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This study aims to evaluate the energy production potential of micro-

hydroelectric power plant (M-HES) applications at the Batman Wastewater 

Treatment Plant (WWTP). The energy production potential was calculated 

by considering different flow types and hydraulic head heights. The results 

indicate that M-HES applications could provide an annual energy 

production of 142,939.5 kWh to 188,879.3 kWh, meeting approximately 

15.06% to 19.89% of the plant's total energy consumption. The findings 

demonstrate that M-HES systems offer a viable solution not only for the 

Batman WWTP but also for other wastewater treatment plants with similar 

infrastructures, serving as a guide for future engineering projects. 
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1. Introduction 

Wastewater treatment plants (WWTP) are fundamental infrastructure elements of modern societies, 

operating to protect water resources, ensure public health, and promote environmental sustainability. 

These facilities effectively treat domestic and industrial wastewater, contributing to both the 

preservation of ecosystems and the reuse of water resources. However, wastewater treatment processes 

often require significant energy consumption. This energy demand constitutes a substantial portion of 

operational costs and, due to greenhouse gas emissions generated during energy production, poses 

challenges to achieving environmental sustainability goals. Therefore, developing strategies to improve 

the energy efficiency of wastewater treatment plants has become a critical necessity to reduce economic 

costs and minimize environmental impacts.  

 

Water and energy are two critical resources for the sustainability of modern societies, offering 

significant opportunities for environmental protection and economic benefits through their integrated 

management. Traditionally, water supply and energy production systems have been designed 

independently, yet there exists a strong interdependence known as the “Water-Energy Nexus” [1,2]. 

While energy production requires water for processes such as cooling and steam generation, the 

collection, treatment, and distribution of water are energy-intensive activities. This interrelation 

underscores the critical importance of integrated management of water and energy systems in reducing 

costs, lowering greenhouse gas emissions, and ensuring the sustainable use of resources. In particular, 
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energy efficiency applications in water and wastewater treatment plants hold great potential for 

improving economic performance and contributing to environmental sustainability. Innovative 

technologies and strategies play a pivotal role in achieving these objectives and are essential for meeting 

the United Nations' 2030 Sustainable Development Goals. 

 

The water sector faces multifaceted challenges, including the adverse impacts of climate change on 

water resource availability, rapid population growth, industrialization, and infrastructural issues. 

Climate change introduces unpredictable shifts in water regimes, threatening both water supply and 

quality, while population growth and industrialization place increasing pressure on existing resources. 

These pressures are further compounded by operational issues such as aging infrastructure, leaks, and 

deteriorating water quality. Additionally, rising energy costs present another critical challenge, as water 

provision and usage often involve energy-intensive processes. These factors not only increase the 

financial burden on the sector but also complicate efforts to achieve sustainability goals [3,4]. 

Addressing these issues requires integrated and innovative strategies to balance resource demands, 

ensure water security, and align with broader environmental and economic objectives.  

 

Furthermore, the lack of effective coordination among stakeholders such as water authorities, regulators, 

and political entities exacerbates pressing socio-economic, environmental, and resilience challenges in 

water management. Addressing these issues requires holistic approaches that encompass efficient 

resource management, modernization of infrastructure, and enhanced collaboration among stakeholders. 

Such strategies are not only essential for ensuring the sustainability of the water sector but also hold 

significant potential to contribute to societal well-being and environmental protection. By fostering 

integrated and cooperative efforts, these approaches can help mitigate current challenges and align water 

management practices with long-term sustainability goals.  

 

To enhance energy production and efficiency in wastewater treatment plants, modifications involving 

the integration of renewable energy sources, alongside methane production, offer significant potential. 

Incorporating renewable energy systems such as solar and wind power provides sustainable and 

environmentally friendly solutions to meet the energy demands of these facilities. For instance, 

photovoltaic panels installed within the facility premises can generate electricity from solar energy, 

while wind turbines can be utilized in suitable areas around the plant to harness wind energy effectively. 

Additionally, micro-hydroelectric power systems (M-HES) represent an innovative modification, 

particularly suited for low-flow and low-head conditions at water flow points or discharge outlets of the 

treatment plants. These solutions not only diversify the energy portfolio of wastewater treatment 

facilities but also contribute to reducing their carbon footprint and operational costs, aligning with 

broader sustainability objectives. 

 

Hydroelectric systems are renewable energy technologies that generate electricity by utilizing the flow 

of water to drive turbines. A subtype of these systems, M-HES, stands out as an innovative and 

sustainable energy source [5,6]. One of the most significant advantages of M-HES is that they do not 

require the construction of large dams or reservoirs, as is the case with large-scale hydroelectric systems, 

thereby minimizing environmental impacts. Recognized as an environmentally friendly alternative in 

renewable energy production, M-HES systems are particularly suited for water sources with low flow 

rates and low hydraulic head differences. Their adaptability and minimal ecological footprint make them 

a viable option for sustainable energy solutions, especially in regions where traditional hydroelectric 

systems may not be feasible. 

 

The applicability of M-HES for energy production in wastewater treatment plants has been evaluated in 

various studies. Erkan et al. [7] conducted theoretical calculations based on the hydraulic head 

differences between the outlet and discharge points at the Van-Edremit, Elâzığ-Sivrice, and Tunceli 
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central treatment plants, determining energy recovery rates of 20%, 9.5%, and 6.6%, respectively. Baran 

[8] highlighted that the Marmara Region has the highest electricity generation potential, whereas the 

Eastern Anatolia Region has the lowest. The study also predicted a significant increase of up to 138.58% 

in the Black Sea Region's energy production potential due to rising flow rates between 2018 and 2025. 

Kayıkçı et al. [9] analyzed the energy production potential in three different wastewater treatment plants 

in Istanbul, leveraging hydraulic head differences between units. Their findings indicated that M-HES 

systems could achieve up to 10% energy savings with payback periods ranging from 0.5 to 0.9 years. 

The turbine power potentials were calculated as 93.34 kW/h, 90.21 kW/h, and 36.85 kW/h. These studies 

collectively demonstrate that M-HES offers an environmentally friendly and economically viable energy 

solution, with significant potential for integration into wastewater treatment systems. 

 

This study examines the feasibility and energy recovery potential of micro-hydroelectric power plants 

(M-HES) in the Batman Wastewater Treatment Plant (WWTP). The analysis evaluates the impacts of 

M-HES design models on energy production, energy efficiency, and the plant’s annual energy 

consumption. Based on the plant’s current potential, the contribution of energy recovery to the facility’s 

energy consumption and the resulting economic savings were analyzed. These findings have been 

compared with the results of similar studies in the literature to provide a comprehensive evaluation..  

 

2. Material and Method 

 

2.1 Study Area 

In the city center of Batman, a wastewater treatment plant (WWTP) operated by the Batman 

Municipality serves the region. The Batman Municipality WWTP processes approximately 61,000 m³ 

of wastewater daily through physical treatment methods before discharging it into the Batman River. 

Although the facility does not include biological or advanced treatment processes, it provides physical 

treatment capacity for an area of 85 km², serving a population of approximately 477,456 [10]. The 

location of the WWTP, along with the Batman River and its basin, is shown in Figure 1. Daily 

wastewater inflow data for the Batman WWTP have been analyzed for the years 2011–2022 (excluding 

2018). To estimate potential flow rates, the average daily wastewater values were categorized into rainy 

and dry periods for each calendar year. The average flow values for the plant are presented in Table 1.   

 

 
Figure 1. Study area 

 

 

Within the scope of this study, the geographical, demographic, and technical characteristics of the 

Batman Municipality WWTP were analyzed to assess its potential for energy efficiency and the 
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integration of renewable energy sources. The data obtained from the facility aim to contribute to the 

development of sustainable approaches to wastewater management in the region. 

 

Table 1.  Wastewater inlet flows for Batman WWTP (m3/d) 

Year ADFa MDFb ADDFc MDDFd ADRFe MADRFf 

2011 46.556 73.352 46.291 66.244 49.154 73.552 

2012 46.404 75.778 46.323 61.542 46.660 75.778 

2013 49.767 63.465 50.041 63.465 48.342 63.099 

2014 47.544 63.043 47.745 63.043 46.683 54.099 

2015 53.130 63.372 54.040 63.372 49.999 60.952 

2016 49.631 62.094 49.641 60.442 49.571 62.094 

2017 49.922 61.609 49.686 61.609 51.021 60.904 

2019 53.543 61.708 53.614 61.708 53.256 61.151 

2020 56.198 62.187 56.769 62.187 53.870 61.566 

2021 41.368 61.132 40.920 61.132 44.704 61.105 

2022 33.149 48.566 33.000 48.566 33.694 46.767 

Average 47.93 63.30 48.01 61.21 47.90 61.92 
aAverage daily wastewater flow 
bMaximum daily wastewater flow 
cAverage daily dry wastewater flow 
dMaximum daily dry wastewater flow 
eAverage daily rainy wastewater flow 
fMaximum daily rainy wastewater flow 

 

2.2 Energy Recovery in Wastewater Treatment Plants: M-HES 

Energy recovery in wastewater treatment plants (WWTPs) holds significant potential for both 

environmental sustainability and economic savings. Optimizing the energy-intensive processes involved 

in water treatment and integrating renewable energy systems reduce energy consumption and minimize 

the carbon footprint. Innovative applications, such as micro-hydroelectric power plants (M-HES), 

enable energy recovery by harnessing the movement of wastewater. 

 

In WWTPs, treated wastewater can be utilized for electricity generation in M-HES before being 

discharged into receiving environments after disinfection. M-HES provides an environmentally friendly, 

reliable, and stable alternative for renewable energy production in wastewater treatment plants. These 

systems are particularly advantageous due to their minimal environmental impact and ability to operate 

without requiring dam construction, large land areas, or causing significant ecological disruption. The 

energy production potential of treated wastewater can be calculated by considering flow fluctuations 

during summer and winter seasons as well as day and night cycles. Power output can also be estimated 

based on varying flow rates and hydraulic head heights. The use of impulse turbines, in particular, 

enhances flow velocity, increases the dissolved oxygen concentration in the discharge water, and 

positively impacts water quality [11,12]. Thus, M-HES applications play a dual role by not only 

contributing to renewable energy generation but also improving water quality, demonstrating their 

critical importance in the sustainable management of wastewater treatment facilities. 

 

Hydroelectric power plants convert the potential energy of water into electricity, with production 

capacities ranging from a few kilowatts to thousands of megawatts. These systems are highly versatile 

and can be implemented in any location with sufficient flowing water, from small-scale applications to 

large infrastructure projects. Micro-hydroelectric power plants (M-HES) refer to plants with a 

production capacity of less than 100 kW, standing out as cost-effective and environmentally friendly 

energy solutions [13]. If a WWTP has suitable hydraulic head and flow conditions, renewable energy 

production can be achieved using M-HES technology. However, several key criteria must be considered 

for such investments: 
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 Treated wastewater flow rate: The continuity of adequate flow is critical for energy 

production. 

 Hydraulic head height: The elevation difference is a decisive parameter affecting energy 

conversion efficiency. 

 Turbine type: Selecting the most appropriate turbine for the specific flow rate and head height 

is essential. 

 Investment cost: Initial installation costs, payback periods, and long-term economic benefits 

should be evaluated. 

 Electricity price: Regional energy prices significantly influence the investment's return on 

investment (ROI). 

When these parameters are carefully considered, the installation of M-HES in WWTPs offers an 

effective solution for both energy production and environmental sustainability, contributing to 

operational efficiency and reduced carbon emissions. 

 

2.3 Design Approach for Micro HEPP 

Micro-hydroelectric power plants (M-HES) are systems that do not require a reservoir, unlike large 

dams, and provide sustainable energy production with minimal environmental impact. In these systems, 

only a portion of the flowing water is utilized for energy production, and the system is typically installed 

between units within a wastewater treatment plant or between the plant's outlet and discharge point. To 

calculate the actual power output (P) in M-HES, factors such as friction losses in penstocks and 

turbine/generator efficiency must be considered. While modern turbine technologies can achieve 

efficiencies exceeding 90%, the overall system efficiency generally ranges from 60% to 80%, depending 

on the hydraulic head and flow rate. 

The energy production in M-HES is determined using the following formula: 

 

𝑃 = 𝑄 ∗ 𝐻 ∗ 𝑔 ∗ η (1) 
 

Here; 

P; Electrical energy power (kW) 

Q; Wastewater flow rate (m3/s) 

H: Net hydraulic drop, (m) 

g; Gravitational acceleration, 9.81, (m/s2) 

ρ: Density of treated wastewater (kg/m3) 

η; Efficiency of microturbine, (dimensionless) 

 

This formula allows for the theoretical estimation of energy production potential, enabling the 

assessment of M-HES applicability in wastewater treatment plants, particularly for sites with suitable 

flow rates and head heights.  

In this study, the flow rate data for the Batman WWTP were analyzed based on the categories outlined 

in Table 1. The flow rates were classified into average daily wastewater flow, maximum daily 

wastewater flow, average and maximum daily dry-season flow, and average and maximum daily rainy-

season flow. Using a theoretical approach, the energy production potential for each flow rate was 

calculated using Equation 1. For these calculations, the density of treated wastewater was assumed to 

be 1000 kg/m3, and the efficiency factor of the microturbine was taken as 0.75. The hydraulic head data 

for the M-HES were determined using Google Earth software, which identified the elevations at the 

plant’s outlet and discharge points. Based on these findings, the hydraulic head for the proposed M-HES 

was assumed to be 4 meters. Analyses conducted under various flow scenarios allowed for an assessment 

of energy production capacity during both dry and rainy periods. This approach aimed to evaluate the 
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system’s performance under varying climatic and flow conditions and to optimize the energy recovery 

potential of the facility, contributing to the development of a more sustainable and efficient wastewater 

management system. 

 

3. Results and Discussion 

In this study conducted for the Batman Wastewater Treatment Plant (WWTP), the energy production 

potential of micro-hydroelectric power plant (M-HES) applications was evaluated using daily average 

flow rates. Based on calculations assuming a hydraulic head of 4 meters, the energy production potential 

for different flow types ranged between 16.31 kW and 21.56 kW (Table 2). These results align with 

similar studies in the literature [7-9], demonstrating that M-HES can make a significant contribution to 

renewable energy production in wastewater treatment plants. 

 

Table 2.  Potential for generating electrical energy for Batman WWTP 
Flow ype ADFa MDFb ADDFc MDDFd ADRFe MADRFf 

P (kW) 16.32 21.56 16.35 20.84 16.31 21.08 

P(kWh/y) 143011.2 188879.3 143243.9 182643 142939.5 184746.6 

 

Domestic water consumption and the resulting wastewater production tend to peak at specific times of 

the day, with these peak periods typically occurring during the early morning hours, prior to the start of 

the workday, and in the evening, following post-work activities. These fluctuations in wastewater 

production are influenced not only by the time of day but also by seasonal variations. During summer 

months, increased water usage driven by factors such as irrigation and cooling leads to higher peak 

values, whereas these values tend to decrease during the winter months. Such dynamics play a critical 

role in the energy consumption and capacity management of wastewater treatment plants. Therefore, it 

is essential to optimize system designs to accommodate these daily and seasonal variations, ensuring 

efficient and sustainable operation of the facilities. 

 

The energy recovery rates were calculated by comparing the energy generated by the proposed M-HES 

with the energy consumption of the facility (Table 3). Based on the current flow and hydraulic head 

characteristics of the plant, the annual energy production capacity was determined to range between 

142,939.5 kWh and 188,879.3 kWh (Table 2). When compared to the total energy consumption of 

949,310 kWh in 2023, the M-HES applications could meet approximately 15.06% to 19.89% of the 

facility’s energy needs. This contribution is significant for reducing energy consumption and enhancing 

environmental sustainability in energy-intensive wastewater treatment plants.The obtained results align 

with findings from the literature. For instance, Erkan et al. [7] reported energy recovery rates ranging 

from 6.6% to 20% in studies conducted on wastewater treatment plants in Van-Edremit, Elâzığ-Sivrice, 

and Tunceli. Similarly, Kayıkçı et al. [9] highlighted that M-HES systems in wastewater treatment plants 

in Istanbul could achieve energy savings of up to 10% with payback periods of 0.5 to 0.9 years. These 

findings demonstrate the significant potential of the Batman WWTP to contribute to energy efficiency 

and sustainability goals through the implementation of M-HES. By leveraging its existing flow and 

hydraulic head potential, the facility could play a vital role in advancing renewable energy integration 

and reducing its operational carbon footprint. 

 

The primary advantages of M-HES systems lie in their environmentally friendly design, low investment 

costs, and broad range of applications. The energy production values calculated in this study demonstrate 

that the implementation of M-HES at the Batman WWTP can significantly reduce the facility’s energy 

consumption while providing long-term economic benefits. However, advancing energy efficiency in 

wastewater treatment plants will require the development of more sophisticated engineering solutions 

and optimized designs. Such improvements will play a critical role in achieving regional energy goals. 
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Furthermore, a detailed analysis of the effects of flow fluctuations during dry and rainy periods on 

energy production is essential to enhance the efficiency and effectiveness of these applications. 

Addressing these factors will ensure that M-HES systems not only meet energy demands but also 

contribute to broader sustainability objectives. 

Table 3. Batman WWTP electricity consumption quantity 

Date T1 (07:00-18:00) T2 (18:00-23:00) T3 (23:00-07:00) Active (kWh) 

31/08/2023 36,421 17,157 27,543 81,122 

04/09/2023 961 84 589 1,634 

30/09/2023 2,020 1,030 1,687 4,736 

31/10/2023 40,843 20,806 33,678 95,328 

30/11/2023 16,669 8,921 14,673 40,263 

31/12/2023 50,519 26,820 40,878 118,217 

31/01/2024 13,921 6,991 11,389 32,300 

29/02/2024 38,576 19,433 30,555 88,564 

31/03/2024 46,638 23,979 38,502 109,119 

30/04/2024 21,278 10,169 17,017 48,465 

31/05/2024 42,245 20,399 33,446 96,091 

30/06/2024 33,475 15,521 25,336 74,332 

31/07/2024 16,276 7,669 12,675 36,619 

31/08/2024 55,593 25,685 41,242 122,520 

Total 415,435 204,664 329,210 949,310 

 

4. Conclusion 

This study comprehensively evaluated the energy production potential of micro-hydroelectric power 

plant (M-HES) applications at the Batman Wastewater Treatment Plant (WWTP). The analyses revealed 

that M-HES systems could meet approximately 15.06% to 19.89% of the plant's annual energy 

consumption, which is 949,310 kWh. These results demonstrate the significant contribution of M-HES 

systems in enhancing energy efficiency and promoting the use of renewable energy sources in 

wastewater treatment plants. 

 

The findings of this study are not only relevant for the Batman WWTP but also serve as a guide for 

other wastewater treatment facilities with similar infrastructures. Moving forward, it is recommended 

to optimize M-HES designs to accommodate flow fluctuations, select turbines to maximize efficiency, 

and conduct a more detailed analysis of seasonal variations.  

 

In conclusion, M-HES applications have the potential to transform wastewater treatment plants from 

energy-consuming infrastructures into energy-generating systems, thereby contributing significantly to 

the development of sustainable energy policies and practices.  
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Innovation in information technologies have led to the rapid spread of 

electronic applications and brought a new dimension to document 

management processes. Document management systems, which are used 

by digitizing traditional printed documents, have gradually been replaced 

by Electronic Document Management System (EDMS). EDMS is of 

strategic importance for organizations, not only increasing operational 

efficiency but also saving costs and energy. In addition, the contribution of 

EDMS to sustainability goals is also noteworthy, as it minimizes 

environmental impacts by reducing paper use and contributes to a greener 

future. Although there have been various studies on EDMS in Turkey, the 

energy saving and sustainability aspects of the subject have not been 

emphasized enough. The aim of this study is to reveal the cost and energy 

savings, operational efficiency and sustainability contributions of EDMS 

in universities. In addition, it is aimed to create a resource that will provide 

guidance to institutions that have switched to EDMS or are in the process 

of transition. In this context, the savings and sustainability advantages of 

EDMS in universities are analyzed. As a result of the data obtained 

regarding the environmental impacts of the use of EDMS at Batman 

University, it was seen that 113 trees were saved and 572 tons of water 

were saved in 2023. In addition, 32.4 tons of CO2 emissions and 2.3 tons 

of waste were reduced. 
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1. Introduction 

Electronic Document Management Systems (EDMS) are one of the fundamental components of digital 

transformation processes, providing organizations with advanced technology to manage their documents 

in digital environments. By eliminating the complexity and slow pace of traditional paper-based 

processes, they enable faster, more secure, and more efficient document management. Moreover, EDMS 

is not limited to accelerating business processes or reducing costs; it also offers significant advantages 

in terms of environmental sustainability. These benefits can be considered a vital tool in achieving 

sustainable development goals today. Environmental sustainability refers to an approach aimed at 

reducing the impact of human activities on natural ecosystems and safeguarding natural resources for 

future generations [1]. EDMS contributes significantly to this area, particularly by minimizing paper 

consumption, supporting the preservation of forest resources, reducing carbon footprints, and decreasing 

waste production. The environmental costs associated with traditional paper use, such as energy 

consumption, water waste, and greenhouse gas emissions are significantly reduced through the 

processing of digital documents. For instance, considering that the production of one sheet of paper 
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results in approximately 600 ml of water, 34 grams of CO2, and 2.4 grams of waste, widespread use of 

EDMS can yield substantial resource savings on a large scale [1, 2]. 

This study, conducted at Batman University, demonstrates the environmental impact of EDMS with 

concrete data. The system implemented within the university has not only increased the speed of 

business processes but has also led to significant reductions in energy efficiency and carbon emissions 

through annual paper savings. For instance, the savings observed during a specific period were 

associated with tangible benefits, such as the preservation of hundreds of trees and the prevention of the 

release of tons of carbon dioxide. These types of gains provide an important model not only for Batman 

University but also for the implementation of similar systems in other institutions and organizations. In 

this context, electronic document management is viewed not only as an operational innovation but also 

as a strategic tool that facilitates achieving environmental sustainability goals. The widespread adoption 

of EDMS will contribute to increased environmental awareness both locally and globally, enabling more 

efficient resource use. Thus, digital transformation processes will be integrated with sustainability, 

allowing institutions to adopt a more responsible structure in both economic and ecological terms. The 

environmental impacts of EDMS are not limited to short-term gains; they also ensure the widespread 

adoption of environmentally conscious policies in the long term and leave a more livable world for 

future generations. Research that further highlights the benefits of such systems will increase awareness 

in both the academic and institutional worlds and will create significant gains for a sustainable digital 

transformation [1, 3, 4]. 

 

2. The Impact of EDMS on Environment 

The environmental impacts of paper production are generally prepared using average values and aim to 

demonstrate the environmental costs of the paper production process. This type of assessment may 

suggest a correct approach, but precise figures can vary depending on the production processes, raw 

materials used, and energy sources. It is estimated that approximately 10,000 to 20,000 liters of water 

are required to produce one ton of paper. The use of recycled paper can reduce water consumption. 

Various sources report differing values for water consumption in the production of a single A4 sheet. 

According to TÜBİTAK data, 13 liters of water can be used to produce one A4 sheet of paper. Other 

sources state that CO2 emissions for the production of one A4 sheet range from 13 to 35 grams. Waste 

produced during paper production is a result of the cellulose and chemical processes, and the amount of 

waste varies depending on the production process [5]. 

It is evident that energy, water consumption, and waste quantities during paper production have an 

impact on environmental sustainability. Particularly, chemicals and intensive processes used in cellulose 

production increase the environmental costs. Negative effects have even been observed in common 

methods such as Kraft (sulfate) due to chemical use. The importance of recycling paper production is 

emphasized here. For example, recycled paper production consumes 64% less energy and uses less water 

compared to virgin cellulose-based paper production. Additionally, one ton of paper produced through 

recycling saves 26 tons of water. Recycled paper products significantly reduce the environmental impact 

by decreasing waste quantities and energy consumption. For institutions, reducing paper consumption 

and encouraging recycling are critical measures. The widespread adoption of digital solutions such as 

Electronic Document Management Systems can make significant contributions to environmental 

sustainability goals [6]. 
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2.1 PExample of Batman University 

 

Since 2014, Batman University has been using EDMS to digitize all its documents. The environmental 

impacts of the system implemented at Batman University were examined in 2023 based on the following 

values for producing one A4 sheet of paper: 600 ml of water, 34 g of CO2, and 2.4 g of waste.1 

77
52

2

78
10

3 96
94

4

48
22

3

79
59

7

66
15

1

46
64

6

86
07

1

86
65

2

90
47

0

85
57

3 99
60

0

0

20000

40000

60000

80000

100000

120000

1. Ay 2. Ay 3. Ay 4. Ay 5. Ay 6. Ay 7. Ay 8. Ay 9. Ay 10.
Ay

11.
Ay

12.
Ay

Do
cu

m
en

t P
ro

du
ct

io
n 

Months

 

Figure 1 Electronic Document Production at Batman University in 2023 

In 2023, the monthly production of electronic documents ranged from a low of 46,646 in July to a high 

of 99,600 in December. The peak production in March (96,944 documents) and December indicates 

busy work periods, while the decrease in months like April (48,223 documents) and July may be due to 

holidays or seasonal slowdowns. A total of approximately 950,000 documents were produced 

throughout the year, significantly reducing paper use and contributing to environmental sustainability. 

The positive impacts on water, carbon emissions, and waste due to paper savings for each electronic 

document highlight the critical role of digitalization in both economic and environmental dimensions. 
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Figure 2 Water Savings from EDMS Use at Batman University in 2023 

                                                           
1 It was calculated using the formula found in the Batman University Electronic Document Management System 

Environment Module. 
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According to the graph data, varying amounts of water savings were achieved throughout the year, with 

the highest savings (59,760 liters) occurring in December. By not using paper in 2023, Batman 

University saved 572 tons of water. 
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Figure 3 Reduction in CO2 Emissions Due to EDMS Use at Batman University in 2023 

This figure clearly illustrates the impact of the Electronic Document Management System (EDMS) on 

reducing carbon emissions. A regular decrease in carbon emissions throughout the year was observed 

with the use of EDMS, contributing significantly to environmental sustainability. Notably, in March and 

December, the system's impact peaked with a reduction of approximately 3,500 kg. EDMS use resulted 

in a decrease of 32.4 tons of carbon emissions in 2023. 
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Figure 4 Waste Prevention Due to EDMS Use at Batman University in 2023 

The environmental benefits of EDMS are highlighted through the amount of waste prevented. Monthly 

data show that waste prevention ranged from 150 to 250 kg. Especially in March and December, the 

amount of waste prevented peaked, and a total of 2.3 tons of waste was prevented in 2023. This 

contribution not only reduces institutional waste management costs but also minimizes environmental 

impacts. This reduction in waste production is a significant step in protecting natural resources and 

easing the burden on waste storage areas. 
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3. Conclusion 

The example of Batman University highlights the contributions of Electronic Document Management 

Systems (EDMS) to environmental sustainability. The study reveals that EDMS reduced paper usage, 

preventing the cutting of 113 trees in 2023, saving 572 tons of water, and reducing CO2 emissions by 

32.4 tons. Additionally, 2.3 tons of waste were prevented. It was determined that the system offers 

significant benefits not only in terms of environmental impact but also in energy and cost savings. The 

research demonstrates that EDMS is a vital tool for achieving sustainability goals and can guide other 

institutions. The findings confirm that digitalization plays a critical role in both environmental and 

economic terms. 
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Green hydrogen is a clean and sustainable energy carrier that plays a critical role in 

the global energy transition and achieving decarbonization goals. This article 

addresses multifaceted topics such as the cost analysis of green hydrogen 

production and its potential in Turkey. Produced through the electrolysis of water 

using renewable energy sources green hydrogen unlike grey blue and brown 

hydrogen derived from fossil fuels does not involve carbon emissions. This 

characteristic makes green hydrogen a crucial tool in combating climate change. 

Factors affecting the production cost of green hydrogen include electricity costs 

electrolyzer technology and capacity factor. The decreasing costs of renewable 

energy and technological advancements are increasing the competitiveness of green 

hydrogen and supporting its widespread adoption. Turkey with its rich renewable 

energy potential and strategic location has a significant advantage in green 

hydrogen production. The National Hydrogen Strategy and private sector 

investments demonstrate Turkey's determination to progress in this field. Green 

hydrogen can be applied in various sectors such as energy transportation industry 

and buildings and can provide numerous benefits such as increasing energy 

independence economic development and sustainability. In conclusion green 

hydrogen will play a crucial role in the energy systems of the future and Turkey can 

achieve significant gains by taking an active role in this transformation. 
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1. Introductıon 

Today, the need for energy is increasing. Due to the decreasing lifespan of fossil fuels and their effects 

on the environment, the use of renewable energy sources has become widespread. One of these energy 

sources is hydrogen energy. Hydrogen energy is environmentally friendly and has high energy density. 

Hydrogen is named according to different production methods. These are gray hydrogen, blue hydrogen 

and green hydrogen. Gray hydrogen is produced from fossil fuels. Blue hydrogen is produced with 

carbon capture technologies. Green hydrogen stands out from other hydrogens as a zero-carbon emission 

and clean energy carrier. Green hydrogen produced using renewable energy sources has the potential to 

create innovation in our energy system and offers an important opportunity for countries such as Turkey 

that are dependent on energy imports. Turkey is located in a very suitable geography for green hydrogen 

production with its solar and wind energy potential. Our country aims to increase both energy security 

and contribute to environmental sustainability by investing in green hydrogen technologies in line with 

its energy transformation goals. In this article, the importance of green hydrogen, current policies, 

projects and future goals in Turkey will be examined in detail. 

2. Green Hydrogen 

Green hydrogen is the hydrogen that results from the electrolysis of water using renewable energy in 

the process of which an electric current separates water molecules into hydrogen and oxygen rather than 

the more traditional methods of producing hydrogen. Unlike conventional techniques for producing 

hydrogen, the method of green hydrogen production does not entail any release of carbon dioxide to the 
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air hence no other greenhouse gases. This makes green hydrogen an energy carrier with low carbon 

content and friendly to the environment[1]. 

2.1. Advantages of Green Hydrogen 

Green hydrogen is in the spotlight as a clean and sustainable fuel, which can have a much more important 

impact in changing the global energy game. This renewable source of energy holds the potential for 

driving faster abandonment of fossil fuel reliance and reversing the impacts of global warming. This 

new green hydrogen does not do anything at all to contribute to global warming due to no greenhouse 

gas being emitted during production. Current mainstream green hydrogen production, gray hydrogen, 

comes from natural gas, with a high foul release of carbon dioxides dumped into the air from the process. 

Blue hydrogen is made in much the same way as gray from natural gas, but carbon capture and storage 

technology are applied to cut carbon emissions. Despite this improvement, blue hydrogen remains 

reliant on fossil fuels, and the carbon capture process is costly and energy intensive. Brown hydrogen, 

specifically, has the undesirable distinction of being the dirtiest fuel, as it carries with it the highest 

carbon footprint and it’s derived from coal – hence, brown, gray, blue hydrogen all contribute to 

greenhouse gas emissions which drive climate change[2]. The types of hydrogen are compared in Table 

1. 

 
Table 1. Comparison of Hydrogen Types 

Feature Green Hydrogen Gray Hydrogen Blue Hydrogen Brown Hydrogen 

Carbon Emission None High Low (with CCS) Very High 

Sustainability High Low Medium Low 

Environmental 

Impact 

Minimal High Medium Very High 

Energy Source Renewable 

Energy 

Natural Gas Natural Gas Coal 

Cost High Low Medium Low 

 

Generation of green hydrogen entails no emission of greenhouse gases at the production source. This is 

achieved through electrolysis of water into hydrogen and oxygen using electricity obtained from 

renewable sources like solar, wind, and hydro. It’s made in a very sustainable way without any harmful 

gases being emitted into the atmosphere in this way. The other importance of green hydrogen is in 

energy storage. Often, because alternative sources produce energy intermittently, the energy produced 

may not meet the demanded energy. Hence, green hydrogen is a marvellous solution to accumulate the 

extra energy and use it when required. Thus, security in the supply of energy could be done while raising 

the efficiency of alternative sources of energy[3][4]. 

2.2.Production of Green Hydrogen 

The base of green hydrogen production is, in fact, the process of electrolyzing water to separate 

hydrogen and oxygen from the water using electricity, renewable electricity again achieved using solar, 

wind, and hydropower. It is therefore renewable electricity that will have carried out the electrolysis as 

mentioned in Figure 1. 

 

 Renewable energy production: The very first step in this process is energy production through a 

renewable source, which can be solar panels, winds mills/turbines or power house working on hydro 

power[5].  

 Electrolysis: Electricity is led to a set of electrolyzers, where water molecules are split into hydrogen 

and oxygen using electrical current[6].  

 Hydrogen Collection and Storage: Collected hydrogen gas is stored after separation by different 

methods.  

 Distribution: The stored hydrogen is distributed by pipelines or tankers to the required places. 
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Figure 1. Production of Green Hydrogen 

 

The green hydrogen production cost here comes up impacted by several factors like the cost of 

electricity, efficiency of the electrolyzer, and also the capacity factor. Renewable sources, particularly 

those like solar and wind energies, underwent sharp cost declines over the past years and are forecasted 

for continuation in forthcoming years. Another factor for costs is associated with the technology of the 

electrolyzer that is used. By using efficient and durable electrolyzers, one can reduce costs. The capacity 

factor of renewable energy sources decreases the costs of these, while operating maintenance, as well 

as the costs of storage and distribution all add up to the total costs. This will then optimize all such 

factors, which will then eventually make green hydrogen become more economically and more 

commonly used. Such an act would then enhance the competitiveness of green hydrogen and would 

speed up such a transition into a much more sustainable energy system[7][8]. 

 

3. Green Hydrogen in Turkey 

It is with this situation that Turkish green hydrogen may become a more substantive matter with the 

favorable geographical position and the renewable energy potential of the country. Further investments 

in solar and wind energy will both enhance the prospect of competitiveness through lowering the costs 

associated with manufacturing green hydrogen and increase Turkey’s capacity to extract hydrogen 

profitably. In this sense, the strategies and policies of Turkey with regard to the production and 

utilization of green hydrogen will be vital for energy transition as a country and attaining goals on 

decarbonization[9][10]. 

 

3.1.Green Hydrogen Potential and Benefits in Turkey 

Green hydrogen potential in Turkey is quite high, due to several aspects:  

• High Renewable Energy Resource Potential: Turkey stands as quite a sunny and windy place on the 

geographic map. The International Energy Agency (IEA) mentioned that Turkey's technically 

available solar energy reaches 380 GW. On the other hand, its available wind energy hits 48 GW. 

Taking advantage of this would lead to the minimization of the costs related to producing green 

hydrogen and boost its sustainable nature. 

• Strategic Geographical Location: Acting as a bridge between Europe and Asia, Turkey holds 

appreciable merit when it comes to the export of green hydrogen. This country is poised with the 

potential to meet the growing demand for green hydrogen in Europe. Further, strong trade relations 

with Middle Eastern and North African countries might help the country export green hydrogen to 

these places[11].  

 Suitable Infrastructure for the Production and Application of Green Hydrogen Technologies: 

Advanced industrial infrastructure in Turkey offers a ground most suitable for the production and 

application of green hydrogen technologies. Especially, in the automotive, chemicals, iron and steel, 
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cement and refinery sectors, etc., there would be big potentials to be the leading sectors not only 

demanding green hydrogen but also developing and applying green hydrogen technologies[12].  

 Green hydrogen is a field where Turkey is drawing attention with increasing investments and 

political support. It is the national strategy and action plan, the YEKA tenders, R&D incentives, and 

international collaborations that support the development of the green hydrogen ecosystem. 

 

 

Figure 2. Places with High Hydrogen Potential in Turkey[11] 
 

Turkey meets a major portion of its energy needs through imported ‘fossil fuels and this poses risks in 

terms of energy security as well as the current account deficit. The special thing about green hydrogen 

is that it is produced from renewable resources and therefore, helps a country improve its energy 

dependency as well as avoid valuable foreign exchange going for energy imports. Furthermore, the 

application of green hydrogen will contribute significantly to the mitigation of and adaptation to climate 

change. The road to the Turkish target for 2053 net zero emissions and its nationally determined 

contribution under the Paris Agreement runs critically through the adoption of green hydrogen. 

3.2.Green Hydrogen Developments in Turkey 

Green hydrogen is one of the subjects in which Turkey has made huge steps in recent years, establishing 

ambitious targets in this area. Rounds of developments in the field receive endorsement with public 

sector policies and incentives, as well as growing private investments.  

• National Hydrogen Strategy and Roadmap: This strategy document from Ministry of Energy and 

Natural Resources will be published in January 2023 and outlines Turkey’s vision and targets for 

green hydrogen. The strategy intends to achieve an electrolyzer capacity of 2 GW by 2030, 5 GW 

by 2035, and 70GW by 2053 and intends to make Turkey a key player in the worldwide green 

hydrogen economy[13].  

• Ace for aligning with the Green Deal: The Action Plan is prepared to align with the overall Green 

Deal framework of the European Union, thereby underpinning the critical operation of the green 

hydrogen in meeting the decarbonization targets. The policy sets forth various measures and support 

systems to promote the production and use of green hydrogen. The YEKA tenders will be commonly 

perceived to cut the cost of renewable electricity required in green hydrogen production through 

investment stimulation in solar and wind energy resources. These tenders represent an 

encouragement to indigenous manufacturing and technology development. Hydrogen Valley is 

established in Balikesir, and the Hydrogen Valley Project represents an attempt to render Turkey a 
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significant center with respect to green hydrogen production (Figure 3)[14]. As for the project’s 

goals, a minimum of 500 tons of green hydrogen is planned to be produced per year within the ambit 

thereof, whereas said green hydrogen shall find applications within the industry, transportation as 

well as energy sectors. Private sector investments and public-private cooperation shall be how this 

project comes to be executed. 

• Pilot Green Hydrogen Production Facilities: To the Bandırma district of Balıkesir in Turkey, a pilot 

green hydrogen facility will be established by Enerjisa, making them the pioneer in such an endeavor 

in the country. This marks a crucial step towards testing as well as technology optimization for green 

hydrogen production. Eti Mine Enterprises; and TC Ministry of Industry and Technology jointly 

developed a Domestic Production Type Pem Electrolyzer and Enerjisa Üretim aims to place it in 

Bandırma Energy Base[14]. 

• Tüpraş: Tüpraş will produce green hydrogen with its refineries it will establish and is targeting the 

front rank in non-carbon electricity production[15].  

• Sectoral Collaborations and Investments: Joint ventures between companies in automotive, 

chemistry, iron and steel, energy sectors are being contemplated for the purpose of evaluating the 

potential and investments on green hydrogen. These collaborations are intended to diffuse green 

hydrogen to other sectors and fast track technological advancements. 

 

Figure 3. Enerjisa Hydrogen Valley[14] 

4. Conclusions 

The micro-fossil world deposits accumulated over millions of years by the activity of bacteria Laser 

trimming modifies their structure and nature to liberate small quantities of versatile hydrogen filled with 

sustainability features. The sustainability of using green hydrogen, which does not emit harmful or 

greenhouse gases under the production process, and while being consumed, will be a great leap towards 

renewable energy and a carbon-free economy. At present, the total production cost of green hydrogen 

is higher than fossil fuel-based hydrogen. But as renewable electricity costs come down while 

technology progress and economies of scale in electrolyzers develop further, these tendencies will turn 

it into a more affordable form of energy in the future. The geographical and industrial properties could 

combine to make Turkey a big player in green hydrogen. Turkey’s plentiful renewable energy sources, 

strategic location, and well-developed industrial base give the country a potential high standing in the 

coming green hydrogen scenario. Sectoral policies implemented together with private sector 
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investments and various R&D activities may facilitate the actualization of this possibility. Unlike some 

other alternatives of renewable energy, green hydrogen may not merely remain confined to specific 

applications or sectors, but extend to a wide range of applicabilities, such as the transportation system 

and building complexes wherein they would enable several strategic advantages to be accrued, including 

enhanced energy independence, the ushering in of new economic prospects, reduction in GHG 

emissions, and forestalling technological stagnancy; thus, the future must be green. There is indeed a 

need for nations like Turkey to take on a catalytic role in this energy revolution through the realization 

of the greening potential of hydrogen. Creating hydrogen R&D investment conditions promoting 

national technology development encouraging pilot projects in green hydrogen technologies, and all 

other related investments guarantee the development and broad application of green hydrogen 

technologies. Effective feeding of this new energy into the system with new “fuel lines” to “tap” it must 

be developed. International collaboration information sharing, and technology transfer will have to play 

a crucial role in it. The last one is qualified workforce training and social awareness-raising activities 

that will give support to society in adopting green hydrogen and development of the sector. 
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Oil is one of the cornerstones of the global energy sector, and oil production 

holds vital importance for countries in terms of economic development and 

energy security. Accurately predicting production levels in oilfield wells 

plays a critical role in enhancing operational efficiency and optimizing 

costs. However, traditional forecasting methods fail to adequately address 

the complexities of production processes and environmental variations. 

Today, artificial intelligence techniques, such as Artificial Neural 

Networks (ANNs), have the potential to provide higher accuracy and 

efficiency in oil production forecasting. 

This study aims to compare the predictive performance of models like 

RNN, ELM, and RVFL by utilizing real production data from the Çakıllı 

Field in the Batman Region and to contribute to AI-based applications in 

the energy sector. Furthermore, another significant aspect of this study is 

its emphasis on how accurate predictions not only yield economic benefits 

but also pave the way for developing strategies that support environmental 

sustainability. In this context, the potential of AI-based models in the 

energy sector is evaluated. 

If you have further requests or would like me to continue building the 

paper, let me know! 
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1. Introduction 

Oil, as one of the most essential resources in the global energy system, lies at the foundation of economic 

development, energy security, and industrial processes. Oil production has served as the driving force 

behind growth and infrastructure development, particularly in emerging economies. Effectively 

managing and accurately forecasting oil production processes has a direct impact not only on operational 

efficiency but also on the global energy supply-demand balance. 

 

History of Oil Production Processes 

Research on oil production forecasts dates back to the early 20th century, coinciding with the rapid 

growth of the energy sector. Early forecasting methods relied on simple mathematical models and linear 

extrapolation of historical data. These methods, limited by the technological capabilities of the time, 

utilized basic statistical tools and were insufficient for thoroughly analyzing production data from the 

fields. 
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The 1970s and 1980s marked a period when the widespread adoption of computers in the energy sector 

enabled the use of more sophisticated forecasting models. During these years, time series analyses, 

regression models, and nonlinear statistical methods came to the forefront. Simulation models, aimed at 

improving field productivity, allowed for a broader analysis of oil production. However, these methods 

struggled to account for complex environmental variables and uncertainties. 

 

Weaknesses of Traditional Methods 

Although traditional forecasting methods offer certain advantages in understanding and predicting oil 

production processes, they fall short of meeting the requirements of today's complex production and 

environmental systems. The main weaknesses of these methods can be summarized as follows: 

1. Linear Assumptions: Most traditional statistical models assume linear relationships between 

variables. However, oil production processes often involve complex and nonlinear dynamics. 

2. Limited Data Usage: Most models consider only historical production data and a few 

environmental variables. Ignoring geological, environmental, and operational factors reduces 

the accuracy of predictions. 

3. Dynamic and Uncertain Conditions: In oil production, the conditions of fields, well 

characteristics, and environmental effects change over time. Traditional methods are limited in 

adapting to such dynamic conditions. 

4. Incompatibility with Large Datasets: Modern oil fields generate massive amounts of data 

through sensors and digital monitoring tools. Traditional methods are inadequate for processing 

and analyzing these large datasets. 

 

Modern Approaches and Artificial Neural Networks 

In recent years, the use of artificial intelligence (AI) and machine learning (ML) techniques in oil 

production forecasting has gained significant attention. Artificial Neural Networks (ANNs) have 

revolutionized this field with their ability to learn patterns in complex data structures and model 

nonlinear relationships. Modern neural network models such as RNN, ELM, and RVFL have 

demonstrated high performance on dynamic datasets. These models provide effective solutions by 

analyzing historical production data to forecast future production volumes. Additionally, the adaptive 

and scalable nature of artificial neural networks makes them capable of handling large datasets. 

This study evaluates the advantages of artificial neural networks in oil production forecasting and their 

superiority over traditional methods. The objective is to test the performance of RNN, ELM, and RVFL 

models on production data from the Çakıllı Field and derive concrete results applicable to the energy 

sector. 

2. Conceptual Framework 

Predicting oil production holds strategic importance for the energy sector, and various methods have 

been developed over time to advance this process. The conceptual framework aims to explain the 

theoretical foundation of this study, the models used, and the principles on which these models are based. 

Forecasting models used in oil production processes have historically evolved from simple mathematical 

methods to modern artificial intelligence-based algorithms. 

2.1. Traditional Forecasting Models 

Traditional forecasting methods are generally based on linear statistical models and linear extrapolation 

of historical data. These models aim to predict energy production volumes over a specific period under 

fixed assumptions. However, the linear assumptions and limited data utilization capacities of such 
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models fail to fully reflect the dynamic and nonlinear nature of modern production processes. Moreover, 

complex factors such as environmental variables and site-specific characteristics cannot be effectively 

modeled using these approaches. 

2.2. Artificial Intelligence and Machine Learning Approaches 

Artificial intelligence and machine learning techniques offer significant advantages over traditional 

methods due to their ability to learn nonlinear relationships and make predictions from large datasets. 

Specifically, artificial neural networks (ANNs) emerge as a powerful tool for modeling complex 

interactions in production processes. ANN models can work with data-intensive oil fields, leveraging 

data collected from sensors and digital monitoring systems, and adapt to continuously changing 

environmental conditions. 

2.3. Models Used: RNN, ELM, and RVFL 

The models used in this study include recurrent neural networks (RNN), which are notable for their 

ability to analyze time-dependent relationships in dynamic datasets. Extreme learning machines (ELM) 

and random vector functional links (RVFL) stand out as effective methods for oil production forecasting 

due to their rapid training processes and capabilities to handle nonlinear and complex data. These models 

not only analyze historical production data but also consider operational and environmental variables to 

provide highly accurate forecasts. 

This conceptual framework serves as a fundamental guide for understanding how oil production 

processes can be more effectively analyzed using modern methods. The focus of this study is to 

overcome the limitations of traditional methods and highlight the potential contributions of artificial 

neural networks to the energy sector. 

2. Objective of The Study 

The primary objective of this study is to leverage the advantages of artificial neural networks (ANNs), 

which have become widely used with technological advancements, to predict oil production processes 

and to demonstrate the superiority and success of ANNs compared to traditional methods currently in 

use. Specifically, the study focuses on evaluating and comparing the performance of models such as 

Recurrent Neural Networks (RNN), Extreme Learning Machines (ELM), and Random Vector 

Functional Links (RVFL) using production data from the Çakıllı Field, particularly in analyzing 

nonlinear and dynamic datasets. 

Another aim of this research is to highlight the potential of AI-based forecasting models, either already 

in use or under consideration in the energy sector, through concrete examples. In this context, analyzing 

environmental and geological factors affecting oil production processes will shed light on the 

development of new methods that enhance prediction accuracy. This will contribute to more efficient 

resource management in the energy sector and enable the development of more reliable forecasting 

models for the global energy supply-demand balance. 

This study not only aims to improve prediction accuracy but also seeks to provide a scientific foundation 

for the applicability of AI methods in the energy sector. The findings are expected to contribute to 

innovative approaches in oil production forecasting and drive advancements in the field. 

4. Method 

In this study, an experimental method was employed to evaluate the performance of artificial neural 

network (ANN) models used in oil production forecasting. The study involved analyzing historical 

production data from the Çakıllı Field in the Batman Region and applying RNN (Recurrent Neural 

Networks), ELM (Extreme Learning Machines), and RVFL (Random Vector Functional Links) models 

to this data. The methodological framework of the study consists of the following steps: 
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4.1. Data Collection and Preprocessing 

The data used in this study includes historical production information, environmental variables, and 

operational parameters obtained from the Çakıllı Field. A detailed preprocessing process was conducted 

to clean the data of any missing or erroneous values and make it suitable for analysis. First, incomplete 

or inaccurate data from the Çakıllı Field was cleaned. Then, the data was normalized to make it suitable 

for artificial neural networks. 

4.2. Model Selection and Configuration 

The study focused on RNN, ELM, and RVFL algorithms, which have strong capabilities for modeling 

nonlinear data relationships. During the configuration of these models, hyperparameter optimization 

was performed, and the optimal parameters for each model were determined. The data was split into 

training and testing sets in an 80% training and 20% testing ratio. 

4.3. Model Training and Testing 

The models were trained using the training dataset, and their prediction accuracy was evaluated on the 

test dataset. Statistical metrics such as Mean Absolute Error (MAE), Root Mean Square Error (RMSE), 

and the coefficient of determination (R²) were used as performance measures. Prediction results on both 

training and test datasets were compared to assess the effectiveness of each model in forecasting oil 

production. These methods ensured the processing of appropriate data for accurate predictions, 

demonstrating the effectiveness of ANNs in the field. 

4.4. Evaluation and Comparison of Results 

The results were evaluated by comparing them with traditional forecasting methods. Monthly production 

data from the Çakıllı Field was used to predict the amounts of produced oil and water. The number of 

wells and the average API gravity of the produced oil were used to estimate the amounts of oil and 

water. Using RNN, ELM, and RVFL models with five-fold cross-validation, the training and test RMSE 

errors for each model are presented in Table 1. The results indicate that random artificial neural networks 

can be effectively applied to oil production forecasting.  

Table 1. Training and Test Error Rates (RMSE) 

                                                    

This methodological approach provides a robust foundation for evaluating the effectiveness and 

applicability of artificial neural networks in oil production forecasting. Additionally, it serves as a guide 

for similar studies on large datasets and dynamic systems in the energy sector. 

5. Findings 

In this study, an analysis was conducted to predict oil and water production using monthly production 

data from the Çakıllı Field. Variables such as the number of wells and the average API gravity of the 

produced oil were considered, and predictions were made using Random Neural Networks (RNN), 

Extreme Learning Machines (ELM), and Random Vector Functional Links (RVFL). The performance 

of the models was evaluated using a 5-fold cross-validation method, and the training and test error rates 

are presented in Table 1. 
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Training and Test Error Rates 

 Oil Prediction: In oil production, the RNN model exhibited a training error of 0.021 RMSE and a 

test error of 0.358 RMSE, while the ELM model showed the best performance with a training error 

of 0.013 RMSE and a test error of 0.088 RMSE. The RVFL model, on the other hand, showed 

moderate performance compared to other models, with a training error of 0.084 RMSE and a test 

error of 0.048 RMSE. 

 Water Prediction: In water production, the ELM model achieved the lowest training error of 0.003 

RMSE. For test errors, the RVFL model exhibited the lowest value at 0.040 RMSE. The RNN and 

ELM models had test errors of 0.077 RMSE and 0.075 RMSE, respectively. 

Evaluation 

 RNN: While the RNN model demonstrated the ability to model time-dependent relationships in 

dynamic datasets, it showed higher error rates during the testing phase compared to other models. 

This indicates the need for further parameter optimization, especially for large datasets. 

 ELM: The ELM model stood out with its fast training process and low training errors. It delivered 

generally successful results in both training and testing phases for oil and water predictions. 

 RVFL: The RVFL model showed effective results in terms of prediction accuracy with low error 

rates during the testing phase. Although it lagged behind other models in training errors, a significant 

improvement in test performance was observed. 

General Findings 

The results indicate that artificial neural networks (ANNs) are effective tools for predicting oil and water 

production. In particular, the ELM and RVFL models demonstrated higher accuracy and better 

adaptability to dynamic conditions compared to traditional methods. While RNN models show potential 

for understanding complex data relationships, it was noted that more comprehensive optimization 

processes are needed to improve their performance. 

These findings suggest that artificial neural networks could have a wide range of applications in the 

energy sector and provide more precise and reliable predictions for oil production processes. 

Furthermore, the study’s results highlight that AI methods for processing large datasets will guide 

future research and enhance operational efficiency in the industry. 

6. Conclusion and Recommendations 

This study evaluated the potential of artificial neural networks (ANNs) for predicting oil and water 

production and compared the performance of RNN, ELM, and RVFL models using production data 

from the Çakıllı Field. The findings demonstrated that ANNs offer significant advantages in overcoming 

the limitations of traditional forecasting methods. 

The conclusions are summarized as follows: 

1. Superiority of ELM and RVFL Models: ELM and RVFL models provided more accurate 

predictions in oil and water production with lower RMSE values. ELM, in particular, stood out due 

to its rapid adaptation during the training process and low error rates. 

2. Potential of RNN in Dynamic Data: While RNN models have the capacity to model time-

dependent relationships, they require hyperparameter optimization to improve their performance. 

3. Advantage Over Traditional Methods: ANN models demonstrated higher accuracy than 

traditional methods by effectively modeling nonlinear relationships and dynamic environmental 

variables. 
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Recommendations 

Based on the results of this study, the following recommendations are proposed: 

1. Use of Larger Datasets: To evaluate the performance of ANNs more comprehensively, studies 

should be conducted with larger and more diverse datasets from different oil fields. 

2. Inclusion of Environmental Factors: Incorporating environmental variables and geological 

characteristics into the models can enhance prediction accuracy. Special attention should be given 

to variables such as seasonal effects and operational conditions. 

3. Integration of Models: Hybrid approaches combining different ANN models could yield more 

robust prediction results. For instance, integrating the low test error of RVFL with the fast training 

capacity of ELM could be considered. 

4. Application in the Energy Sector: The findings can be translated into practical applications to 

support decision-making processes in the energy sector. Pilot projects should be developed to 

implement ANN-based forecasting systems in field management and resource planning. 

Future Work 

While this study highlights the applicability of ANNs in oil production forecasting, it also serves as a 

significant starting point for future research. The effectiveness of these methods can be expanded by 

focusing on more complex datasets and different fields. Furthermore, advancements in artificial 

intelligence technologies, such as deep learning and reinforcement learning, can be integrated into this 

area. 

These results strengthen the contribution of ANNs to the energy sector for oil production forecasting 

and provide a valuable roadmap for more efficient resource utilization in operational processes. 
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Rare Earth Elements (REEs) have emerged as essential materials in the global shift 

towards a low-carbon economy, playing a pivotal role in clean energy technologies 

such as wind turbines, electric vehicles (EVs), and energy-efficient lighting 

systems. Their unique magnetic, luminescent, and electrochemical properties make 

them indispensable for the development of permanent magnets, batteries, and other 

key components of renewable energy infrastructure. This paper explores the 

importance of REEs in the energy transition, focusing on their application in 

renewable energy generation, electric transportation, and energy storage systems. 

Through an analysis of current trends, future projections, and ongoing research 

efforts, this paper highlights the key role REEs will play in enabling the world to 

meet its climate goals. It also underscores the importance of global cooperation and 

innovation in ensuring that REE production aligns with sustainability goals and 

supports the broader clean energy transition. The findings suggest that while REEs 

are indispensable for a low-carbon future, addressing the associated environmental, 

economic, and political challenges is critical for realizing their full potential in the 

energy transition. 
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1. Introduction 

The global shift towards a low-carbon economy has become one of the most pressing issues of 

the 21st century, driven by the urgent need to mitigate climate change, reduce greenhouse gas emissions, 

and transition away from fossil fuels. As the effects of global warming become more apparent, with 

rising sea levels, extreme weather events, and widespread biodiversity loss, governments, industries, 

and societies around the world are seeking new pathways to achieve carbon neutrality and build a 

sustainable future. Central to this energy transition is the adoption of clean energy technologies such as 

wind, solar, and hydropower, as well as the electrification of transportation through electric vehicles 

(EVs). However, what is often overlooked in discussions about renewable energy and electric vehicles 

is the critical role played by Rare Earth Elements (REEs). 

REEs, a group of 17 chemically similar elements including neodymium (Nd), dysprosium (Dy), 

praseodymium (Pr), and lanthanum (La), are integral to the technologies that enable the transition to a 

low-carbon future. While their name might suggest rarity, REEs are actually relatively abundant in the 

Earth's crust; however, they are rarely found in economically viable concentrations. What makes REEs 

truly "rare" is the difficulty in extracting and processing them in an environmentally friendly and cost-

effective manner. Despite these challenges, their unique properties make them indispensable for a wide 

range of high-tech applications, especially in the clean energy sector [1]. The importance of REEs for 

renewable energy systems and electrification cannot be overstated. They are essential in the manufacture 
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of permanent magnets, which are used in the motors of electric vehicles and in the generators of wind 

turbines. For instance, neodymium and praseodymium are critical in the production of neodymium-iron-

boron (NdFeB) magnets, which are known for their exceptional strength and efficiency. These magnets 

enable electric motors to operate with greater power density, reducing both size and weight while 

enhancing performance. Similarly, wind turbines, particularly those with direct-drive systems, rely on 

NdFeB magnets to improve efficiency, reduce maintenance costs, and generate electricity even at lower 

wind speeds [2].  

In addition to their use in clean energy generation and electric vehicles, REEs play a crucial role 

in a variety of other technologies that are vital for the energy transition. For instance, REEs are used in 

energy-efficient lighting technologies, such as LEDs and compact fluorescent lamps (CFLs), which help 

reduce electricity consumption in homes, businesses, and public spaces. Phosphors made from REEs 

like europium (Eu) and terbium (Tb) are used to produce the bright, energy-efficient light emitted by 

these technologies. Moreover, REEs are key components in advanced battery technologies that are 

essential for energy storage systems. As renewable energy sources such as solar and wind are inherently 

intermittent—meaning they do not provide continuous power throughout the day—energy storage 

systems are crucial for ensuring a reliable and stable supply of electricity to the grid. REEs like 

lanthanum and cerium are used in some nickel-metal hydride (NiMH) and solid oxide fuel cells 

(SOFCs), helping improve energy density and longevity [3]. 

The demand for REEs has already begun to skyrocket as industries ramp up production of clean 

energy technologies. According to the International Energy Agency (IEA), achieving the goals of the 

Paris Agreement—limiting global warming to well below 2°C—will require a massive increase in the 

deployment of renewable energy systems, electric vehicles, and energy-efficient technologies, all of 

which are heavily reliant on REEs [4]. For example, the number of electric vehicles on the road is 

expected to increase from 11 million in 2020 to as many as 230 million by 2030, while wind energy 

capacity will need to quadruple in the same timeframe. This dramatic expansion highlights the growing 

dependence on REEs to support the energy transition, positioning these elements as essential materials 

in the global push towards a sustainable future. However, the growing reliance on REEs has also raised 

significant concerns about the security of supply. The global supply chain for REEs is highly 

concentrated, with China accounting for over 60% of global production and more than 85% of refining 

capacity. This concentration poses a strategic vulnerability for countries and industries that rely on a 

steady supply of these materials. In the past, geopolitical tensions and trade disputes have resulted in 

disruptions to the REE supply chain, leading to price spikes and uncertainty for manufacturers of clean 

energy technologies [5]. The potential for future supply disruptions has prompted countries like the 

United States, Australia, and members of the European Union to invest in diversifying their REE supply 

chains through domestic mining, processing facilities, and international partnerships. 

Environmental sustainability is another critical issue tied to the future of REEs. The extraction 

and processing of REEs are resource-intensive and often result in significant environmental damage, 

including habitat destruction, water contamination, and the generation of hazardous waste, including 

radioactive materials [6]. These environmental risks present a paradox: the very materials essential for 

building a clean energy future could themselves cause harm to ecosystems and communities if not 

managed responsibly. Addressing these sustainability challenges is a key priority for policymakers, 

industries, and researchers who are working to develop more environmentally friendly extraction 

techniques, as well as recycling technologies that can recover REEs from end-of-life products [7]. 

This paper aims to explore the importance of REEs in the clean energy transition, focusing on 

their critical role in renewable energy technologies, electric vehicles, and energy-efficient systems. It 

will also examine the challenges associated with REE supply chains, environmental sustainability, and 

technological innovation, offering insights into the future of these vital materials in a rapidly changing 

world. Through a comprehensive analysis of the opportunities and risks posed by the increasing reliance 



31  

on REEs, this paper seeks to provide a roadmap for how REEs can contribute to a more sustainable and 

equitable energy future. 

7. The Role Of REEs In Clean Energy Technologies 

2.1. Wind Turbines 

Wind energy is one of the most promising renewable energy sources in the fight against climate 

change. Wind turbines, particularly the larger and more efficient offshore models, rely heavily on Rare 

Earth Elements (REEs) to improve performance and reduce operational costs. The most important REEs 

in this context are neodymium (Nd), praseodymium (Pr), and dysprosium (Dy), which are used to 

produce high-strength neodymium-iron-boron (NdFeB) permanent magnets. These magnets are integral 

to the function of wind turbines, especially in their generators. Traditional wind turbines use gearboxes 

to generate electricity, but turbines with direct-drive systems that incorporate NdFeB magnets are far 

more efficient. They eliminate the need for gearboxes, reducing maintenance and mechanical losses. 

This innovation has contributed to longer-lasting, more reliable turbines that can operate efficiently even 

in low-wind conditions, further increasing the viability of wind energy as a dominant player in the global 

renewable energy mix [8]. 

2.2. Electric Vehicles (EVs) 

The automotive industry is undergoing a seismic shift towards electrification, with electric 

vehicles (EVs) at the forefront of efforts to reduce greenhouse gas emissions from transportation. 

Electric vehicles rely on REEs, particularly in their electric motors, where similar NdFeB magnets are 

used. These magnets are vital for producing lightweight, powerful motors that are essential for 

maximizing the energy efficiency and range of EVs. Neodymium-based magnets offer high energy 

density, enabling more compact and efficient motors compared to traditional induction motors. 

Dysprosium (Dy) is often added to neodymium magnets to improve their thermal stability, making them 

more suitable for the high operating temperatures of EV motors. This allows for improved vehicle 

performance and longer battery life, both of which are key selling points for the mass adoption of electric 

cars [8]. Fig. 1 highlights the greater reliance of electric vehicles on critical minerals. Fig. 2 illustrates 

the substantial difference in mineral requirements between clean energy technologies compared to other 

power generation sources. 

 

Fig. 1. Minerals used in electric cars compared to conventional cars [4] 
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Fig. 2. Minerals used in clean energy technologies compared to other power generation sources [4] 

2.3. Energy Storage Systems 

Energy storage systems are indispensable for balancing the intermittent nature of renewable 

energy sources like solar and wind. As renewable energy generation fluctuates depending on weather 

conditions and time of day, advanced storage systems are needed to ensure a consistent and reliable 

supply of electricity. REEs contribute to both the materials science and technological advances driving 

innovation in this space [8]. 

2.4. Phosphors and Energy-Efficient Lighting 

Rare Earth Elements also play a critical role in energy-efficient lighting technologies, 

particularly phosphors used in light-emitting diodes (LEDs) and compact fluorescent lamps (CFLs). 

REEs like yttrium (Y), europium (Eu), and terbium (Tb) are used to create the white light that is emitted 

from these lighting sources. LEDs and CFLs are much more energy-efficient compared to traditional 

incandescent bulbs, using a fraction of the electricity and having much longer lifespans. As global 

energy consumption for lighting accounts for a significant portion of electricity use, improvements in 

lighting efficiency directly contribute to energy conservation and the reduction of carbon emissions [9]. 

2.5. Other High-Tech Applications Supporting Energy Transition 

Beyond direct energy applications, REEs are indispensable in other high-tech areas that 

indirectly support the energy transition. For instance, catalysts containing REEs are used in petroleum 

refining to reduce emissions and increase efficiency in the production of cleaner fuels. Cerium oxide is 

a critical component in catalytic converters, which reduce harmful emissions from internal combustion 

engines in vehicles, particularly as the world transitions away from fossil fuels [8]. 

8. The Future of REEs In A Low-Carbon Economy 

As the world continues to transition towards a low-carbon economy, the demand for Rare Earth 

Elements (REEs) is expected to rise dramatically. This surge in demand stems from the need for cleaner, 

more sustainable energy sources and technologies (International Energy Agency [4]. However, the 

future of REEs in the context of this energy transition is shaped by several key factors, including supply 

chain security, resource availability, technological innovation, and sustainability concerns. 
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3.1. Rising Demand for REEs in Renewable Energy and Electric Vehicles 

One of the primary drivers of increased REE demand is the rapid growth of renewable energy 

technologies, particularly wind power and electric vehicles (EVs). According to various industry 

projections, the global demand for key REEs such as neodymium, praseodymium, and dysprosium could 

increase by several hundred percent by 2050 [10]. This demand is largely fueled by the expanding 

markets for offshore wind turbines and electric motors for EVs, both of which rely heavily on permanent 

magnets made from NdFeB (neodymium-iron-boron) alloys. 

For instance, the IEA predicts that wind energy capacity could more than triple by 2040, with 

offshore wind playing a significant role in this expansion [4]. Similarly, electric vehicles are expected 

to dominate the global automotive market by mid-century, with some estimates suggesting that up to 50 

million EVs could be sold annually by 2040 [8]. The motors in these EVs require REE-based magnets 

to achieve the high efficiency and performance needed for longer driving ranges and reduced energy 

consumption. Fig. 3 shows the share of clean energy technologies in total demand for selected minerals. 

 

Fig. 3. Share of clean energy technologies in total demand for selected minerals by scenario, 2010-2040 [4] 

 

3.2. Supply Chain Vulnerabilities and Geopolitical Considerations 

A critical issue for the future of REEs in a low-carbon economy is the concentration of REE 

production in a few countries, most notably China, which currently controls over 60% of global REE 

output and 85% of refining capacity [11]. This dominance has led to concerns about supply chain 

security, particularly in light of trade tensions and geopolitical uncertainties. In the past, export 

restrictions and other policies from China have caused disruptions in the global supply of REEs, leading 

to price spikes and concerns about access to these vital materials [12]. Fig. 4 illustrates the total mineral 

demand for clean energy technologies. Fig. 5 shows the growth in demand for selected minerals from 

clean energy technologies. 

3.3. Sustainability and Environmental Concerns 

The environmental impact of REE mining and processing is a growing concern as the demand 

for these elements rises. Traditional REE extraction methods involve the use of large amounts of 

chemicals, water, and energy, leading to significant environmental degradation. Waste from REE 

processing can contain radioactive materials, which poses long-term environmental and health risks [6]. 

This creates a paradox where the materials critical for clean energy technologies could themselves 

contribute to environmental harm if not managed responsibly. 
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Fig. 4. Total mineral demand for clean energy technologies by scenario, 2020 compared to 2040 [4] 

 

Fig. 5. Growth in demand for selected minerals from clean energy technologies by scenario, 2040 relative to 

2020 [4] 

To address these issues, there is a growing push towards sustainable mining practices and the 

development of environmentally friendly extraction technologies. Research is being conducted into 

methods such as bioleaching and in-situ leaching, which use biological or chemical processes to extract 

REEs with less environmental impact compared to traditional mining techniques [12]. These innovations 

aim to reduce the ecological footprint of REE production while ensuring a steady supply of materials 

for the clean energy transition. 

3.4. Technological Innovations and Material Substitution 

In addition to improving the sustainability of REE supply chains, technological innovation will 

be crucial for reducing dependence on these critical materials. One area of focus is material substitution, 

where researchers are seeking to develop alternative materials that can replace or reduce the use of REEs 

in key applications. For example, significant efforts are being made to develop rare-earth-free magnets 

for use in electric motors and wind turbines [3]. Although these alternatives have yet to reach the same 

level of performance as REE-based magnets, progress in this area could help mitigate future supply 

risks. Other innovations include advancements in nanotechnology, material efficiency, and magnet 

recycling. For instance, 3D printing and additive manufacturing are being explored as methods to reduce 
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the amount of REEs needed for certain applications by producing more precise and efficient components 

[11].  

3.5. Policy and Global Cooperation 

Governments and international organizations play a key role in shaping the future of REEs in 

the low-carbon economy. Policymakers are increasingly aware of the strategic importance of REEs for 

energy security and economic development, and many countries are developing national strategies to 

ensure a stable and sustainable supply of these materials. For example, the European Union has launched 

initiatives such as the European Raw Materials Alliance (ERMA) to diversify supply chains and promote 

sustainable mining practices within Europe [13]. 

9. Conclusions 

Rare Earth Elements (REEs) are at the heart of the global energy transition, acting as critical 

materials for technologies that are essential to achieving a low-carbon economy. Their unique properties 

make them indispensable for the production of high-efficiency electric motors, powerful wind turbines, 

advanced batteries, and other clean energy technologies. As the world seeks to drastically reduce 

greenhouse gas emissions, the demand for these elements is set to soar, especially as renewable energy 

systems like wind and solar, along with electric vehicles (EVs), become more prevalent. 

However, the future of REEs in a low-carbon economy is fraught with challenges that extend 

beyond mere availability. While the demand for REEs grows, several critical issues must be addressed 

to ensure that their extraction, production, and recycling align with the principles of sustainability and 

equity. Chief among these challenges is the supply chain dependency on a small number of countries, 

particularly China, which dominates the production and processing of REEs. This concentration poses 

significant risks to the stability and security of the global REE supply, especially in the face of 

geopolitical tensions or export restrictions. 

Environmental sustainability is another critical issue. The extraction and processing of REEs 

are often associated with significant ecological impacts, including habitat destruction, water 

contamination, and the generation of radioactive waste. As demand for REEs grows, these 

environmental risks must be carefully managed to avoid creating a new form of ecological degradation 

in the pursuit of clean energy. Sustainable mining practices, such as bioleaching and in-situ leaching, 

hold promise for reducing the environmental footprint of REE production, but these technologies are 

still in the early stages of development.  

Technological innovation plays a crucial role in ensuring that the future of REEs is both 

sustainable and secure. Researchers are exploring a range of alternative materials that could replace or 

reduce the use of REEs in key applications, such as electric motors and magnets. While many of these 

alternatives are still in the experimental phase, their development could help mitigate the risks associated 

with REE supply shortages. Furthermore, advancements in battery technologies, including the potential 

shift from lithium-ion to solid-state or sodium-ion batteries, may reduce the dependency on REEs in the 

energy storage sector. 

In conclusion, Rare Earth Elements will continue to play a pivotal role in the decarbonization 

of the global economy, acting as a backbone for key clean energy technologies. However, the future of 

these elements will depend on the world’s ability to innovate, collaborate, and adopt sustainable 

practices that mitigate the environmental and geopolitical risks inherent in their production. A 

thoughtful, coordinated approach to managing REEs will be essential for ensuring that the energy 

transition is not only technologically advanced but also ecologically and socially responsible. By 

investing in new technologies, diversifying supply sources, and improving recycling capabilities, we 

can harness the full potential of REEs to build a cleaner, more sustainable future for all. 
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