mg Cl-/L which were all above the discharge limit of 
69 mg Cl-/L for chloride. With a mass load of 209.92 kg Cl-/a, the calculated chloride concentration in the effluent 
was 6 222.46 mg Cl-/L. Figure 5 shows that the highest chloride mass load was 73.14 kg Cl-/a, which was achieved 
through Chrome tanning. 

 
Figure 5: Chloride mass load in, kg Cl-/a, for the skins/skull’s treatment processes 

The use of sodium chloride throughout the taxidermy treatment processes has resulted in the high chloride 
concentration in the final effluent. The high chloride in effluent is of concern because it is not removed during 
biological wastewater treatment processes, resulting in high chloride concentration in the effluent discharged into 
the receiving water bodies [1]. High chloride has a negative impact on the receiving water bodies as it inhibits the 
growth of plants, bacteria and fish due to cell structure breakdown. Water containing high chloride concentrations 
cannot be used for irrigation since surface salinity will increase due to evaporation, resulting in a decrease in crop 
yields [19]. 

 

Sodium 

The sodium analysis results for the treatment processes which were above the limit of 300 mg Na+/L were: soaking 
15 125.97±3 442 mg Na+/L, pre-pickling 27 279.79±4 774.97 mg Na+/L, post-prickling 28 737.55±4 462.02 mg 
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Na+/L, oil tanning 21 916±2 737.75 mg Na+/L, degreasing 24 492.65±4 186.35 mg Na+/L, chrome tanning 22 
711.49±4 466.81 mg Na+/L and boiling 1 043.25±592.57 mg Na+/L. The calculated sodium concentration in the 
effluent was 7 834.91 mg Na+/L with a mass load of 264.35 kg Na+ /a. Figure 6 shows the highest sodium mass 
load of 107.22 kg Na+ /a, which was achieved through Chrome tanning. 

 
Figure 6 Sodium mass loads, kg Na+ /a, for the skins/skulls treatment processes 

Sodium chloride is widely used in the taxidermy treatment processes, resulting in an increase in the total sodium 
concentration in the final taxidermy effluent. 

 

Sulfates 

The sulfate analysis results obtained above 1 800 mg SO4
2-/L for treatment processes were as follows:  pre-pickling 

2 370.23±780.76 mg SO4
2-/L, post pickling 2 179.45±1 529.06 mg SO4

2-/L, oil tanning 3 812.67±292.58 mg SO4
2-

/L, degreasing 1 978.37±1 587.01 mg SO4
2-/L chrome tanning 7 592.52±2 060.39 mg SO4

2-/L. The sulfates 
concentration in the effluent was calculated to be 1 580 mg SO4

2-/L. From Figure 7, the highest sulfates mass load 
was 35.84±9.72 kg SO4

2-/a achieved from chrome tanning. The calculated sulfates mass load was 53.44 kg SO4
2-

/a. 

 
Figure 7: Sulfates mass loads, kg SO42-/a, for the skins/skull’s treatment processes 

The presence of sulfates in tanning effluents is due to the use of chrome (III) sulfate as a tanning agent during 
chrome tanning [18]. Both these ion salts are problematic for treatment of effluents which contain them. The 
conversion of sulfates to hydrogen sulfide can result in the corrosion of metal components of the sewer line 
conveying the effluent containing hydrogen sulfide, as well as erosion of the sulfate resistant concrete sewer system 

 

Total Chromium 

Pre-pickling (18.5±2.08 mg Cr/L), degreasing (2.63±1.26 mg Cr/L) and chrome tanning (3 352.55±750.22 mg 
Cr/L) were the only treatment processes that contained chromium. With a mass load of 15.85 kg Cr/a, the 
calculated concentration was 469.78 mg Cr/L. 

The use of chrome (III) sulfate has contributed to the presence of the high concentration of chrome (III) in the final 
effluent. Chrome (III) is highly stable and easily adsorbed onto soil particles when the pH is less than 4, whereas 
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chrome (VI) is simply mobilized in acidic and alkaline soils [17]. In soils that are alkaline, chrome (III) will not 
be absorbed and can pollute groundwater. Chlorination of water containing chrome (III) can cause the oxidation 
of chrome (III) to results into the more toxic chrome (VI) in areas where groundwater is the primary water source 
[10]. 

 

Total Fats and Oils 

Fats and oils were detected in the following processes: oil tanning 10 528±4 434.51 mg/L, chrome 3 962±1 576.89 
mg/L, boiling 1 788.13±570.11 mg/L and bleaching 1 157.53±1 170 mg/L. Mass load and effluent concentration 
were 55.19 kg/a and 1 635.79 mg/L, respectively. The highest mass load in Figure 3.8b was from the boiling ca 
18.70 kg/a. 

 
Figure 8: Total Fats and Oils in kg/a, for the skins/skull’s treatment processes 

During the tanning process, natural oils and grease are released from within the skin structure [8]. Some fatty 
substances maybe produced through inter-reaction when effluents are mixed. While some processes such as oil 
tanning and chrome tanning make use of synthetic fatliqours these also contribute towards the fats and oils in the 
final effluent. 

 

pH  

The pH values ranged between pH 3.2 and 7.9 (Figure 3.9). The pH values for each process were as follows: 
soaking 7.12±0.36, degreasing 7.17±0.43, pre pickling 3.18±0.12, post pickling 3.14±0.31, oil tanning 3.4±0.18, 
chrome tanning 3.19±0.28, boiling 7.00±0.51, bleaching 7.59±0.5 and washing7.92±0.43. 

 

Figure 9: pH for the skins/skull’s treatment processes 

The pH values for each process differed due to the use of acids, bases and other chemicals, which impacted the 
pH values of the treatment processes. Soaking is used to rehydrate the skin to prepare for tanning, while formic 
acid is used to preserve the skins and prevent degradation. Chrome salts, such as chromium (III) sulfate, are best 
absorbed into the skins in acidic conditions. To achieve neutral pH values, chemicals which may affect the pH of 
the skin are not added during soaking [8]. Acidic liquors were present in the following processes: pre-pickling pH 
3.18±0.12, post-pickling pH 3.14±0.31, oil tanning pH 3.4±0.18, and chrome tanning pH 3.19±0.28, while the 
other processes had near neutral pH values. 
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Electrical conductivity 

The electrical conductivity measured for the soaking process was 5 631.16±1 243.93 mS/m, pre-pickling 9 678±1 
602.48 mS/m, post pickling 9 741.55±1 478.01 mS/m, oil tanning 7 320±1 035.06 mS/m, degreasing 7 667.59±1 
177.73 mS/m, chrome tanning 7 240.50±891.72 mS/m, boiling 835.72±343.12 mS/m, bleaching 154.17±45.98 
mS/m and washing 120±27.11 mS/m.  

 
Figure 10: Electrical conductivity in mS/m for the skins/skull’s treatment processes 

Borehole water is used to make solutions which are used in taxidermy treatment processes. The electrical 
conductivity in the treatment process was increased due to the use of sodium chloride and other salts when 
preparing the treatment solutions [8]. 

 

Table 3: Calculated final effluent concentrations discharged from the taxidermy 

 

Parameter 

Calculated effluent 
concentrations 

discharged by the 
taxidermy (mg/L) 

Limits set by 
City of Tshwane 

(mg/L) 

Mass load 
discharged by the 
taxidermy (kg/a) 

Ammonia (mg N/L) 4 25 0.13 

Chemical Oxygen Demand (mg O2/L) 11 035.6 600 – 5 000 372.34 

Chloride (mg Cl-/L) 6 221.62 69* 209.92 

Chrome (Total), Cr3+) (mg Cr/L)  469.86 20 15.85 

Ortho-phosphate (mg P/L) 10.28 10 0.35 

Fats and Oils (mg/L) 1 635.79 500 – 2 000  55.19 

Sulfates (mg SO42-/L) 1 580 1 800 53.44 

Sodium (mg Na+/L) 7 835.95 300 264.35 

* Chloride limit determined by designated wastewater treatment works inflow chloride concentration. 

All parameters have relatively low mass loads (Table 3) and will be diluted if treated in a large wastewater 
treatment plant, which treats 85 ML/d. However, permission to discharge the effluent into the municipal sewer 
line still remains the prerogative of the municipality while taking into consideration the long-term impact of such 
effluents. 

The concentration of ammonia was within the City of Tshwane's permissible limits of 25 mg N/L [9] for effluent 
discharge from the taxidermy, whereas the other parameters such chemical oxygen demand with a concentration 
of 11 035.60 mg O2/L, Chrome (Cr3+) with 469.86 mg Cr/L, Chloride with 6 221.62 mg Cl-/L and Sodium with 7 
834.91 mg Na+/L were not within the permissible limits for discharge into the sewer line as shown in Table 3. 

The COD in the taxidermy effluent was found to be quite high (approximately 11 000 mg O2/L), some of the 
chemical compounds used in taxidermy are known to be unbiodegradable. Particularly synthetic fat liquoring 
compounds, such as Eskatan GLH, are known to have low biodegradability [16], reducing the efficiency of 
biological treatment processes. 
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Because of the high COD concentration in the effluent, it may be possible to treat it using a biological process. 
However, due to the relatively small volumes of wastewater generated in taxidermy, treatment in an on-site system 
would be possible. On-site treatment systems have low capital expenditures for new infrastructure and low 
operational costs for maintenance [21]. Consequently, septic tanks with French drains and fenced-off treatment 
ponds are the most often used on-site treatment systems in South Africa currently. 

 

4. CONCLUSIONS 

The taxidermy investigated was a medium sized facility which produced less than 2 000 trophies per annum, and 
discharged an estimated effluent of 33.7 m3/a. Several of the treatment processes in the taxidermy produced highly 
polluted effluents, which could pose serious risks for groundwater pollution. The effluent contained high 
concentrations of COD with a concentration of 11 035.60 mg O2/L, Chrome (Total), (in the form of Cr3+) at 469.86 
mg Cr/L, Chloride at 6 222 mg CL-/L, Ortho-phosphates at 10.28 mg P/L, Fats and oils at 1 635.79 mg/L and 
Sodium at 7 835 mg Na+/L.   

It is recommended that these pollutants are removed before discharge into the environment or an alternative would 
be applying for permission to discharge into a municipal sewer and complying with municipal discharge 
regulations. 

Further studies should be done to determine the most efficient and cost-effective method for discharge. 
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Abstract 
The study aims to estimate groundwater vulnerability against pollution at the 
Palas Basin (Turkey) by using geographical information system based DRASTIC 
model. A DRASTIC model integrates information for seven hydrogeological 
parameters: depth to water (D), net recharge (R), aquifer media (A), soil media 
(S), topography (T), impact of vadose zone (I), and hydraulic conductivity (C), and 
identifies spatial vulnerability. The study area, Palas Basin, is a hydrologically 
closed, agricultural basin, where groundwater is used for meeting irrigation and 
municipal water requirements. Seven hydrogeological parameters were 
combined to classify the basin into three vulnerable zones (as low, moderate, 
and high). The central part of the basin was identified to be highly vulnerable, 
while the eastern and southern parts were characterized by moderate to low 
vulnerable areas. Intensive agricultural activities, widespread in the central 
basin, create high pollution potential. This study showed that the DRASTIC 
approach provided a simple and efficient tool for evaluating groundwater 
vulnerability. The results can be used by water managers in groundwater 
management in the Palas Basin. 

 
 Key words 
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1. INTRODUCTION 

Freshwater resources are limited and not equally distributed throughout the world. Human activities and climate 
change pose direct or indirect impacts on scarce freshwater resources [1;2]. The number of countries 
experiencing water scarcity and the population that can reach sufficient amount of water decrease [3;4;5], while 
water stress increases [6;7]. It is, therefore, crucial to use existing water resources efficiently.  

Vulnerability modeling approaches can help determine how vulnerable groundwater is to various stresses. 
DRASTIC is a geographic information system (GIS) based model that can be applied to shallow groundwater 
systems [8]. In this method, it is assumed that all pollutants in the basin can infiltrate, be transported, and 
dissolved in groundwater [8]. Thus, by determining the potential effects of pollutants in the basin, regions 
susceptible to pollution can be determined. DRASTIC based vulnerability maps can be used in groundwater 
planning, especially in agricultural basins. The information obtained plays a role in planning activities such as 
water use, agricultural land use planning, animal husbandry, and fertilization. 
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In this study, we estimated groundwater vulnerability against pollution at the Palas Basin in Turkey. This basin is 
a hydrologically closed basin where intensive irrigated agriculture takes place. Irrigation and drinking water 
requirements in the basin are almost entirely met from groundwater. Agricultural activities can pose threats for 
groundwater quality. In this study, we aim to show how vulnerable is the groundwater system to pollution.   

2. METHODS 

2.1. Study Area 

This study was carried out at the Palas Basin (Figure 1). Palas Basin is an agricultural basin, located in Kayseri, 
in the Central Anatolia Region of Turkey. The basin is a hydrologically closed basin. The altitude of the region 
range from 1131 to 2119 meters, and its area is approximately 100 km2 [9]. Tuzla Lake is located to the west of 
the basin. Tuzla Lake is an ecologically important area as it is located in the junction point of routes of birds 
migrating from Asia, Europe and Africa and hosts endemic plant species [10]. A small stream, named Değirmen 
Stream, flows towards Tuzla Lake by joining two branches from Koyunabdal and Kahveci locations. The flow in 
the stream is very low and it is mostly dry during summer months. Therefore, the major water source in the basin 
is groundwater. Groundwater is used for meeting irrigation and drinking water requirements. 

Economic activities in the region are agriculture, animal husbandry, and salt extraction. Average annual air 
temperature of the Palas Basin is 11°C. The hottest month is July, where the average temperature is 20oC. In 
January, the coldest month, the average air temperature is -2.5oC. Average annual precipitation is 402 mm. [9]. 

 

 

Figure 1: Study area representation 

 

Groundwater in the Palas Basin can be vulnerable to pollution due to intensive agricultural activities taking place 
in the basin. Nitrate concentrations in groundwater are already high in some parts of the basin. Groundwater 
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levels are also decreasing as a result of intensive use of groundwater. The change in groundwater salinity can be 
a problem due to the interaction of the saline Tuzla Lake with groundwater in the region [10].  

The DRASTIC method basically uses seven hydrogeological factors to assess the susceptibility of groundwater 
to contamination. The DRASTIC parameters’ weights, defined according to Aller et al. [8], range from 1 to 5 
(Table 2). The most important parameter is given weight 5 and the least important parameter is given weight 1. 
The weights are chosen depending on the parameters affecting the spread of the pollutants. In addition, each 
parameter is divided into degrees according to its pollution potential. The degrees are determined according to 
rating classes in layers and the impact rating values of that layer are determined. Later, these layers were 
combined according to their weight values and the DRASTIC index layer is created. Mathematical equation for 
the DRASTIC index is given in Eq. 1.  

DI = ∑ (𝑊𝑊𝑖𝑖 ∗ 𝑅𝑅𝑖𝑖)7
𝑖𝑖=1                                                                                                                                                 (1)   

In Equation 1, the variable “i” denote the layers such as Depth to Water (D), Net Recharge (R), Aquifer Media 
(A), Soil Media (S), Topography (T), Impact of Vadose Zone (I), Hydraulic Conductivity (C). “W” variable is 
weighted number for each layer, “R” variable is rating number for each by "i" layer class. Finally, “DI” is the 
DRASTIC Index. The summary of the raw data sources and the operations applied for the "i" layers obtained are 
given in Table 1. Also, the weighted values and rating values selected according to the literature are given in 
Table 2. 

 

Table 1: Summary of the raw data sources and the operations applied for the DRASTIC layers 
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Table 2: Weights and ratings assigned to seven parameters used in the DRASTIC vulnerability index modelling 

 

 

3. RESULTS 

Seven hydrogeological parameters were combined to create the drastic index map for the Palas Basin. Figure 2 
presents each layer and their categories. Here, the depth to water layer is the distance of the groundwater aquifer 
from the surface. As this distance decreases, groundwater becomes more vulnerable to pollutants. Depth to water 
layer values were divided into seven categories according to Aller et. al. [8]. Another layer is the net recharge 
layer. The increase in the net recharge value in this layer means that the groundwater is more vulnerable for 
potential contamination. Net recharge values were obtained from a previously developed SWAT model and 
classified into three [11]. In this study, aquifer media is divided into 6 classes. In the aquifer media variable, 
contamination potentials may increase or decrease depending on the permeability of aquifer materials. A similar 
situation is valid for the soil media and impact of vadose zone. In the topography layer, the contamination 
potential changes depending on the slope. As the slope value increases, the leakage into the groundwater will 
decrease, so a low pollution rating value is stated. As the slope value decreases, the contamination potential 
degree increases as the water flow will go towards leakage. Finally, in the hydraulic conductivity layer, the 
increase in conductivity value is the effect that increases the potential for groundwater contamination. When the 
hydraulic conductivity value increases, the rating value of the variable class also increases. 
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Figure 2: DRASTIC layers and classes of each layer 

 

DRASTIC Index map was created by combining seven separate layers (Figure 3). In this map, a numerical 
output value was created for each grid value and these values were divided into three classes as low, moderate, 
and high vulnerability zones. 
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Figure 3: Drastic index map for Palas Basin 

 

According to Figure 3, majority of the basin is covered by moderate vulnerability class (66%). Low vulnerability 
zone covers 17% and high vulnerability zone covers 23%. However, the areas with high vulnerability are located 
in the region where agricultural activities are intense and settlements are located. This situation creates a 
potential risk for groundwater quality. Therefore, the use of chemicals such as fertilizers and pesticides in the 
region should be strictly controlled. 

4. CONCLUSION 

This study was conducted for groundwater vulnerable assessment in the Palas Basin. DRASTIC model with 
inputs for depth to water (D), net recharge (R), aquifer media (A), soil media (S), topography (T), impact of 
vadose zone (I), and hydraulic conductivity (C) were used to estimate spatial vulnerability of Palas Basin. 
Vulnerability studies reflect the potential for contamination of the region's groundwater. As a result of the study, 
approximately 23% of the groundwater in the basin was determined to be highly vulnerable to pollution. The 
data obtained in this study can be used for comparison with actual pollution values or to determine the effects of 
land use changes on the basin.  
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Abstract 
Climate change poses a major threat for sustainability of groundwater 
resources. In this study, we aimed to determine how climate change can affect 
groundwater recharge potential in the Palas Basin. Palas Basin is a semi-arid 
closed basin located in Kayseri, in the central Anatolia region of Turkey. 
Agriculture is the major economic activity in the region and groundwater is used 
extensively for irrigation purposes. In this study, we estimated potential 
groundwater recharge for the Palas Basin under two representative 
concentration pathway (RCP) scenarios (RCP4.5 and RCP8.5) projected by the 
HadGEM2-ES, MPI-ESM-MR, GFDL-ESM2M global climate models. All models 
projected a decrease in mean annual potential groundwater recharge under the 
RCP8.5 scenario. Under the RCP4.5 scenario, the trends in annual potential 
groundwater recharge were downward according to the HadGEM2-ES and MPI-
ESM-MR models but slightly positive according to the GFDL-ESM2M model. For 
the sustainability of groundwater system and agricultural activities in the basin, 
climate change adaptation strategies should be developed for the agricultural 
sector. 

 
 Key words 

Climate Change, Groundwater Recharge Potential, Palas Basin 
 

1. INTRODUCTION 

Water resources sector is among the major sectors to be affected by climate change. Changes in climatic 
conditions can affect hydrologic characteristics of both surface waters and groundwater [1;2]. These changes, in 
turn, cause other effects such as the reduction of biological diversity, water quality changes, etc.  

The effects of climate change on groundwater recharge have been investigated in a number of studies [3]. Net 
recharge and potential recharge were estimated based on climate projections. These studies showed that 
precipitation changes were mostly responsible for decreases or increases in groundwater recharge. Majority of 
the studies predicted a decrease in groundwater recharge [4;5;6;7]. Some other studies examined the effects of 
changes in evapotranspiration and land cover [7]. Increases in evapotranspiration and land cover changes, which 
increased impervious areas, also projected to cause decreases in groundwater recharge.  

Turkey is among the countries, expected to be adversely affected by climatic changes. Turkey has diverse 
climatic conditions, changing from Mediterranean along the coasts to continental in central regions. Regions 
with different climatic characteristics can respond differently to climatic changes [8]. In coastal areas, changes in 
precipitation patterns can cause changes in frequency flood events [9;10]. In central regions, where continental 
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climate prevails, decreases in precipitation can increase the frequency of droughts [10;11;12]. Previous studies 
showed that downward trends in precipitation have already been detected in central regions and these trends are 
expected to continue in the future [13]. The decreases in precipitation can affect the groundwater recharge [14]. 
The reductions in groundwater recharge, in turn, can have negative impacts on the agricultural sector and on 
groundwater-dependent ecosystems [9;10].  

In this study, we examined the changes in potential groundwater recharge due to climate change in the Palas 
Basin, Kayseri, Turkey. We estimated potential groundwater recharge by considering hydrogeological 
characteristics of the Palas Basin and precipitation projections for the future. Precipitation projections developed 
with three global circulation models (HadGEM2-ES, MPI-ESM-MR, GFDL-ESM2M) under RCP4.5 and 
RCP8.5 scenarios were used in the analyses. This study can show the sensitivity of groundwater to climate 
change in the Palas Basin and in other semi-arid regions. 

2. 2. METHODS 

2.1. Study Area 

This study was conducted in the Palas Basin, located in Kayseri, Turkey (Figure 1). The basin is a closed basin 
where the elevation changes between 1131 and 2120 m above sea level [15]. The average altitude of the basin is 
1336 meters and it covers an area of approximately 100 km2 [15]. 

 

 

Figure 1: Location and physical and topographical characteristics of the Palas Basin 

 

Figure 2 shows the geological characteristics of the Palas Basin. Mesozoic ophiolitic complex, sedimentary 
rocks, Mesozoic aged magmatic rocks, Eocene and Neogene aged sediments, Plio Quaternary clayey silty fine-
grained sediments, Quaternary slope accumulation and alluviums can be identified in the basin. In general, 
geological formations in the Palas Basin can be divided into three main groups. These are Quaternary alluviums 
in the lake and its immediate surroundings, Tertiary aged formations spread over a wide area in the east of the 
basin and Mesozoic formations located in a narrow area in the southwest of the basin. 
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Figure 2: Geological characteristics of the Palas Basin [16] 

 

The climate is semi-arid with an annual average temperature of about 11°C and the annual precipitation of 400 
mm. Surface water resources are scarce in the basin. There is a small stream, Değirmen River, flows from 
southeast to northwest and discharges into Tuzla (Palas) Lake, located to the west of the basin. In summer 
months, the stream becomes completely dry and is lost before reaching the lake. Tuzla Lake is a saline playa 
lake, fed by rainfall and surface and groundwater flows. It is the second largest saline lake in Turkey and is a 
nature conservation area due to its ecological characteristics. 

Agriculture is the major economic activity in the region and other economic activities are animal husbandry and 
salt extraction. Groundwater is the major water source used for irrigation activities. In irrigated areas, maize, 
sugar beets and vegetables are cultivated. Cereals are common in unirrigated areas. 

2.2. Estimating Potential Groundwater Recharge 

Potential groundwater recharge was estimated according to Equation 1, based on lithological classes and 
precipitation.  

R=∑ 𝑃𝑃𝐴𝐴𝑖𝑖𝐼𝐼𝑖𝑖𝑛𝑛
𝑖𝑖=1                                                                                                                                                                          (1) 

In Equation 1, R is expressed as the potential recharge (m3/year), A is the area of each lithological unit (I) (m2), P 
is the annual precipitation (m/year), n is the total number of lithological units. I represents the percolation 
coefficient for each lithological unit. The area of each lithological unit was estimated from the geological map 
given in Figure 1. The percolation coefficients for each lithological unit was estimated as given in Table 1 [16].  
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Table 1: Lithological units, their areal coverages and percolation coefficients [16] 

Lithological Class Area (km2) 

Lithological 

Percolation 

Quaternary, Alluvium 105.18 0.15 

Quaternary, Hillside Accumulation 9.15 0.05 

Pliyo-Quaternary, Pebble, Sandstone, 

Mudstone 5.62 0.10 

Neogene, Basalt 2.27 0.10 

Neogene, Unconsolidated Terrestrial 

Sediments 15.99 0.05 

Eocene, Flysch 59.64 0 

Mesozoic, Flysch 5.80 0 

Mesozoic, Ophiolitic Melange 0.13 0 

 

2.3. Climate Projections 

We obtained precipitation projections in daily timescale from the Turkish State Meteorological Service (MGM). 
MGM produced downscaled precipitation data by using input from three Global Circulation Models, GFDL-
ESM2M, HadGEM2-ES and MPI-ESM-MR, for two representative concentration pathways (RCPs): RCP 4.5 
and RCP 8.5. The data were downscaled with the RegCM4.3.4 Regional Model by MGM based on the 1971-
2000 reference period [17]. GFDL-ESM2M model is produced by Geophysical Fluid Dynamics Laboratory 
(United States) with a resolution of 2.5° × 2.0°. HadGEM2-ES model is produced by Met Office Hadley Centre 
(United Kingdom). It has resolution of 1.875° × 1.250°. MPI-ESM-MR is run by Max Plank Institute (Germany) 
with 1.865◦×1.875◦ resolution. The RCP 4.5 assumes that greenhouse gas concentration will peak around 2040, 
then decline from the mid-century, while the RCP8.5 assumes that greenhouse gas concentration increasing until 
the 21st century. The projections for the 2021-2098 period were used in the analyses. 

3. RESULTS 

In this study, potential groundwater recharge was calculated for the 2021-2098 period based on RCP4.5 and 
RCP8.5 scenarios from the HadGEM2-ES, MPI-ESM-MR, GFDL-ESM2M models. RCP4.5 was the scenario 
with lower carbon emissions on a global scale and it is the scenario, targeted globally. RCP8.5, on the other 
hand, is the scenario with higher carbon emissions and is farther from the target point.  

Below, we first present projected precipitation changes under RCP4.5 and RCP8.5 scenarios with HadGEM2-
ES, MPI-ESM-MR, GFDL-ESM2M models. Then, we discuss projected changes in potential groundwater 
recharge. 

3.1. Changes in Precipitation from 2021 to 2098  

Annual precipitation data estimated based on RCP4.5 and RCP8.5 scenarios from 2021 to 2098 with HadGEM2-
ES, MPI-ESM-MR, GFDL-ESM2M models were shown in Figure 3. 
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Figure 3: Projected annual precipitation from 2021 to 2098 

 

We estimated the trends in precipitation series using the linear regression method. According to the HadGEM2-
ES and MPI-ESM-ER models, downward trends were detected under both RCP4.5 and RCP8.5 scenarios. 
GFDL-ESM2M model estimated a slightly positive trend under the RCP4.5 scenario but downward trend under 
the RCP8.5 scenario. The trends detected for RCP8.5 scenarios with GFDL-ESM2M and MPI-ESM-ER models 
were statistically significant at the 0.01 level. 

Table 2: Trends in precipitation series and their statistical significance 

Precipitation 

RCP4.5 RCP8.5 

Trend 
(mm/year) 

P Value 
Trend 

(mm/year) 
P Value 

HadGEM2-ES -0.26 0.558 -0.75 0.126 

MPI-ESM-ER -0.80 0.062 -1.55 0.002 

GFDL-ESM2M 0.11 0.851 -1.51 0.002 

 

We also analyzed precipitation data for the 2021-2040 (near future), 2041-2070 (medium future) and 2071-2098 
(distant future) periods. Compared to the 2021-2040 period, mean annual precipitation is predicted to decrease 
by 46.9 mm (%8.67) (GFDL-ESM2M), 1.7 mm (%0.35) (HadGEM2-ES), and 25.3 mm (%5.01) (MPI-ESM-
ER) during the 2041-2070 period according to the RCP4.5 scenario. The decrease would be 0.1 mm (%0.02) 
(GFDL-ESM2M) and 42.3 mm (%9.11) (MPI-ESM-ER) from the 2021-2040 to the 2071-2098 period. 
HadGEM2-ES estimated a slight increase of 12.3 mm (%2.54) in the 2071-2098 period compared to the 2021-
2040 period. 
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According to the RCP8.5 scenario, mean annual precipitation during the 2041-2070 period would decrease by 
33.8 mm (%5.80) (GFDL-ESM2M), 29.6 mm (%5.80) (HadGEM2-ES), and 66.1 mm (%13.50) (MPI-ESM-ER) 
compared to the 2021-2040 period. GFDL-ESM2M, HadGEM2-ES and MPI-ESM-ER models predicted that the 
annual precipitation would be 82.17 mm (%14.20), 32.86 mm (%6.4), 89.9 mm (%18.40) lower from 2021-2040 
to the 2071-2098 period. As can be seen from these results, precipitation predicted with RCP8.5 scenarios are 
lower than those predicted by RCP 4.5 scenarios. 

3.2. Changes in Potential Groundwater Recharge from 2021 to 2098  

Precipitation values produced by three models, GFDL-ESM2M, HadGEM2-ES and MPI-ESM-ER, were used as 
input for estimating potential groundwater recharge under the RCP4.5 and RCP8.5 scenarios. Changes in 
potential groundwater recharge from 2021 to 2098 are shown in Figure 4. 

 

Figure 4: Potential groundwater recharge under the RCP4.5 and RCP8.5 scenarios 

 

Compared to the 2021-2040 period, mean annual potential groundwater recharge is predicted to decrease by 0.78 
hm3 (%7.42) (GFDL-ESM2M), 0.09 hm3 (%1.02) (HadGEM2-ES), and 0.44 hm3 (%4.87) (MPI-ESM-ER) 
during the 2041-2070 period according to the RCP4.5 scenario. The increase would be 0.02 hm3 (%0.23) 
(GFDL-ESM2M), 0.18 hm3 (%2.13) (HadGEM2-ES) while we expect a decrease of 0.80 hm3 (decrease %8.87) 
with MPI-ESM-ER from the 2021-2040  to the 2071-2098 period.  

According to the RCP8.5 scenario, from the 2021-2040 to the 2041-2070 period, the average annual potential 
groundwater recharge decrease would be 0.61 hm3 (5.90%) (GFDL-ESM2M), 0.62 hm3 (6.70%) (HadGEM2-
ES), and 1.11 hm3 (12.80%) (MPI-ESM-ER). In the RCP 8.5 scenario, the decrease from 2021-2040 to 2071-
2098 is 1.47 hm3 (14.20%) (GFDL-ESM2M), 0.65 hm3 (7.10%) (HadGEM2-ES), 1.50 hm3 (17.40%) (MPI-
ESM-ER). Figure 4 shows that potential groundwater recharge values in the RCP4.5 scenario in GFDL-ESM2M 
and MPI-ESM-ER projections are higher than those in the RCP8.5 scenario. 

We estimated the trends in annual potential groundwater recharge using the linear regression method. According 
to the data obtained from the HadGEM2-ES and MPI-ESM-ER models, downward trends were detected both 
under the RCP4.5 and RCP8.5 scenarios. GFDL-ESM2M model estimated a slightly positive trend under the 
RCP4.5 scenario but downward trend under the RCP8.5 scenario. The trends detected for the RCP8.5 scenario 
with GFDL-ESM2M and MPI-ESM-ER models were statistically significant at the 0.01 level. 
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Table 3: Trends in annual potential groundwater recharge series and their statistical significance 

Potential 
Recharge 

RCP4.5 RCP8.5 

Trend 
(m3/year) 

P Value 
Trend 

(m3/year) 
P Value 

HadGEM2-ES -4063 0.572 -14767 0.087 

MPI-ESM-ER -13901 0.092 -25580 0.002 

GFDL-ESM2M 2999 0.784 -26828 0.002 

 

4. CONCLUSIONS 

In this study, we used precipitation projections from three different global circulation models – GFDL-ESM2M, 
HadGEM2-ES and MPI-ESM-ER, to understand how potential groundwater recharge can change in a semi-arid 
agricultural basin from 2021 to 2098. The analyses were based on two RCP scenarios; RCP4.5 and RCP8.5. 
RCP4.5 scenario can be defined as a scenario where the factors triggering global warming are more under 
control. Two models HadGEM2-ES and MPI-ESM-ER projected a downward trend in potential groundwater 
recharge values from 2021 to 2098 under the RCP4.5 scenario. Only GFDL-ESM2M model projected a slight 
upward trend under the RCP4.5 scenario. RCP8.5 scenario assumes a situation where the factors triggering 
global warming are more intense. Under the RCP8.5 scenario, the annual potential groundwater recharge values 
went down from 2021 to 2098 and the downward trends were much stronger than the ones detected with the 
RCP4.5 scenario.   

As a result, potential groundwater recharge is expected to decrease in the Palas Basin. A reduction in potential 
groundwater recharge means that groundwater to be used for agricultural purposes will become more limited. 
This situation can have social and economic consequences for the region. Groundwater is also important for the 
Tuzla Lake ecosystem. A decrease in precipitation and groundwater recharge can have adverse effects on the 
hydrological and ecological characteristics of Tuzla Lake ecosystem.  

In order to maintain the hydrological balance in the region under changing climatic conditions, measures should 
be taken to reduce water use in irrigation. This can be achieved by changing irrigation technologies and crop 
types or using different irrigation scheduling and water saving technologies. The results obtained in this study 
can be helpful for more comprehensive studies such as net recharge calculation, surface water modeling, socio-
economic modeling. 
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Abstract 
The design and materials used for large-caliber ammunition containers significantly effect 
on its shelf-life, safety and functional reliability during the handling and storage process. 
All ammunition containers should protect the ammunition in the required operating 
environment during extreme weather conditions, in terms of water resistance and 
protection from corrosion and fungi, and ammunition inside of the container needs to 
withstand all shocks caused during handling and transport. There are significant 
differences in the design, construction and materials used for the containers of NATO 
concept and ammunition containers of Eastern concept. The basic differences between 
these two concepts are reflected in the degree of protection of ammunition during 
extreme changes in temperature and relative humidity in ammunition storage and inside 
of containers. The NATO concept of ammunition container is consisted of outer and inner 
lining, where outer lining is usually made of wood or steel sheet. The inner lining protects 
the contents from the influence of environmental parameters (temperature, relative 
humidity). The Eastern concept of a large-caliber ammunition containers usually does not 
have an inner lining. The aim of the experimental research carried out in four different 
containers, was to identify and analyze the degree of variations in temperature and 
relative humidity in ammunition containers of NATO and Eastern concept during the 
storage, depending on the change of seasons. Using a Tiny tag Plus TGIS-1580 data logger, 
the changes in temperature and relative humidity were measured, inside and outside of 
ammunition magazine, inside the ammo box and inside of fiber container. Experimental 
research showed large influence of the design of outer and inner lining of ammunition 
containers on the variation of environmental parameters. Since the ammunition is 
expensive and tends to have a longer shelf life, it is necessary to implement NATO concept 
of ammunition containers on ammunition packaging of the Eastern concept 

 Key words 
Ammunition, Shelf-life, Storage, Measurement, Packaging, Fiber container, 
Environmental parameters 

1. INTRODUCTION 

At the end of 20th century, drastic changes were made in political and military relations between the great powers 
in the World, resulted in the number of a new conflicts, some of which continued to last with varying intensity. 
These conflicts are characterized by a mass use of large caliber ammunition, where ammunition is transported by 
all available means of transport (road, air, sea, rail etc.), stored in the open air or earth covered magazines, on 
different climatic and geographical locations. In such conditions, it is extremely important to know and respect all 
parameters that can affect the shelf-life of ammunition, and to ensure that ammunition and explosives (AE) are 
fully ready and safe for potential transport, handling and use of the same.  
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One of the main and most influential parameters that affect the safety of AE and its storage, are environmental 
parameters, because temperature and relative humidity of the air in ammunition magazine have significant impact 
on the condition and overall life of ammunition. Climatic changes, through large oscillations of daily temperatures 
and relative humidity, whose values deviate from the set of safety standards, directly effect on the process of 
ammunition performance degradation, performance of propellants in propellant charges, explosives in warheads 
and pyrotechnic components and igniter systems.  

The issue of ammunition maintenance is a very important and every effort should be made to ensure safe conditions 
prevail in the process of storage and transportation, because factors as higher temperature, rain, dampness and 
humidity can cause enormous damage to AE in a very short time [1]. If the manufacturers’ environmental 
conditions are not met, the performance of explosives will be unpredictable and the safety will be reduced [2]. 
From financial side, aspect of ammunition storage is significant, since about 50 % of the total costs for the process 
through which the ammunition goes (design, production, storage and demilitarization), is necessary for AE storage. 
But more often the importance of adequate storage is being neglected. Unfavorable condition for AE storage, with 
significant temperature fluctuations and high relative humidity for a longer period of time, can also cause a drastic 
shortening of ammo life and the need to use it as quickly as possible. The service life of such ammunition in the 
new real storage conditions is no longer as prescribed by the manufacturer. The issue of maintaining such 
ammunition has become essential. The need for periodic inspection and inspection of ammunition has become one 
of the vital activities of modern Armies focused not only on safety, reliability and performance functionality, but 
also on issues of operational status of ammunition in low-intensity wars. 

1.1. The effects of air temperature and relative humidity on ammunition  

Ambient air temperature does not necessarily mean that is also the temperature of ammunition, temperature of 
explosive substances in warheads, rocket motors or propulsion charges in cartridge. This is particularly the case 
when the ammunition is stored and used in dessert areas, where solar radiation significantly increases local 
temperature on some parts of ammunition [3]. Storage of AE on air temperature of 60 or 70°C in dessert has totally 
different effect than storage in the magazine at 15 ˚C temperature in Central Europe [4]. Experience from the use 
of ammunition in the combat conditions showed that if ammunition prepared for combat use, stored outdoors for 
a longer time, under the strong influence of solar radiation, it can in some cases reach temperature on lancer up to 
100°C or ammunition inside of tanks and armored fighting vehicles without air conditioning can reach 90°C [3].  

Recommended temperature in the storage should be in the range 5 do 25°C. In the situation of storing AE for a 
longer period, it is necessary to take into account the temperature values are not the same during summer and 
winter period, and there are differences in daily values. Temperature values, lower and higher than standard, can 
have a very negative effect on the structure and performance of AE in the storage. Very low temperature are not 
as objectionable as higher ones, but explosive that contain nitroglycerin can become dangerous at very low 
temperature or it can change physical properties of material of which explosive is composed. Higher air 
temperature can intensify degradation reaction of certain components inside of explosive matters and reduce 
ballistic performance or cause chemical degradation of material and appearance of gases causing cracks of 
propellant [5]. Increasing the temperature for about 10°C above the recommended temperature of 25°C, can 
generally speed up chemical reactions by 2 to 3 [6].  

Impact of the humidity can be very complex and significantly depends on the air temperature. Higher relative 
humidity can cause ammunition damage and lower humidity causes static electricity for some type of stocks. The 
penetration of moisture through the hermetic systems in complex projectiles can cause failures of the functions of 
vital components, causing chemical reactions in ignition systems based on aluminum and magnesium. In 
ammunition packaging systems or in the case of poor packaging, the free moisture released during the daily 
temperature cycle can cause long-term corrosion of the metal components of the ammunition and thus reduce the 
functional capability of the ammunition in combat use. The physical effects of the influence of temperature changes 
during diurnal temperature cycling and high temperatures in the warehouse can cause the appearance of high stress 
states and the appearance of cracks in the zones of contact of explosive matter with the ammunition structure [5]. 

Contemporary research of the impact of environmental parameters on the condition of ammunition have shown 
that it is no longer enough to read the temperature once a day, but it is necessary to continuously monitor the 
temperature and humidity inside the ammunition packages. In this way, the precise data, necessary for estimating 
the remaining life of ammunition, are obtained [5]. This is based on significant deviations in the measurement of 
real air temperature during the daily cycle in comparance to the measurement of a long-term mean temperature 
over time for a given storage location. In addition, a very important factor is the monitoring of temperature and 
humidity within the ammunition packages themselves, as this provides more accurate data necessary to estimate 
the remaining life of the ammunition. 
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Since ammunition may deteriorate or become damaged unless it is correctly stored, handled and transported, with 
the result that it may fail to function as designed and become dangerous for storage, transport and use [5, 7], 
therefore it is important to know environmental conditions where the ammunition is stored, considering important 
parameters as actual atmospheric parameters outside the magazine over a longer period of time, parameters inside 
the magazine, efficiency of natural ventilation in the magazine and variation of temperature and relative humidity 
inside the package of ammunition. The design and used materials of the packages can significantly influence on 
the ability to reduce the impact of external influences of environmental factors. 

1.2. The importance of ammunition package  

Ammunition packaging is a crucial factor in maintaining the integrity of ammunition. It represents a key safety 
measure in the process of handling, storing and transporting ammunition until the moment of the use on the 
battlefield. The design and materials of the ammunition container significantly effects on its service life, safety 
and functional reliability during the handling and storage process [2]. NATO and Eastern (China, Russia) 
ammunition container concept is the mostly used in the world. But there are significant differences in design 
approach, construction and used materials between these two concepts.  

The basic differences between these two concepts are reflected in the degree of protection in extreme changes of 
temperature and relative humidity in magazines (during the change of seasons) and the ability to absorb shocks 
during handling and transport. The NATO concept of a large-caliber ammunition container implies that the 
container contains an outer coating that protects the contents during the transport, handling and storage process. 
The outer cladding is usually made of wooden materials or sheet steel, and more recently of reinforced plastic. 
Internal linings protect the contents from the effects of the environment (temperature, relative humidity) and have 
additives that prevent displacement and absorb the effects of shock and vibration. The inner linings are in the form 
of fiber containers or made of composite plastic materials. The Eastern concept of a large-caliber ammunition 
containers usually did not have an inner lining, larger ammunition was placed in wooden crates with very primitive 
accessories to prevent the movement of ammunition. There were packaging designs where the ammunition was 
loaded into special metal containers and then together with the projectiles into wooden crates (125 mm tank 
ammunition). In a recent years, the situation has changed and the packaging of the Eastern concept ammunition 
has been improved. Theoretically, all ammunition containers should protect the ammunition in an extreme weather 
conditions in demanding operational environments, it should be waterproof and resistant to corrosion and fungi, 
and allow the ammunition inside the container to withstand all shocks caused by handling and transport. 

2. AIM AND METHODOLOGY OF RESEARCH 

The aim of the experimental research which was performed in four different ammo containers, is to identify and 
analyze the degree of variations in temperature and relative humidity values, measured in NATO and Eastern 
concept ammunition containers during changes of seasons [7].  

Ammo containers were stored in the Earth Covered Magazine (ECM), located on geographical area surrounded 
by forest and mountains, and it was not under direct influence of the Sun. Due to it, it was characterized with 
periodical intense changes in temperature and relative humidity. Containers were located next to the wall of 
magazine, 5 m from the entrance door. Magazine does not have HVAC system for an indoor climate control and 
the ventilation is natural. It has two front openings for air entry and one air outlet. Within the ammunition 
magazine, four types of ammunition packaging were placed, which differ in the design of the outer and inner 
packaging and the used materials for the packaging structure. Measurements performed during all four seasons 
made it possible to monitor changes in temperature and relative humidity in the storage area of ECM, inside the 
outer packaging and inside the inner containers. 

Measurement of temperature and relative humidity was performed with Tiny tag Plus Intrinsically Safe Dual 
Channel Temperature / Relative Humidity (-40 to + 85°C / 0 to 100% RH) by Gemini Data Loggers (UK) Ltd, 
which provide continuous monitoring of temperature and relative humidity within hazardous storage areas and 
during transport of hazardous substances. Data loggers are powered by batteries and can continuously measure 
changes in atmospheric parameters 24 hours a day, seven days a week, 12 months a year.  

Data logger TGP-4500 Tiny tag with dual channel for measuring temperature and humidity (-25 to + 85°C / 0 to 
100% RH) has a high resolution and accuracy of data reading, waterproof (IP 68) and designed for outdoor use 
and industrial applications. The TGP-4500 sensor was placed in the entrance area of the ECM. Data logger TGIS-
1580 Tiny tag with special safety with double channel for measuring temperature and humidity (-40 to + 85°C / 0 
to 100% RH) is an ATEX certified data logger for use in hazardous areas, as which are ammunition depots. TGIS-
1580 data loggers were placed inside ammunition magazines, inside crates, fibers and metal cylindrical containers 
to measure changes in temperature and humidity. 
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Measurements of air parameters with data loggers were performed every 20 min. The obtained results of daily 
maximum and minimum parameters values, differences between daily maximum and minimum air parameters and 
mean parameter values for each measurement day were identified and processed. Parameters of temperature and 
relative humidity in ECM represent the basis for comparison with the data inside the ammunition packaging. 

3. RESULTS OF EXPERIMENTAL RESEARCH 

Throughout the research period, environmental parameters in front of and inside the magazine were measured. 
Measurement results were processed in the way that the average daily values of temperature and relative humidity 
were determined for a clearer comparative analysis. 

Over a period of one year of research, the difference between the maximum and minimum values of daily 
temperature changes in front of the ammunition magazine ranged from a few degrees Celsius to 27°C. In the 
winter, the lowest temperatures were down to -19°C and the highest in summer up to 34 ˚C (Figure 1a). During 
the research period, the relative humidity was higher most of the time, often up to 100 % (Figure 1b). 

  
Figure 1. (a) Measured temperature values on the 

site of analyzed ECM 
(b) Measured relative humidity values on the site of 

analyzed ECM 

Characteristics of the magazine, as earth covered concrete structure, and the existing concept of natural ventilation 
system, had influence on measurement results. Average temperature in the magazine for considered measurement 
period, in the winter ranged up to 5°C, while in summer period it reached maximum 18°C. The deviations of daily 
maximum and minimum temperatures in the magazine did not exceed a few Celsius degrees (Figure 2a). 

  
Figure 2. (a) Average temperature in ECM  (b) Average relative humidity in ECM 

Average daily relative humidity for a measurement period was in the range 55-95 %, while in some parts of the 
day, relative humidity value reached up to 100 % (Figure 2b). 

First measurement packaging, cartridge propelling 105 mm L35, was consisted of metal box, where inside were 
placed two cylindrical plastic containers (Figure 3, left). Plastic container was consisted of brass cartridge case, 
electric igniter and five incremental charges (Figure 3, right). 

  
Figure 3. Cartridge propelling 105 mm, L35, packaging 
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Measurement results of air parameters inside of metal box and plastic container for Cartridge propelling 105 mm 
L35 are shown on the Figure 4. Character of temperature changes in a metal box and in plastic container is similar 
to temperature changes inside of ECM. Variations of daily temperature values inside of both packages were up to 
do 4°C, in comparance to the temperature in ECM. 

  
Figure 4. (a) Measured temperature values in 
Cartridge Propelling Packaging 105 mm, L35 

(b) Measured relative humidity values in Cartridge 
Propelling Packaging 105 mm, L35 

Relative humidity inside of the metal box was lower by 15 % in comparance with relative humidity inside of ECM. 
Character of relative humidity variations inside the metal box during measurement period was similar to variation 
of relative humidity inside of magazine because metal box of this package has several openings on its structure 
and there was air circulation through openings. In the case of a plastic container, there is a sealing system that 
prevents air penetration from the metal box to the inside of plastic container and there were no significant changes 
in the relative humidity in comparance to the parameters, at the time of closing the container. The variations of 
relative humidity was up to 3% (Figure 4b). More precisely, the relative humidity at the time of closing the plastic 
container remained "frozen" in comparance to the initial state.  

Second measurement packaging for mortar ammunition 20 mm, HE, M62, was consisted of wooden box, were 
two fiber containers with ammunition were placed (Figure 5). Fiber container is made of craft paper and from the 
outside, it is impregnated with a layer of asphalt varnish in order to protect it from moisture penetration. 

  
Figure 5. Mortar ammunition 120 mm, M62, packing 

Temperature and relative humidity variations of Mortar ammunition 120 mm, M62 are shown on the Figure 6. 
Intensities of temperature changes inside of wooden box and fiber container were similar to the character of 
temperature changes in the ECM during measurement period. Daily variations of relative humidity in the wooden 
box in comparance with relative humidity in the magazine had lower intensity by about 10 %, with a certain delay 
in reaction due to the process of heat transfer through the structure of packaging. 

  
Figure 6. (a) Average temperature values in the 

packaging for Mortar ammunition 120 mm, HE, M62 
(b) Average relative humidity in the packaging for 

Mortar ammunition 120 mm, HE, M62 
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Relative humidity changes in fiber container had minor variations over the time in relation to changes in wooden 
box, due to the outside waterproof layer of asphalt varnish on the fiber container surface (Figure 6b). Initial 
parameters of relative humidity in the moment of installation of ammunition in the fiber container, and after closing 
the lid with a hermetic coating, retained same in the container. Resulting small variations of relative humidity 
inside of fiber container are the result of temperature changes and ability of material inside of fiber container to 
absorb and release moisture.  

Third measurement packaging for tank ammunition 125 mm, APFSDS-T, M88, was consisted of wooden box, in 
which were two metal containers placed (Figure 7). One container contained a projectile 125 mm, APFSDS-T, 
M88 with additional propelling charge, and in second container, main propelling charge was placed. 

  
Figure 7. Tank ammunition 125 mm, APFSDS-T, M88, packaging 

Variations of temperature and relative humidity inside of ammunition 125 mm, APFSDS-T, M88 are shown on 
the Figure 8. Intensity of temperature changes inside of wooden box and metal container during daily cycles was 
similar to temperature changes in the ECM. There are significant differences in the character of daily variations of 
relative humidity inside of wooden box, in comparance to relative humidity variations inside of ECM, 
characterized with more intensive variations. Relative humidity averagely ranged between 70% and 80%. 

Measurement results of relative humidity in the metal container had slightly variations during entire research 
period in comparance to the changes in wooden box. Variations of relative humidity were for about 25 % lower 
compared to the relative humidity of wooden box. Metal container practically “freezes” the state of air from the 
aspect of relative humidity in the moment of installation of ammunition and closing the container.   

  
Figure 8. (a) Average temperature values in packing 

for ammunition 125 mm, APSDFS-T, M88 
(b) Average relative humidity values in packing for 

ammunition 125 mm, APSDFS-T, M88 

Fourth measurement container is for propelling charge, intended for HE ammunition 155 mm. It was consisted of 
cylindrical metal body and a lid with a sealing system (Figure 9). 

  
Figure 9. Propelling charge for ammunition 155mm, Metal container 
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Variations of temperature and relative humidity inside of packaging for propelling charge for ammunition 155mm 
are shown on Figure 10. 

  

Figure 10. (a) Average temperature values in Metal 
Container for Propellant charge of 155 mm 

Ammunition 

(b) Average relative humidity values in Metal 
Container for Propellant charge of 155 mm 

Ammunition 

Character of the temperature changes in a metal container was similar to the changes inside of a magazine, as it 
was previously described for three ammo packages cases. Relative humidity in a metal container also had slightly 
variations as it was a case for the metal container of a third package for a tank ammunition 125 mm, APFSDS-T, 
M88. 

By comparing the measurement results of air parameters changes for all four ammo packages, several important 
facts can be observed. The character of temperature changes inside all three ammo packages and metal container 
for propellant charge of 155 mm ammunition, during daily cycles was similar to the changes of temperature inside 
of magazine, during entire research period. Temperature inside of packages was for a few degrees of Celsius lower 
than the temperature inside ECM (Figure 11). 

With metal propelling container for ammunition 155, changes of relative humidity is insignificant, because there 
are system for hermatization of the container, where the current condition of the air from the aspect of relative 
humidity is maintained until the next opening of the container (Figure 11, right). 

  
Figure 11. Comparative temperature and relative humidity air measurement data for external packaging of 

ammunition 

Changes of relative humidity inside of plastic, fiber and metal container were less intensive in comparance with 
the case of ECM (Figure 12). Slightly greater variations are observed in fiber container 120 mm, M62, whose inner 
layer is made of craft paper which is not watertight, and then in metal container for ammunition 125 mm,  APFSDS-
T, which also has inner layer made of craft paper, but with a better sealing system for a  metal container. 
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Figure 12. Comparative temperature and relative humidity air measurement data for internal packaging of 

ammunition 

4. CONCLUSION 

Based on results of measurement period of one year, it can be concluded that variations of temperature inside of 
outer and inner lining of ammunition packaging followed variations of temperature inside of ECM.  

Changes in relative humidity inside of outer packaging that were not hermetic followed the relative humidity 
changes within ECM, with a certain delays in reactions. Variations of relative humidity changes were slower and 
with lower intensity.  This is especially pronounced with the outer wooden packaging, while in the case of metal 
container with openings on its structure, variations of changes are more intense due to the direct contact with the 
air in the magazine.  

Changes of relative humidity at inner packages are insensitive on changes of relative humidity inside ECM, but 
strongly depends on initial values of air parameters, temperature and relative humidity, at the moment of closing 
container, amount of component inside of container that have ability to absorb moisture and method used for 
container sealing.  

ECMs as one of the mainly used types of magazines, very often in some cases can have moisture-intrusion problem 
due to its characteristic covered layers and poorly performed hydro isolation. If ventilation system is not adequate, 
higher values of air parameters can seriously affect safety of magazine and ammunition inside of it.  

Maintenance of ammunition is crucial and every effort should be made to ensure safe conditions for storage, 
transport, handling and use of ammunition. Some of the most significant and influential factors to achieve that are 
well performed and maintained ECM with efficient ventilation system to provide adequate ventilation, well 
designed ammunition packaging, periodical inspection and continuous monitoring and maintenance of temperature 
and relative humidity at a reasonable level.   
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Abstract 
In this paper an approach for transferring complex and demanding ICT from 
industrial production to agricultural infrastructure requirements will be 
presented. This will enable SME farming businesses to tap the full growing 
potential of their arable land. The overall goal is to increase yields, crop-quality, 
efficiency of fertilizer and resource deployment with real-time growing-related 
data. 

Core aspect will be a meshed network of single sensing nodes, that monitor 
growth-relevant parameters on arable fields. The underlying technique has 
been approved in manufacturing SME that already utilize production data for 
controlling and optimizing their production processes, flow of material and 
machining steps via a thorough ICT-system. Therefore, a qualitative and 
explorative research design was conducted under 70 German SMEs.  

Hereof, a frugalization inspired process led to a microcontroller-operated 
sensor network that is based on a long-range communication and low-power 
set up. The system uses specific data rates and is able to permanently cover 
broad monitoring areas. The respective prototype was empirically examined 
and provides a reasonable solution space that needs to be further elaborated in 
long-term field studies. 

Besides potent companies that can afford to develop, test and run respective 
systems, as for instance smart- or precision farming, there is a huge gap to small 
and medium sized enterprises (SME) that are not able to deploy such 
technology but count for the majority of companies. That provides the impetus 
for further research on how to utilize the data for a decision support model 

 
 Key words 

condition-based-monitoring, cultivating, decision, measuring, smart-farming 
 

1. INTRODUCTION 

Persistent transformation processes in the industry and economy drive technological progress and affect value 
creation in most businesses and branches. Technological progress acts as an accelerating catalyst in manyfold ways 
and offers, in result, new procedures of solution [1]. An intelligent and smart control of processes positively affects 
resource deployment and its efficiency and is pertinent to quality. Thus, data itself and the velocity of information 
processing advanced to crucial competitive factors for most businesses. Besides potent companies with highly 
elaborated production facilities that can afford to develop, test and run respective technologies, there is a huge gap 

mailto:ocinar@yildiz.edu.tr
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to especially SME, that are not able to deploy such complex systems yet. Whereas, speaking of numbers of scale 
this kind of enterprises has the potential to disseminate such key technologies for a broader range of users. 

The pervasion of powerful technologies from prototypal demonstration to a broad and resilient application is 
already examined in literature and depicted in product life cycle models. It states that new technologies are 
primarily available to a closed circle of early adopters at typically higher costs [2]. Thus, most enterprises and 
especially SME cannot afford such high-tech applications besides the fact, that there is no sophisticated machine 
park available, that would allow digitized operations and enhancing efficiency anyway. 

In fact, there is already an increasingly dissemination of data driven production solutions in manufacturing 
companies to be recognized and includes condition-based monitoring solutions for many applications. So, in terms 
of technical progress, there is both the need to develop new solutions in the first place and facilitate such concepts 
later for a broader application and market penetration.  

Data technology concepts have been adapted to farming needs and brought up so called smart farming technology 
(SF), that utilizes modern information and communication solutions. After plant breeding and genetic modelling 
this technique is referred to the third green revolution and considered as the next milestone in bio-economy and 
agricultural research [4]. It combines information and communication technologies (ICT), the internet of things, 
sensors and actuators, geo-positioning, big data, drones, robotic etc. to level up resource efficiency in the field of 
food production. The technology is said to contribute to a secured food supply, too [3].  

The concept of SF is, until now, only common in industrialized countries and enables for cultivating vast 
landscapes. From a farmer´s point of view, the technology provides sufficient data to support decision making and 
optimize processes that even allow growing on difficult terrain. 

In numbers this means there are in total 266.000 farming companies in Germany that produce goods with a value 
of 58 bil. EUR on total arable land space of about 17 mil. ha [3]. Indeed, more than 90 % of the farmers already 
make use of assisting technological solutions, whereas this refers to rather low-tec applications and the extend of 
automatization of mechanical devices. 

Regarding this, it requires at the same time further development of the technology itself and carefully selected 
simplifications in order to ensure applicability along the value chain and price sensitive users. By this, the research 
contributes to overcome food supply shortage and resource scarcity. 

2. MATERIALS AND METHODS 

This paper is based on an explorative research design in the first place, focusing on understanding dependencies 
and market demands of operators in the farming business regarding monitoring technologies for growth relevant 
tasks. In addition, a literature study complements the observation with current publications and general market 
trends on solutions for precision and smart farming technology set-ups, that can be applied even with low 
technological infrastructure and consider the current technology-related challenges in for small farming 
businesses.  

In order to narrow down these results on a specific research field, a complementary qualitative research design 
was planned. After the explorative phase with several generic talks with companies and customers who supply 
agriculture farming tools, in total eight guideline-based expert interviews were conducted. The data were evaluated 
and benchmarked with literature findings, using pairwise comparison on the identified key parameters. This 
prioritization enabled for a definitive solution space. Besides interview result from German companies, that 
represent rather developed market players, an additional research journey to Cuba was conducted as part of the 
explorative phase.  

Hence, the work aims to provide a simplified solution space for further design of a sensing and communication 
technology for agricultural businesses, a suitable starting point needed to be selected. This approach is considered 
frugalization and was be applied on a surveillance system for growing-related operations. The underlying 
technique has already been approved in small and medium-sized manufacturing companies, that use relevant 
production data via a comprehensive and practical ICT-system in order to control and optimize their production 
processes.  

However, a quantitative study to underline the importance of current processes in the farming business is already 
being planned to test assumptions derived from the solution path. Considering the total population size, i.e. 266.000 
farming enterprises, a sound confidence level of 95 %, which equals 5 % error margin, this leads to a sample size 
of 384 enterprises to be surveyed from now on. Hence, the goal is to analyze cause and effect relationships within 
this first instance and secondly establish a comprehensive proposal of the described solution, based on actual 
customer needs. 
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3. RESULTS AND DISCUSSION 

3.1. Results 

The field study revealed the very basic requirements of farmers on the infrastructure. Besides proper tools and 
machinery (both considered as most important) another 70 % states that ICT support is inevitable to deal with 
increasing calculation tasks.  

Generally, the vast majority (93 %) strives for technological assistance but is not capable to operate such complex 
solutions. The reasons are missing infrastructure (42 %), high investment and running costs (41 %), time (9 %; for 
implementation and learning) and minor other factors. Especially the tight supply of reasonable systems seems to 
be the most important impediment. This is true for both, developed (Germany) and less developed (Cuba) 
countries. 

3.2. State of the art 

Latest manufacturing technologies apply cyber physical systems that use data as additional resource for process 
design, steering and decision-making in production facilities. Characteristic feature of such systems are small areas 
that are monitored by high frequency communication devices with high data-rates. In addition, steady power 
supply and ambient conditions isolate this certain use case from farming applications, where wide-area production 
grounds with versatile surrounding conditions are typic.  

There are multiple solutions to transfer data between a data link which comes with different characteristics to 
handle. First, there are different restrictions about the usable frequency on most continents. That means, a 
multilayer hardware-layout, which is able to exchange different radiofrequency modules without modifying the 
software, is a prerequisite for international usecases. Common frequencies for European and north- /south 
American application are 433, 868, 915 MHz and 2,4 or 5 GHz. Due to the limit of physics, a higher frequency is 
linked to a higher rate of transmission but induces lower coverage. There already exist various concepts to transmit 
specific data, even via huge distances, i. e. 25 km, and aggregate them in a networked system [5]. 

Generally speaking, there is a strong correlation between a stable connection over wide areas and the sampling 
rate (samples per seconds). For instance, agriculture use cases typically require relatively low sampling rates (1/15 
min.). Due to a higher path of transmission to a Server/Datahub lower frequencies with a lower bandwidth are 
deployed.  

Typically, it is based on Long Range (LoRa) or a similar narrowband application (see given frequencies before) 
in different meshed clusters. 

Furthermore, there is an additional technology deployed which uses the 4G-IoT-Narrowband. The advantage of 
this technology is that multiple measurement-tasks can be run at the same time, only requiring 4G-connection. 
Afterwards, the data will be transmitted to a web-based API, which processes the Data to useful information. 
Indeed, even with this technology the described dependency between a high reach and small sampling rate of the 
data still exists.  

Along with the second mayor trend in the agricultural business, precision farming (PF), there arises a huge 
economic potential [6]. Focusing on a precise cultivation, this approach includes especially digital process 
technology, that will be examined in this paper. The term itself refers to a farming management concept, based on 
observing, measuring and responding to inter and intra-field variability in crops. It aims at the targeted deployment 
of growth relevant factors and separates the fields accordingly into identifiable units. In contrast to common 
manners, the identified areas are not based on property lines or on the expected average yearly crop yield but on 
their true potential of bringing up plants in an ecological way. Thus, this approach enables farmers to manage their 
fields based on the spatial variability, such as the availability of nutrients and expected crop yield [7].  

To a much greater extent than ever before, plant protection is guided by the pressurized expectation to avoid 
damage and economic efficiency. The precision farming method involves measures of small-scale soil cultivation, 
sowing, fertilization, application of pesticides and other operations. 

Prerequisite for this technology is an elaborated and mostly expensive IT infrastructure, that can cope with the 
amount of data and offer the required computing power. Subsequently, certain barriers to entry arise that leave less 
developed economies and/or farmers behind and moreover interfere the pervasion of a future technology. 
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3.3. Approach 

3.3.1. System design 

In the following the systematic approach, on how to establish resilient, reasonable ICT-systems to professionalize 
farming tasks with low infrastructure requirements will be introduced. The solution is inspired by SF technology 
and offers a straight potential for resource efficient and sustainable farming with a centralized and condition-based 
cultivation.  

It uses the combination of empirical and experience-based knowledge with data-driven process information to 
support decision making processes about growth-relevant parameters. The aim is to raise agricultural yields in 
terms of harvest and returns along the value chain by using mostly given resources by taking advantage of 
sustainable movements.  

The solution is thought to be a platform, enabling a linked sensor network over agriculture surfaces. This platform-
architecture includes sensor-nodes that enables a continuous monitoring of growth relevant parameters (see Figure 
1). 

 
Figure 1: Network with nodes and master hub (left) 

 

3.3.2. Resource monitoring 

The solution provides a high-performance low-power measuring set-up for arable land. It is based on a scalable 
amount of meshed sensing nodes. These can easily be modified and adapted to variable scenarios in order to be 
implemented for different agricultural applications and are operated with a variable set of input parameters.  

Instead of intense capital expenditure for enhancing the technological base and time-consuming efforts for the 
initial operating as well as maintenance, a smart work-around based on Long Range meshing communication 
technology is used. 

By this, farmers will be provided with a reasonable solution that can be scaled easily. As data will take on a core 
resource in the set-up, a profound and especially interdisciplinary know-ledge base will be established that will 
provide an impetus for fostering agricultural business concepts. 

By this, practical knowledge and empirical data, as they are already considered as crucial input in manufacturing 
applications, are transferred to a new application. For different measuring tasks the central hub will be enriched 
by a scalable CAN-BUS API. This will allow for modification of the used measuring set-up and installed sensors, 
even in the working environment. As solution, the active transmission of signals of a single entity can be realized 
via microcontrollers, e.g., type AP2921 by Siemens. Although this type is primarily designed for high-data rates, 
it provides further advantage regarding scalability (see Figure 2).  

This layout can be run with a raspberry-pi infrastructure that enables for an inexpensive and performing approach. 
Besides, the gathered data of a masterhub can easily be interpreted on the Pi and be forwarded to a WebSocket 
API. Especially a WebSocket application promotes the intended usability because it enables for a direct transfer 
of data to a browser. By means of design, the API can even be directly integrated on the hub. Via a separate control 
panel, that interface can be used to control external further application, for example data retrieval form a browser. 

Regarding the actual sensing tasks, precision will be favoured over resolution. This seems to be appropriate 
because of the rather raw case of application and a generally lower meaning of resolution on the field. This 
alignment supports a possibly low cost solution. Nonetheless, both are required for metering tasks, which are not 
part of the paper.  
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A distinctive control routine will ensure the long-term applicability of every respective entity in the field. That 
means, a dynamic battery management will be employed to control sensing intensity depending of the actual power 
level (i. e. electric potential). With lower power level, the device will prolong its measuring and sending intervals. 

According to this, further research will be conducted to determine power limits and respectively timed intervals. 
In order to even expand on ultra-low-power operation an extension with photovoltaic powering could be realized, 
indeed causing additional costs and maintenance efforts. 

3.3.3. Resource monitoring 

The generated data-streams get linked via a 433MHz/868MHz/LoRA to a masterhub, which collects all data und 
send them online to a custom endpoint, like an API, web-dashboard or a cloud-based data storage. The 
API/dashboard is run by various analysis/graphs, so the user can evaluate the detailed condition of the monitored 
area. There are various technology of communications existing. If the use case is to create a local network, which 
even can work offline, a LoRa- or other ISM-Band (free to use) is recommend. If there is need to send the data 
immediately to a remote web-based server, the IoT-Narrowband on 4G/LTE-base can be used. For a migration of 
the data by a remote masterhub, LoRa is a data protocol dedicated for low-latency transmission of single data 
packages. 

 
Figure 2. API-layout on the hub to integrate sensors 

 

In contrast to high-frequency production solutions it covers up to 35 km distance between transmitter and receiver. 
By this it qualifies especially for the application in agriculture with vast landscapes and partly low internet 
coverage, such as the 3G standard or even lower. 

Typical for measuring tasks in agricultural surrounding lower sampling rates are sufficient. A continuous sampling 
rate of e.g. 0,02 Hz can easily be operated via LoRa-protocol and prepare the technology to inform even about 
unexpected conditions and changes with less latency – which by means increasingly happens as a matter of short-
term climate changes.  

So, the distinctive advantage is its independency from network coverage. In case there is no local internet-
connection, the 4G-IoT-Narrowband shall be used to send the data to an online-endpoint, even on outlying 
geographical areas. This would create a reliable entry point for smart farming even in developing countries with 
low infrastructure and limited resources to make use of high-end precision farming technologies. 

With respect to interoperability and security matters, it seems adequate to use the popular MQTT network protocol 
that transports massages between devices – in this case a masterhub and several APIs. This technology as well 
supports the intended meshing for enlarging the potential measuring area. 

3.3.4. Security 

The security of the collected and processed data gets a high place value. In this concept, all data are heavily secured 
by a strong AES256 encryption. This kind of encryption seems slightly to be overpowered for agriculture use 
cases, but due to the frugaliziation of technology, which can be integrated deeply into many industry-processes, it 
is already developed within the “privacy by design” rule and prepares for potential scale-up operations later on. 

Furthermore, the sensor nodes can create a hashvalue considering especially time and potentially geo-information 
of the collected data, so the receiver (masterhub) can compare the incoming data streams with the hashvalue as a 
kind of verification. 

To prevent a processing of false/corrupted sensor signals, especially in pH, fertilizer or soil moisture 
measurements, all input-signals have to pass a galvanic isolation. Even though this isolation would result in slightly 
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higher manufacturing costs, it increases the reliability of the system. Furthermore, the galvanic isolation protects 
the electronic on-chip-circuit against electric discharges. 

To detect an incorrect wiring or a damage of the electric circuit between a sensor and the sensor-node, all inputs 
got a open circuit detection. This means, if a e. g. Negative Temperature Coefficient Thermistor shows an 
implausible value for the expected temperature-ranges, there must be an incorrect wiring or damage within the 
sensor itself. The sensor-node detects this error and extends the existing telegram structure with unique errorcodes, 
so the Graphical User Interface can display a warning sign and push-notifications to the user.  

Another security-related task is the prevention of data-loss, which leads to white gaps in the measurement stream. 
The current approach to prevent this loss is a local, timestamp-based storage on each sensor node. After 
transmitting data to the masterhub, a checksum is transmitted, so the node and masterhub can identify incorrect 
transmissions of data. After a transmission is successfully completed, the masterhub saves the data on a timeseries 
database, like InfluxDB or Prometheus, which is hosted on the desired endpoint like API or cloud. Within the 
dashboard environment, which is connected to the encrypted timeseries database, the user can create different 
backup-tasks, like backup to a cloud, local storage or other servers.  

For a continuous monitoring of all nodes, each telegram gets added relevant status-information about all connected 
sensors, battery-level, connection strength and the ratio of successfully vs. unsuccessful transmitted data-packages. 
So, the user can easily see, which node may need to be checked to prevent more failures. 

4. CONCLUSION 

High-end SF and PF technologies have the potential for enhancing efficiency. They use digitized arable landmarks 
that can digitally be managed in order to increase yields and lower resource deployment continuously. For 
executing such tasks, drones, autonomous harvesters. Accordingly, these can be found most of all are on vast 
farming areas with already digitized processes and well financed operators. Another prerequisite is an highly 
elaborated infrastructure with 5G-Networks for a bidirectional data-transmission. 

As an effect, this kind of technology requires an already digitized staring point with ICT infrastructure. The full 
potential of such systems lays in a centralized control entity with high processing power, that can analyze and 
process the amount of data via artificial intelligence in order to control the machinery on the field. Any bettering 
and enhancement of such a set up regarding digitization, efficiency and yields require disproportional efforts and 
especially additional expenditures. Considering this, the technology is rather suitable for already digitized 
environments and inappropriate for small-scale farms and low-infrastructure landscapes. 

In consequence, especially smaller farming-businesses cannot participate in this development and underachieve 
the growing potential of their arable land. Thus, there is the need for a low-tec application as enabling technology 
towards fully digitized manufacturing of farming goods.  

So, it is evident, that transferring individual sub-technologies, like high performance sensor-meshing, into a more 
applicable context for regular farmers that could promote the pervasion of the respective technology. In the first 
place, farmers should gain insight into the actual conditions of their fields by monitoring key performance 
indicators, such as pH, density, humidity, atmospheric pressure, sun intensity, amount of irrigation water, 
temperature, fertilizer. This can be realized effectively by implementing meshed sensors across the measuring 
field. Moreover, large-scale benefits are expected as a result of scale effects.  

The presented approach shall provide a basic and thus applicable method for science- and evidence-based farming, 
complementing to experience based decision. In concrete terms there will be given a solution for monitoring arable 
space regarding growth-related parameters and derive data-based actions to be taken. With specific data 
transmission set-ups it will be possible, to easily integrate specific sensor nodes in an agricultural environment to 
regularly gather at least data on soil, environment and plant conditions. These will be transformed into specific 
information for machinery and assisting technological entities. The added value will be an enhanced knowledge-
base, regarding condition-based cultivating of arable land. By the use of such data, even re-cultivation will be 
possible, as irrigation water, fertilizer etc. can pointedly be deployed, relating to the actual nutrient concentration 
in the soil and/or water. 

Further advantages, that come along is the predictability of some kinds of pest, which depend on the humidity, 
sun-intension or amount of fertilizer. The specific advantage will be the maximal scalability of the system by at 
the same time very low cost of approximately about 200 EUR per node. As a matter of fact, this leads to economic 
and ecological savings for the farmer resulting from lower expenditures for supplies and working hours.  

Ultimately this has positive effects on the economy, too, regarding sustainable and efficient growing of agricultural 
products by using modern data-driven technologies. 
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For promoting this approach, further research in terms of empirical assessments will be conducted. This is intended 
to improve transparency on the actual demand-side, especially about the current state of digitalization, available 
machines and ICT facilities. In addition, there will be further technical research necessary on the node design and 
its power supply. 
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